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Nemonoxacin Has Immunoprotective Effects
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Abstract— Nemonoxacin is a novel non-fluorinated quinolone. The effect of
nemonoxacin on modulation of host immune response is not known. We sought to determine
whether nemonoxacin has immunoprotective effects on lipopolysaccharide (LPS)-induced
mouse sepsis model. Therefore, mice were challenged with lethal dose LPS (12.5 mg/kg)
only or LPS with multi-dose nemonoxacin (40 mg/kg q12h) by intraperitoneal injection, and
the results showed nemonoxacin could significantly reduce mortality from 80 to 30% in this
model. The effect of nemonoxacin on immune cells iz vivo and in vitro was also investigated.
Mice were treated with sublethal LPS (5 mg/kg) or LPS + nemonoxacin, the myeloid cell
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Immunoprotective Effects of Nemonoxacin on Reducing Mortality

subsets in mouse spleen were analyzed by flow cytometry, and cytokines in mouse serum
were measured by ELISA. Additionally, mouse macrophage RAW264.7 cells were treated
with LPS or LPS + nemonoxacin to investigate the immune modulatory effect of
nemonoxacin in vitro, and the level of cytokines in cell culture supernatant was determined
by ELISA. Analysis of myeloid cell subsets in the spleen showed nemonoxacin pretreatment
could significantly inhibit LPS-induced proliferation of macrophages and dendritic cells but
have no effect on neutrophils. Nemonoxacin could significantly reduce the expression of pro-
inflammatory cytokines IL-6 and TNF-o while increase anti-inflammatory cytokine 1L-10
expression, which were induced by LPS in vivo and in vitro. Finally, the immunomodulation
of nemonoxacin in macrophage phagocytosis was also examined. The results displayed
nemonoxacin pretreatment could significantly enhance the phagocytic function of macro-
phage. In conclusion, nemonoxacin has immune modulatory and protective effect on LPS-
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induced inflammation in vivo and in vitro.
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INTRODUCTION

Fluoroquinolones have been widely used to treat a
broad array of infectious diseases [1]. There was a growing
evidence that fluoroquinolones could directly influence
host physiology and alter immune response during its
combating with pathogen infection [2]. In recent years,
some new non-fluorinated quinolones including
nemonoxacin, garenoxacin, and ozenoxacin have reached
to the market [3, 4]. Nemonoxacin, a novel C-8-methoxy
non-fluorinated quinolone, exhibits strong broad-spectrum
antibacterial activity against Gram-positive and Gram-
negative bacteria, anaerobes, and atypical pathogens [5,
6]. More importantly, nemonoxacin shows high antimicro-
bial activity against penicillin-resistant Streptococcus
pneumoniae (PRSP) and methicillin-resistant Staphylococ-
cus aureus (MRSA) [7, 8]. However, nemonoxacin still
has the similar chemical structures and identical target
enzymes (DNA gyrase and topoisomerase V) compared
with fluoroquinolones [9, 10]. Therefore, we speculate that
nemonoxacin has some effect on host innate immune cells.

The innate immune cells and their released cytokines
play an important role to control bacterial infection. Some
previous studies showed that fluoroquinolones could influ-
ence the antimicrobial function of innate immune cells
[11]. It has been shown that lower doses of ciprofloxacin
enhance production of interleukin (IL)-1, IL-6, and tumor
necrosis factor alpha (TNF-«) by human monocytes
in vitro [12], while moxifloxacin has been found to signif-
icantly inhibit TNF-o¢ and IL-10 production by human
monocytes stimulated with lipopolysaccharide (LPS)
[13]. In light of that, the effect of antibiotics on host
immune system is dependent on the types of antibiotics

used, and there is an urgent need to determine the immu-
nomodulatory effect of nemonoxacin on host immune
function.

Here we sought to determine whether nemonoxacin
directly alters the innate immune cell function. In this
study, by using LPS-induced sepsis and innate immune
cell activation mouse model, we found that mouse pretreat-
ment with nemonoxacin had reduced sepsis severity and
mortality induced by LPS. Furthermore, we showed that
nemonoxacin treatment could inhibit the activation of in-
nate immune cells including macrophage and dendritic
cells, subsequently reduce pro-inflammatory and increase
anti-inflammatory cytokine expression, which were in-
duced by LPS. Mechanically we demonstrated that
nemonoxacin pretreatment could significantly enhance
the phagocytic function of mouse macrophage.

MATERIALS AND METHODS

Reagents and Kits

Nemonoxacin standards were manufactured by
Huayu (Wuxi) Pharmaceutical Co. Ltd. (Jiangsu, China).
Drug concentration was adjusted by diluting with 5%
dextrose water (DSW). RAW264.7 (mouse macrophage)
was purchased from the Type Culture Collection of the
Chinese Academy of Sciences, Shanghai, China. Cell cul-
ture medium DMEM (including 10% FBS, 100 U/mL
penicillin and 100 mg/L streptomycin) was purchased from
Thermo Fisher Co. Ltd. (Shanghai, China). LPS
(Escherichia coli O111:B4) and dimethylsulfoxide
(DMSO) were purchased from Sigma Chemical Co. Ltd.
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(Shanghai, China). ELISA Kit and Western antibody were
bought from Assay Biotechnology Co. Ltd. (CA, USA).
Anti-CD16/anti-CD32, CD11b, CD11c, F4/80, and Ly6G
used in flow cytometry were purchased from BD Biosci-
ences Co. Ltd. (Shanghai, China). Bacterial strain: A wild-
type Klebsiella pneumoniae (K. pneumoniae) isolate LS-
256 was isolated from the blood culture of a ventilator-
associated pneumonia (VAP) patient in Huashan Hospital,
Fudan University, Shanghai, China. This isolate was resis-
tant to nemonoxacin (MIC 64 mg/L). This K. pneumoniae
isolate LS-256 was used to investigate the
immunomodulation of nemonoxacin in macrophage
phagocytosis.

Animals

Male C57BL/6 mice weighing 21 to 25 g were pur-
chased from Shanghai Slac Laboratory Animal Co. Ltd.
(Shanghai, China). The mice were housed in ventilated
microisolator cages to decrease the risk of infection from
extraneous pathogens and had free access to food and
water.

The Protective Effect of Nemonoxacin on Reducing
Mouse Mortality Associated with Lethal LPS
Challenge

To test whether nemonoxacin has immune protective
effect on reducing mouse mortality in vivo, mice were
challenged with lethal dose LPS [14] and administered
nemonoxacin. A total of 40 mice were randomized into 4
groups, as 10 mice in each group. Group 1: LPS 12.5 mg/kg
+ nemonoxacin. All mice were administered 40 mg/kg
nemonoxacin first dose by intraperitoneal injection (i.p.),
then 12.5 mg/kg LPS 2 h later, after that, 40 mg/kg
nemonoxacin q12h to 72 h, the observation time lasted to
96 h; group 2: LPS 12.5 mg/kg. Mice were administered
PBS first and 12.5 mg/kg LPS 2 h later, then PBS q12h to
72 h; group 3: LPS 25 mg/kg + nemonoxacin; group 4:
LPS 25 mg/kg. The survival rate of all mice was monitored
for every 12 h.

The Effect of Nemonoxacin on Different Immune Cell
Activation in LPS-Stimulated Mice

To investigate the effect of nemonoxacin on different
immune cells in vivo, C57BL/6 mice were treated with LPS
to induce immune stimulation with or without
nemonoxacin pretreatment, and the myeloid cell subsets
in spleen were analyzed by flow cytometry, described in
detail as follows: Fifteen mice were randomized into 3
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groups, with 5 mice in each group. Group 1: Control; group
2: LPS, mice were injected with PBS by i.p. first and then
injected with 5 mg/kg LPS by i.p. 2 h later; group 3: LPS +
nemonoxacin, mice were injected with 40 mg/kg
nemonoxacin by i.p. and then injected with 5 mg/kg LPS
by i.p. 2 h later. The mice were euthanized 6 h after LPS
treatment, and the spleen cells were isolated and counted
by the use of a hemocytometer. Aliquots of the immune
cells (10%sample) were blocked with 10 mg/L anti-CD16/
anti-CD32 (clone 2.4G2, ATCC) for 10 min in FACS
buffer and then were stained on ice for 20 min with Pacific
blue—conjugated, APC-, PE-, and FITC-conjugated mAbs
to detect following surface Antigens including CD11b,
CDlIc, F4/80, and Ly6G. Stained cells were analyzed on
a BD LSR II flow cytometer. Data analysis was carried out
using FlowJo (TreeStar, Ashland, OR).

The Immune Modulation Effect of Nemonoxacin on
Sublethal LPS-Induced Mouse Inflammation

To study the cytokine modulation and protecting
effect on pathological damage of nemonoxacin in vivo,
LPS was used to induce mouse inflammation model. A
total of 40 mice were randomized into 4 groups, as 10 mice
in each group. Group 1: LPS + nemonoxacin. All mice
were administered 40 mg/kg nemonoxacin by i.p. first,
then 5 mg/kg LPS 2 h later; group 2: Nemonoxacin. All
mice were treated 40 mg/kg nemonoxacin by i.p., then PBS
2 h later; group 3: LPS. All mice were treated PBS first,
then 5 mg/kg LPS 2 h later; group 4: Control. No
nemonoxacin and LPS. Approximately 200 pL of blood
of 5 mice in each group was drawn at 1 h,3 h, 6 h, 12 h, and
24 h after LPS injection via the retro-orbital puncture. The
level of IL-6, IL-10, and TNF-«x at designated time point
was determined by ELISA. The operating procedure
followed ELISA kit instructions.

The Weight of Mouse Spleen

In the foregoing experiment, five mice in each group
were sacrificed at 6 h after LPS treatment, and the spleens
of the mice were aseptically removed and weighed to
reflect the severity of inflammation in each group.

Cytokine Expression in Mouse Liver Was Determined
by RT-qPCR

The livers of five mice in each group were separated
and put into dry ice immediately, then stored on — 80 °C.
The total RNA of mouse liver was extracted and the
following protocol was followed: The mouse liver was
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put into Trazol and homogenized; then supernatant was
removed, added chloroform, and centrifuged at 12,000g
for 15 min; then isopropyl alcohol was added and centri-
fuged at 12,000g for 10 min; then supernatant was re-
moved and added with 75% ethanol and RNA was dried;
lastly, Depc H20 was added to dissolve RNA. The liver
total RNA concentration was measured by Nanodrop
(Thermo Fisher, MA, USA). ¢cDNA synthesis and
Realtime-PCR were performed using iTaq™ universal
SYBR® Green one-step Kit (Bio-Rad, CA, USA). The
mouse [L-6, TNF-«x, IL-10, and 36B4 primer sequences
were as follows: 36B4: 5-TCCAGGCTTTGGGCATCA-
3" and 5-CTTTATTCAGCTGCACATCACTCAGA-3';
IL-6: 5'-GTGGCTAAGGACCAAGACCA-3' and 5’
GGTTTGCCGAGTAGACCTCA-3"; TNF-«a: 5 '-
CGAGTGACAAGCCTGTAGCC-3'" and 5'CATGCCGT
TGGCCAGGA-3'. IL-10: 5'-CACTGCTA
TGCTGCCTGCTC3'" and 5'-TGGCCTTG
TAGACACCTTGG-3'. Each gene expression was ana-
lyzed by the Ct method using 36B4 expression as an
internal control.

Histopathological Findings in Mouse Spleen

In the same experiment, the other five mice in each
group were sacrificed at 24 h, and the spleens were fixed
immediately in 10% neutral buffered formalin and proc-
essed by standard paraffin embedding methods for histo-
pathological examination. Sections were cut 4-mm thick,
stained with hematoxylin-eosin (HE), and examined by
light microscope.

The Cytokine Modulation of Nemonoxacin on LPS-
Induced Macrophage Inflammation

Based on aforementioned experiment results,
nemonoxacin could strongly inhibit LPS-induced mouse
macrophage proliferation. Mouse macrophage RAW264.7
was used to examine the cytokine modulation of
nemonoxacin on LPS-induced inflammation in vitro.
RAW264.7 was cultured in DMEM medium and supple-
mented with 10% FBS and penicillin/streptomycin at
37 °C in a 5% CO,-humidified incubator. Assays with
RAW264.7 cells were performed at a density of 5 x
10° cells/mL in 12-well plates. The cells were divided into
four groups: group 1: LPS + nemonoxacin, nemonoxacin
was added into RAW264.7 cell culture (final concentration
was 4 mg/L), and then LPS was added 2 h later (final
concentration was 10 ng/mL); group 2: LPS, just added
LPS to cell culture, no nemonoxacin; group 3:
Nemonoxacin, just added nemonoxacin to cell culture, no
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LPS; group 4: RAW264.7 cell culture as control. The cell
culture supernatant of 4 groups was collected on 0 h, 3 h,
6 h, and 12 h after the addition of LPS, and then stored on
—80 °C. The level of IL-6, IL-10, and TNF-« at designated
time point was determined by ELISA.

The Immunomodulation of Nemonoxacin on
Macrophage Phagocytosis

To further characterize the interaction between
nemonoxacin and macrophage, we examined the
immunomodulation of nemonoxacin in macrophage
phagocytosis using mouse macrophage RAW264.7 and
K. pneumoniae isolate LS-256. RAW264.7 cells were
performed at a density of 5 x 10° cells/mL in 12-well plate.
The cells were divided into two groups: group I:
K. pneumoniae + nemonoxacin. Nemonoxacin was added
into RAW264.7 cell culture (final concentration was 8 mg/
L), and then K. pneumoniae was added 2 h later (final
concentration was 2.8 x 10° CFU/mL); group 2:
K. pneumoniae, just added K. pneumoniae to cell culture,
no nemonoxacin. Two hours after the addition of
K. pneumoniae, the cell culture medium was collected
and the suspension was cultured on LB plates to quantify
the extracellular number of K. pneumoniae. After that, the
wells were washed using PBS three times, and then
deionized sterile water was added to the wells to lysis
macrophage and release K. pneumoniae. After 2 h later,
the suspension was cultured on LB plates to quantify the
intracellular number of K. pneumoniae.

Statistical Analysis

Differences between mean values of two groups nor-
mally distributed data were assessed by an unpaired Stu-
dent’s ¢ test. More than or equal to three groups, the mean
value differences of any two groups were assessed by
ANOVA with Tukey post-test. Differences in mortality
of groups were assessed by the standard Mentel-Cox log-
rank test. GraphPad Prism 7.0 was used to make figure and
perform statistical analysis.

RESULTS

Nemonoxacin Treatment Decreases Sepsis Severity
Induced by LPS

To investigate the effect of nemonoxacin on sepsis
severity, C57BL/6 mice were pretreated with nemonoxacin
and injected with lethal dose LPS (12.5 mg/kg and
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25 mg/kg) intraperitoneally. We monitored the survival
rate of these mice and found that in the LPS 12.5 mg/kg
group, 2 mice died on 24 h, 5 mice died on 36 h, and one
mouse died on 48 h, and the mortality rate was 80%. In
contrast, 2 mice died on 24 h and one mouse died on 36 h,
and the mortality rate was 30% in the LPS 12.5 mg/kg +
nemonoxacin group. In LPS 25 mg/kg and LPS 25 mg/kg
+ nemonoxacin groups, all mice died within 36 h. Figure 1
shows the survival rate of LPS 12.5 mg/kg, LPS
12.5 mg/kg + nemonoxacin, LPS 25 mg/kg, and LPS
25 mg/kg + nemonoxacin groups. There was significant
difference between the group LPS 12.5 mg/kg and group
LPS 12.5 mg/kg + nemonoxacin (P =0.037). Therefore,
mice pretreated with nemonoxacin could significantly in-
hibit LPS (12.5 mg/kg)-induced sepsis and have better
outcomes.

Nemonoxacin Treatment Attenuates LPS-Induced In-
nate Immune Cell Activation in Mouse Model

Bacterial lipopolysaccharides (LPS) are the major
outer surface membrane components present in almost all
Gram-negative bacteria and act as extremely strong stimu-
lators of innate or natural immunity. Analysis of innate
immune cells in the spleen by flow cytometry showed that
total number of immune cells in the LPS + nemonoxacin
group was significantly lower than that in the LPS alone
group (6.40 = 0.24 x 10% in the LPS group vs 2.87 +0.57 x
10% in the LPS + nemonoxacin group). Using the ANOVA
with Tukey post-test, P value was 0.0122. Analysis of the
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Fig. 1. The survival rate of 4 groups mice injected with lethal dose LPS
with or without nemonoxacin. Mice (17 =10 per group) were pretreated
with PBS (control) or 40 mg/kg nemonoxacin before injecting with
12.5 mg/kg or 25 mg/kg LPS by i.p. These mice were monitored for their
survival to 72 h after LPS injection.
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myeloid cells subsets showed that the number of
macrophage in the LPS and LPS + nemonoxacin groups
was 3.25+1.51 x 10°and 1.20 +0.14 x 10°, and the LPS +
nemonoxacin group was significantly lower than the LPS
group (P =0.0176). The number of dendritic cells (DC) in
the LPS and LPS + nemonoxacin groups was 2.76 £

1.20x 107 and 9.36+1.63 x 10°, and the LPS +
nemonoxacin group was significantly lower than the LPS
group (P =0.0096). However, the number of neutrophils in
LPS and LPS + nemonoxacin groups was 5.46+ 1.77 x

10° and 5.13+0.96 x 10° respectively and no statistical
difference between two groups (P =0.9090) (Fig. 2). The
results implied that nemonoxacin pretreatment could
significantly inhibit LPS-induced proliferation of macro-
phage and have a mild effect on DC, but does not have
effect on neutrophil during LPS treatment.

Effect of Nemonoxacin on Cytokine Responses Induced
by Sublethal Doses of LPS In Vivo

The activation of innate immune cells by LPS will
lead to increasing expression of pro-inflammatory cyto-
kines. The cytokine levels in mouse blood were measured
by ELISA. The average IL-6 concentration in mouse blood
was elevated and reached peak on 3 h after LPS treatment,
and then decreased and returned to the level before LPS
treatment on 12 h. Compared with the LPS-treated group,
the level of IL-6 in the group LPS + nemonoxacin was
significantly lower at 6 h after LPS treatment, reduced by
47.1% at 6 h (Fig. 3a). Using the ANOVA with Tukey
post-test, P value was 0.0004. The TNF-o concentration in
the serum of groups LPS and LPS + nemonoxacin reached
peak on 1 h and then decreased to undetected level at 6 h
post-LPS treatment, and the mean TNF-« level in the
group LPS + nemonoxacin was significantly lower than
in the group LPSon 1 h (P=0.0255)and 3 h (P=0.0119),
which was decreased by 38.3% on 1 h and 99.6% on 3 h,
respectively (Fig. 3b). For anti-inflammatory cytokine IL-
10, the mean IL-10 level in the group LPS + nemonoxacin
was significantly higher than in the group LPS at 1 h (P=
0.0016), increasing by 72.4% (Fig. 3c).

Analysis of cytokine expression in mouse liver by
RT-PCR at 6 h post-LPS treatment showed nemonoxacin
pretreatment could also reduce the expression of pro-
inflammatory cytokines including IL-6 (Fig. 3d, P=
0.0058) and TNF-« (Fig. 3e, P =0.0842). However, there
was no significant difference just borderline difference
between group LPS and group LPS + nemonoxacin. Mean-
while, nemonoxacin pretreatment could significantly in-
crease the level of anti-inflammatory cytokine IL-10 (Fig.
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Fig. 2. Innate immune cells in mouse spleen analyzed by flow cytometry. The mice (n =35 per group) were treated with LPS (5 mg/kg LPS) or LPS plus
nemonoxacin (40 mg/kg nemonoxacin + 5 mg/kg LPS) and euthanized 6 h after LPS treatment. a The spleen cells were isolated and analyzed by flow
cytometry. b Total number of immune cells. ¢ Number of macrophages (CD11b*CD11¢ F4/80%). d Number of neutrophils (CD11b*CD11¢ Ly6G™). e
Number of dendritic cell (CD11c*); *P<0.05; **P<0.01.
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Fig. 3. Analysis of the expression of cytokines in mouse serum and the liver after LPS treatment. The mice (n = 5 per group) were treated with LPS (5 mg/kg
LPS) or LPS plus nemonoxacin (40 mg/kg nemonoxacin + 5 mg/kg LPS). The serum was collected at 1 h, 3 h, 6 h, 12 h, and 24 h and the level of IL-6, IL-10,
and TNF-« was determined by ELISA. Five mice in each group were sacrificed at 6 h, and the relative expression of cytokines in mouse liver was analyzed by
RT-gPCR. a IL-6 in mouse serum. b TNF-o in mouse serum. ¢ IL-10 in mouse serum. d IL-6 in mouse liver. e TNF-oc in mouse liver. fIL-10 in mouse liver
*P<0.05; **P<0.01.
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3f, P=0.0009). Therefore, these results implied
nemonoxacin had an inhibitory effect on pro-
inflammatory cytokines and stimulatory effect on anti-
inflammatory cytokine in LPS-induced inflammation
mouse model.

Effect of Nemonoxacin on Weight Gain and the
Pathology of the Spleen Induced by LPS

LPS treatment significantly increased the weight of
the spleen; however, nemonoxacin pretreatment signifi-
cantly inhibited LPS-induced weight gain of the spleen.
The results showed that the mean weight of the spleen in
the LPS + nemonoxacin group was 93.4 + 3.1 mg, while in
the LPS group was 104.6 + 3.5 mg, and there was statistical
difference between two groups (P=0.0382) (Fig. 4a).
Analysis of spleen histopathology indicated that mice in
the LPS + nemonoxacin group showed obviously less
spleen pathologic changes than mice in the LPS group. In
the LPS group, the mouse spleen histopathology showed
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lymphocytes were decreased distinctly and lymphoid de-
pletion occurred seriously in lymph nodes (Fig. 4c). While
in the LPS + nemonoxacin group, the lymph node structure
was almost integrate and lymphoid depletion occurred
mildly in the spleen (Fig. 4d). Therefore, the results im-
plied nemonoxacin pretreatment could significantly allevi-
ate pathological damage of mouse spleen in LPS-induced
inflammation mouse model.

Nemonoxacin Suppresses LPS-Induced Cytokine Re-
sponse in Macrophage In Vitro

To investigate whether nemonoxacin could directly
inhibit LPS-induced cytokine expression, RAW?264.7 cells
were pretreated with nemonoxacin before stimulating with
LPS, and the supernatant was collected to measure cyto-
kines by ELISA. Compared with the group LPS +
nemonoxacin, the average level of pro-inflammatory cyto-
kine IL-6 in the group LPS was decreased by 59.4% at 3 h
and 50.9% at 6 h after LPS treatment, and there was highly

d LPS+nemonoxacin

R e

Nﬁ&%&;

with or without nemonoxacin pretreatment, and the spleens were weighted (6 h) and processed pathological examination (24 h). a The weight of mouse
spleen at 6 h after LPS treatment. b Control mice. ¢ Mice of the group LPS. Lymph nodes destructed, lymphoid depletion occurred seriously, and
lymphocytes reduced distinctly (arrow). d Mice of the group LPS + nemonoxacin. Lymph node structure was almost integrate and lymphoid depletion
occurred mildly (arrow). — P <0.05.
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significant difference between two groups on 3 h
(P<0.0001) and 6 h (P=0.0001). Moreover, the average
TNF-« level in the group LPS + nemonoxacin was signif-
icantly lower than in the group LPS at 3 h (P =0.0005),
which was decreased by 39.5%. Analysis of anti-
inflammatory cytokine IL-10 showed that there was a
higher expression in the LPS + nemonoxacin group com-
pared with that in the LPS group. The mean level in the
group LPS + nemonoxacin was significantly higher than in
the group LPS at 6 h (P=0.0002) and 12 h (P =0.0089),
increasing by 39.4% at 6 h and 35.8% at 12 h respectively
(Fig. 5). These results suggested that the modulation of
innate immune response by nemonoxacin may be via its
direct effect.

The Effect of Nemonoxacin on the Phagocytosis of
Macrophage

To investigate the effect of nemonoxacin on the
phagocytosis of macrophage, RAW264.7 macrophage
cells were pretreated with nemonoxacin and then incubated
with bacteria K. pneumoniae for 2 h before removal of the
extracellular bacteria by three washes. The counting of
intracellular K. pneumoniae showed that in the group
K. pneumoniae + nemonoxacin and group
K. pneumoniae was 4.12+0.86 x 10° CFU/mL and 2.08
+0.45 x 10° CFU/mL, respectively. The bacterial counting
of the K. pneumoniae + nemonoxacin group was
significantly higher than in the K. pneumoniae group
(P=0.03) (Fig. 6), while the extracellular bacterial

counting of two groups was almost the same (1.67 +
0.67 x 10° CFU/mL and 1.82+0.74 x 10° CFU/mL,
respectively). The results implied that nemonoxacin
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Fig. 6. The effect of nemonoxacin on the phagocytosis of macrophage.
Raw264.7 cells were pretreated with or without nemonoxacin (8 pg/mL)
for 2 h, and then Raw264.7 immediately infected with K. pneumoniae (-
2.8 x 10° CFU/mL) for 2 h. The extracellular bacteria were removed after
2-h incubation with macrophage, the cells were lysed with deionized
sterile water, and the number of released intracellular K. pneumoniae
was quantified by plate counting. *P <0.05.
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pretreatment could significantly enhance the phagocytic
function of mouse macrophage.

DISCUSSION

Pathogen infection will elicit the activation of host
immune cells, and subsequently to eliminate these in-
vaders. The intensity of host innate immune is important
for host to control the pathogen infection, but if uncon-
trolled, it will lead to tissue damage [15]. Non-fluorinated
quinolones are now widely used to kill bacteria during their
infection, but the contribution of non-fluorinated quino-
lones to regulation of host innate immune response is
poorly understood. Only one article investigated the im-
munomodulatory effect of garenoxacin in vitro [16]. LPS
is a major component of the outer membrane of Gram-
negative bacteria and it is widely used to mimic bacterial
infection to induce inflammatory response. In the present
study, by using LPS-induced mouse endotoxin and inflam-
matory response in vitro and in vivo model, we, for the first
time, demonstrated that nemonoxacin could modulate host
innate immune response, which may benefit to reduce
inflammatory-induced tissue damage during the bacterial
infection. Additionally, to our knowledge, it is the first time
to investigate the immune protective effects of non-
fluorinated quinolones including garenoxacin and
ozenoxacin in vivo.

In our previous nemonoxacin pharmacokinetics (PK)
study, when nemonoxacin was administered orally to
healthy volunteers with single dose 500 mg, the peak
plasma concentration (Cmax) was 5.91 mg/L [17, 18].
Our article displayed the Cmax of nemonoxacin in a mod-
ified infection model in vitro was similar to the human data
[19]. Furthermore, our recent study showed Cmax was
nearly 4 mg/LL when mice were administered 40 mg/kg
nemonoxacin (data not published). Therefore, in the pres-
ent study, 4 mg/L nemonoxacin was used in vitro study and
40 mg/kg in mouse endotoxin model.

Consistent with the results that the inhibition of LPS
induced cytokine secretion by nemonoxacin, we observed
that nemonoxacin partially prevents the weight gain and
immune cell expansion in the spleen induced by LPS.
Further analysis of myeloid population in the spleen by
flow cytometry suggested that nemonoxacin specifically
inhibited macrophage proliferation rather than neutrophils,
and the mechanism of this cell type—specific inhibition
needs to be further investigated.

In the present study, the results also showed multi-
dose of nemonoxacin can prevent mortality associated with

Chen, Li, Guo, Zou, Lin, Li, Huang, Feng, and Zhao

lethal LPS challenge. The mouse mortality of the LPS
12.5 mg/kg group and LPS 12.5 mg/kg + nemonoxacin
group was 80% and 30%, respectively. It suggested that
multi-dose of nemonoxacin had immune protective effect
and improved survival rate 50% in LPS-induced sepsis
mouse model. It has been published that ciprofloxacin
has protective effects on reducing mortality in LPS-
induced mouse sepsis and lung injury model [20].

In this study, the results showed pretreatment with
nemonoxacin had an inhibitory effect on pro-inflammatory
cytokine IL-6 and TNF-« and stimulatory effect on anti-
inflammatory cytokine IL-10 in LPS-induced inflamma-
tion mouse model. Meanwhile, nemonoxacin pretreatment
could obviously reduce pathological damage of mouse
spleen in this model. The results also displayed
nemonoxacin pretreatment could significantly inhibit
LPS-induced IL-6 and TNF-x expression, and stimulate
IL-10 expression in vitro. It has been confirmed that
endotoxin-mediated death can be reversed either by de-
creasing TNF-« or by increasing IL-10 in animal models
[21-23]. Therefore, it is proposed that nemonoxacin’s
effect on cytokine responses is a major factor causing
improved survival in this sepsis mouse model. The immu-
nomodulatory effect on altering early host cytokine re-
sponses in vitro can also be observed in another non-
fluorinated quinolone, garenoxacin. Treatment with
garenoxacin significantly inhibited the transcription and
secretion of IL-8 induced by LPS-stimulated A549 and
THP-1 cells [16]. Since NF-kB and MAPKs play an import
role in regulation of inflammatory response during patho-
gen infection [24, 25], so further study needs to investigate
the effects of nemonoxacin on activation of these major
signal transduction pathways.

Even though our data demonstrated nemonoxacin
pretreatment could reduce LPS-induced pro-inflammatory
cytokine secretion by macrophage, it enhanced macro-
phage phagocytic capacity. We speculated that the signif-
icant increase in phagocytosis function is due to that
nemonoxacin treatment influenced the expression level or
the binding efficiency of phagocytosis relevant receptors
on macrophage. Phagocytosis of invading pathogen by
macrophage is important to clear infection, so enhanced
phagocytosis by nemonoxacin treatment could shorten
inflammation and reduced tissue damage during the infec-
tion. LPS is an endotoxin and important pathogenic factor
of Gram-negative bacteria. It is considered to play a central
role in mediating sepsis caused by Gram-negative bacteria.
In this study, we testified that nemonoxacin had ability to
reduce LPS-mediated fatality in mouse model. Therefore,
nemonoxacin may have potential application in treating
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patients with LPS-induced sepsis. The effects of
nemonoxacin on sepsis, inflammation, and tissue injury
protection should be further studied in the clinical setting.

In summary, this is the first time to demonstrate the
immunomodulatory effect of nemonoxacin on host im-
mune function. Nemonoxacin can reduce severity and
mortality on LPS-induced mouse sepsis model.
Nemonoxacin pretreatment could significantly inhibit
LPS-induced IL-6 and TNF-« expression, and stimulate
IL-10 expression in vivo and in vitro. This observation
suggests that nemonoxacin can inhibit excessive inflam-
mation and have a protective effect on host.
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