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Abstract: Tuberculosis (TB) is a chronic inflammatory infectious disease caused by Mycobacterium tuberculosis 
(Mtb), which induces irreversible pulmonary damage. Oxysophocarpine (OSC) is a natural alkaloid that exhibits 
multiple pharmacological activities, including anti-inflammation; however, the protective effects of OSC against TB 
and the mechanisms involved are unknown. Here, we established murine and cellular models of TB with C3HeB/FeJ 
mice and neutrophils infected with H37Rv to investigate the biological functions of OSC in TB. We found that OSC 
reduced the mortality, inhibited the pulmonary H37Rv growth, and alleviated the lung pathology injury in the Mtb-
infected mice. OSC also repressed neutrophil recruitment to the lesions of the Mtb-infected mice as evidenced by a 
decrease in the number and percentage of neutrophils in the lungs. OSC hampered the production of proinflamma-
tory cytokines and chemokines, including tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), IL-6, macrophage 
inflammatory protein-2 (MIP-2), granulocyte colony stimulating factor (G-CSF), and keratinocyte chemoattractant 
(KC) in the lungs of Mtb-infected mice. The results of the in vitro experiments showed that OSC repressed the adhe-
sion and F-actin polymerization of the Mtb-infected neutrophils by inhibiting the toll-like receptor 2/myeloid differen-
tiation primary response gene 88/Src/extracellular signal-regulated kinase 1/2 signaling. Moreover, OSC abolished 
the Mtb-induced expression and release of TNF-α, IL-1β, IL-6, MIP-2, G-CSF, and KC in neutrophils. Overall, these 
findings indicate that OSC can treat TB partly by lessening the neutrophilic recruitment and inflammation.
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Introduction

Tuberculosis (TB), which is caused by Myco- 
bacterium tuberculosis (Mtb), is recognized as 
a major chronic infectious disease worldwide, 
with nearly 10.4 million new cases and over 1.7 
million deaths annually [1]. Clinically, patients 
with TB are usually divided into latent infection 
and active disease [2]. Most infected individu-
als develop latent TB with no symptoms, but 
approximately 10% of them can develop active 
TB and ultimately die [2]. Despite remarkable 
advances in chemotherapy, drug resistance 
remains a problem. Therefore, novel treat-
ments for TB should be employed.

Mtb infection leads to severe inflammatory pul-
monary disease, specifically the formation of 
granulomas, which are intended to separate 
resistant bacteria [3]. Inflammatory tubercu-
lous lesions consist of a central area of My- 
cobacterium-infected macrophages surround-
ed by noninfected phagocytes and lymphocytes 
[4]. Phagocytosis of Mtb by alveolar macro-
phages can prevent phagosome-lysosome fu- 
sion and consequently is eliminated by lyso-
somes [5]. After infection, Mtb primarily reach-
es the lungs, where it is sensed and recognized 
by pattern recognition receptors (PRRs), such 
as Toll-like receptors (TLRs), expressed by alve-
olar macrophages, dendritic cells, and epitheli-
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al cells [6]. PRR sensing prompts the mobili- 
zation of effector functions, and infected anti-
gen-presenting cells secrete various pro-inflam-
matory cytokines and chemokines, such as 
tumor necrosis factor-α (TNF-α), interleukin- 
1β (IL-1β), IL-6, and macrophage inflammatory 
protein-2 (MIP-2), to recruit and activate other 
innate immune cells, including inflammatory 
monocytes and neutrophils [7, 8]. Neutrophils 
are the most abundant cells in the sputum and 
bronchoalveolar lavage fluid of patients with 
active TB and have the highest Mtb load [9]. 
Neutrophil influx is correlated with increased 
pathology in genetically susceptible mouse 
models of Mtb [10, 11] and exacerbated inflam-
matory conditions [12]. Reportedly, the deple-
tion of neutrophils prolongs the survival of 
TB-prone animals [13, 14]. However, molecular 
events that orchestrate neutrophil recruitment 
and accumulation at the site of mycobacterial 
infections, as well as the mechanisms mediat-
ing TB inflammation, should be further clari- 
fied.

Oxysophocarpine (OSC) is a widely used tradi-
tional Chinese herbal medicine isolated from 
Sophora flavescens Ait. (Kushen), Sophora alo-
pecuroides Linn. (Kudouzi or Kugancao), and 
other leguminous plants of the genus Robinia 
[15]. In the literature, OSC reportedly possess-
es many pharmacological effects, including 
neuroprotective [16-18], analgesic [19], antino-
ciceptive [20], antiviral [21, 22], and antitumor 
[23, 24] properties. OSC elicits remarkable 
inflammation inhibition and pain relief, accom-
panied by reduced neutrophil accumulation, 
TNF-α, IL-1β, and IL-6 production, and extracel-
lular signal-regulated kinase 1/2 (ERK1/2) acti-
vation [19]. Nevertheless, the anti-Mtb func-
tions of OSC by abating neutrophil infiltration 
and inflammation are not certain, and the 
underlying mechanisms for the alleviation of 
active TB injury by OSC are unclear.

In this study, we investigated the effects of OSC 
on the lungs of mice with active TB in vivo and 
Mtb-infected neutrophils in vitro. OSC extended 
the survival time of H37Rv-infected mice, limit-
ed the growth of Mtb, and ameliorated the 
pathology of TB in the lungs. OSC also ham-
pered neutrophil infiltration and reduced the 
inflammatory factors in the lungs of H37Rv-
infected mice. In vitro, OSC repressed H37Rv-
led neutrophil adhesion and F-actin polymeriza-

tion by inhibiting the TLR2/myeloid differ- 
entiation primary response gene 88 (MyD88)/
Src/ERK1/2 pathway. Furthermore, OSC sup-
pressed the release of inflammatory mediators 
in H37Rv-infected neutrophils. These findings 
indicate that OSC has anti-inflammatory effects 
against active TB and can thus be a potential 
novel therapeutic agent for TB. 

Materials and methods

Animals and ethics

Male C3HeB/FeJ mice aged 6-8 weeks were 
purchased from Jackson Laboratories (Bar 
Harbor, Maine, USA) and maintained in a spe-
cific pathogen-free facility at the Laboratory 
Animal Center at Henan Provincial Peoples’ 
Hospital (Zhengzhou, China). The animal experi-
ments were approved by the Institutional 
Committee for Animal Research and performed 
in conformity with the guidelines of the La- 
boratory Animal Center at Henan Provincial 
Peoples’ Hospital. 

The Mtb infection of the mice and the OSC 
administration 

The C3HeB/FeJ mouse model of active TB dis-
ease was established as previously described 
[8]. Briefly, virulent Mtb strain H37Rv (ATCC, 
Manassas, VA, USA) was cultured in Midd- 
lebrook 7H9 broth (BD Difco, Cockeysville, MD, 
USA) supplemented with 0.2% glycerol, 0.05% 
Tween 80, and 10% oleic acid-albumin-dex-
trose-catalase (OADC; BD Difco). In the Mtb 
group, the mice (n = 36) were infected with 2 × 
105 colony forming units (CFU) of H37Rv via the 
tail vein. In the Mtb + OSC group, OSC (Zi Jin 
Hua Pharmaceutical Co., Ningxia, China) was 
dissolved in normal saline and alternatively 
administered in the infected mice through an 
intraperitoneal injection with a volume of 0.1 
mL/10 g at a dose of 40 mg/kg. The treatment 
started from the day after the infection (day 1; 
n = 36) and was conducted every day for 4 
weeks. In the normal control (Ctrl) group, the 
mice (n = 36) received neither the Mtb infection 
nor the OSC treatment. At the indicated time 
points after the Mtb infection, the mice were 
euthanized, and their lungs were immediately 
removed to analyze the bacillary load, histopa-
thology and histometry, and inflammatory 
mediators.
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Bacillary load counts

For the bacterial load assessment, the lung 
samples were harvested and homogenized at 
1, 2, 3, and 4 weeks after the Mtb infection. 
The samples were homogenized, and several 
serial dilutions were plated on Middlebrook 
7H10 agar (BD Difco) with 0.5% glycerol and 
10% OADC. The plates were then incubated at 
37°C for the indicated time duration, and the 
number of CFU was counted and expressed as 
log10CFU/lung.

Histopathology scoring and calculating the 
number of lesions and the affected area in 
lungs 

At 4 weeks after the Mtb infection, the lung tis-
sues were fixed in 10% buffered formalin and 
embedded in paraffin. Then, 5 μm sections 
were stained with hematoxylin eosin (HE) and 
Ziehl-Neelsen for microscopic observation and 
histometry analysis using the NIS-Elements D 
version 3.0x software package (Nikon Inst- 
ruments Inc., Tokyo, Japan). Two experienced 
pathologists evaluated the results using the 
Leica system (Leica, Heidelberg, Germany). On 
the basis of the histopathological changes, 
such as peribronchiolitis, perivasculitis, alveoli-
tis, and granuloma formation, the lung pathol-
ogy was scored as 0, 1, 2, 3, 4, or 5 for absent, 
minimal, slight, moderate, marked, or strong 
changes, respectively; the maximum sum was 
20.

The quantitation of the pathology was conduct-
ed using Image J. The image was first adjusted 
to the color threshold between blue and violet, 
which eliminated most of the pink stains in 
each lung section. The adjusted image was 
converted to an 8-bit image. The tissue section 
was outlined with the selection tool. The thresh-
old on the gray-scale image was readjusted 
until mostly only the interested areas were 
highlighted in black. The threshold was set and 
was used for all subsequent images. The mea-
surement on the selected lung section is 
reported as a percent area. Four recuts stained 
with HE were used to determine the granuloma-
tous area as a percentage of the total lung 
area. One HE-stained recut per animal was 
used to count the number of lesions as previ-
ously described [8].

Isolation of the lung leukocytes

At 4 weeks after the Mtb infection, the lungs 
were perfused with 1 × phosphate buffered 
solution (PBS) to reduce the blood leukocytes. 
Left lung lobes were dissected and incubated 
with RPMI 1640 medium (Gibco, BRL, Grand 
Island, USA) supplemented with 10% heat-inac-
tivated fetal calf serum (FCS; Gibco), glutamine, 
Na-pyruvate, 2-ME, penicillin, streptomycin, col-
lagenase type VIII (Sigma-Aldrich, St. Louis, 
MO, USA), and collagenase D (Roche, Basel, 
Switzerland) at 37°C for 30 min. After the 
depletion of the red blood cells using a lysis 
buffer, single-cell suspensions of the lungs 
were prepared using an iron mesh sieve. Viable 
cells were counted using a trypan blue exclu-
sion assay. Equal viable cells were collected for 
culture preparation and subsequent analyses.

Flow cytometry analysis

For the immunophenotyping, the isolated leu-
kocytes were stained with fluorescence-conju-
gated antibodies, including Ly6G (clone 1A8), 
CD11c (clone HL3), Ly6C (clone AL-21), CD11b 
(clone M1/70), CD3e (clone 145-2C11), and 
CD19 (clone 1D3; BD Pharmingen, San Diego, 
CA). The propidium iodide-positive cells were 
excluded by gating prior to collecting at least 
10,000 events. The stained cells were acquired 
using FACSCalibur (BD Biosciences, San Jose, 
CA, USA) and analyzed with FACS Analyzer soft-
ware (BD Biosciences). The neutrophils were 
counted as the CD11b- and Ly6G-positive  
cells. The neutrophil percentage was calculat-
ed from the frequencies among the total leuko-
cytes (n = 1 × 106/each group).

Immunohistochemistry (IHC) assay

The paraffin-embedded sections were rehy-
drated in graded alcohols and subjected to 
microwave-antigen-retrieval using a citrate buf-
fer (Beyotime, Haimen, China). The endogenous 
peroxidase activity was quenched by incubat-
ing the sections with 3% H2O2 for 15 min. The 
sections were probed at 37°C for 1 h with rab-
bit anti-Ly6G polyclonal antibody (Abcam, 
Cambridge, UK) and then treated with a bioti-
nylated secondary antibody using the Chem- 
Mate EnVision Kit (DAKO, Hamburg, Germany) 
for 20 min. The visualization was conducted 
using a diaminobenzidine substrate-chromo-
gen solution (DAKO), resulting in a colored pre-



Oxysophocarpine reduces neutrophilic lung tuberculosis

1509 Int J Clin Exp Pathol 2020;13(7):1506-1517

cipitate at the antigen site. The sections were 
counterstained with hematoxylin, and the 
slides were examined under a lighted micro-
scope (Carl Zeiss).

Isolation of bone marrow neutrophils, Mtb 
infection, and OSC administration

The murine bone marrow neutrophils were iso-
lated using Percoll (GE Healthcare, Little 
Chalfont, UK) density gradient centrifugation 
and hypotonic lysis of red blood cells. Murine 
bone marrow cells were layered on top of a 
53%/63%/76% three-layer Percoll gradient 
after the red blood cells were removed. After 
centrifugation, the mature neutrophils were 
recovered at the interface of the 63% and 76% 
fractions and were > 90% pure and > 95% via-
ble, which was determined by using Diff-Quick 
staining and trypan blue exclusion. The neutro-
phils were cultured in a RPMI-1640 medium 
with 5% FCS (Gibco). 

Ly6G-positive neutrophils were infected with 
H37Rv at a multiplicity of infection (MOI) of 5. 
The cells were then extensively washed with 
pre-warmed PBS to remove the non-adherent 
bacteria. OSC (5 μM) was added to the cells 
immediately after the H37Rv infection. The 
cells were incubated at 37°C and 5% CO2 for 
the indicated time duration.

Immunoassays

After the H37Rv infection or OSC treatment, the 
levels of cytokines and chemokines, such as 
TNF-α, IL-1β, IL-6, MIP-2, granulocyte colony 
stimulating factor (G-CSF), and keratinocyte 
chemoattractant (KC), in the lung homogenates 
or the neutrophil culture supernatants were 
measured using commercial enzyme-linked 
immunosorbent assay (ELISA) kits (R&D sys-
tems, San Diego, CA, USA) in accordance with 
the manufacturer’s instructions. The absor-
bance was recorded at 450 nm using an ELISA 
microplate reader (Molecular Devices, Sunny- 
vale, CA, USA).

After the H37Rv infection or OSC treatment, the 
levels of IL-8 (R&D Systems) in the lung homog-
enates were evaluated using Luminex (L200, 
Millipore, Massachusetts, USA). The results 
were presented in median fluorescence inten-
sity (MFI) units.

Quantitative real-time PCR (qPCR) assay

After the H37Rv infection or OSC treatment, 
total RNA was isolated from the neutrophils 
using the TRIzol Reagent (Invitrogen, Carlsbad, 
CA, USA) as per the manufacturer’s protocols. 
Complementary DNA was synthesized with 
SuperScript III Reverse Transcriptase (Invi- 
trogen). The mRNA levels of the mouse TNF-α, 
IL-1β, IL-6, MIP-2, G-CSF, and KC were mea-
sured with qPCR assays using Power SYBR 
Green PCR Master Mix (Applied Biosystems, 
Foster City, CA, USA). The amplification was car-
ried out on an ABI PRISM 7900HT thermocycler 
(Applied Biosystems). Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) was employed 
as an internal control. The fold changes were 
calculated using the 2-ΔΔCt method. The primers 
used were as follows: for TNF-α, forward 5’- 
CACAGAAAGCATGATCCGCGAC-3’ and reverse 
5’-TGCCACAAGCAGGAATGAGAAGAG-3’; for IL- 
1β, forward 5’-CAGGATGAGGACATGAGCACC-3’ 
and reverse 5’-CTCTGCAGACTCAAACTCCAC-3’; 
for IL-6, forward 5’-GTCCGGAGAGGAGACTTC- 
AC-3’ and reverse 5’-CTGCAAGTGCATCATCGTT- 
GT-3’; for MIP-2, forward 5’-CCAAGGGTTGAC- 
TTCAAGAAC-3’ and reverse 5’-AGCGAGGCACA- 
TCAGGTACG-3’; for G-CSF, forward 5’-GCAGG- 
CTCTATCGGGTATTTCC-3’ and reverse 5’-GC- 
AACATCCAGCTGAAGCAA-3’; for KC, forward 5’- 
TGGCTGGGATTCACCTCAA-3’ and reverse 5’- 
GAGTGTGGCTATGACTTCGGTTT-3’; and for GAP- 
DH, forward 5’-AACTTTGGCATTGTGGAAGG-3’ 
and reverse 5’-ACACATTGGGGGTAGGAACA-3’.

Adhesion assay

After pretreatment with the Src kinase inhibitor 
PP1 (5 μM), ERK1/2 inhibitor U0126 (10 μM), 
p38MAPK inhibitor SB202190 (10 μM), or JNK 
inhibitor AG490 (25 μM; Biomol, Plymouth 
Meeting, PA, USA) for 30 min or with siRNA tar-
geting TLR2 (siTLR2; 100 nM; Santa Cruz 
Biotechnology, Inc., Dallas, Texas, USA) for 24 
h, neutrophils (3 × 105 cells/well) were then 
uninfected or infected with H37Rv (5 MOI) in 
the presence or absence of 5 μM OSC and 
allowed to adhere to 48-well plates for 6, 12, 
18, and 24 h. The non-adherent cells were 
washed away, and the adherent neutrophils 
were quantified using a myeloperoxidase (MPO) 
assay. The MPO activities were determined 
through the H2O2-dependent oxidation of 3, 
3’,5,5’-tetramethylbenzine (Sigma-Aldrich). Ad- 
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herence was expressed as the ratio of the MPO 
activity of the adherent neutrophil to that of the 
total neutrophils, and the percentages of the 
adherent cells were calculated.

F-actin polymerization

After pretreatment with the Src kinase inhibitor 
PP1 (5 μM), the ERK1/2 inhibitor U0126 (10 
μM), the p38MAPK inhibitor SB202190 (10 
μM), or the JNK inhibitor AG490 (25 μM) for 30 
min or siRNA targeting TLR2 (siTLR2; 100 nM) 
for 24 h, the neutrophils were uninfected or 
infected with H37Rv (5 MOI) in the presence or 
absence of 5 μM OSC and then cultured on cov-
erslips at 37°C for 24 h. The cells were fixed 
with 4% paraformaldehyde, permeabilized with 
BD Perm/Wash Buffer (BD Biosciences), and 
stained with Alexa568-phalloidin (Molecular 
Probes, Eugene, Oregon, USA). The MFI was 
measured according to the fluorescence inten-
sities of the individual cells. More than 20 cells 
from at least five randomly selected fields from 
each slide were analyzed under a microscope 
(Carl Zeiss).

Western blot analysis

The neutrophils were infected with H37Rv (5 
MOI) in the presence or absence of OSC (5 μM) 
and cultured at 37°C for 24 h. The cells were 
lysed in a RIPA lysis buffer (Beyotime), and the 
cell debris was pelleted by centrifugation at 
12,000 × g and 4°C for 10 min. The protein 
concentration in each supernatant was deter-
mined using a Bradford protein assay (Bey- 
otime). The cell lysates were separated using 
sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis and transferred onto polyvinyli-
dene difluoride membranes (Millipore, Bedford, 
MA, USA). The membranes were blocked with 
5% nonfat milk diluted in tris-buffered saline 
containing 0.5% Tween-20 (TBST) for 1 h and 
incubated with primary antibodies against 
TLR2, MyD88, Src, phosphorylated (p)-ERK1/2, 
ERK1/2, p-p38 MAPK, p38 MAPK, p-JNK, JNK, 
and β-actin (Cell Signaling Technology, Danvers, 
MA, USA) at 4°C overnight. The membranes 
were then washed three times with TBST for 1 
h at 37°C and incubated with the correspond-
ing horseradish peroxidase-conjugated sec-
ondary antibodies (Cell Signaling Technology) 
for 1 h at room temperature. Immunoblots were 
developed and visualized through enhanced 

chemiluminescence (Thermo Fisher Scientific, 
Waltham, MA, USA).

Statistical analysis

The data were expressed as the mean ± stan-
dard deviation (SD). The statistical compari-
sons were analyzed using ANOVA followed by 
Bonferroni’s multiple comparison tests. The 
survival curves were plotted using Kaplan-
Meier method and analyzed using log-rank 
tests. The statistical analyses were performed 
using GraphPad Prism 5.0 (San Diego, Califor- 
nia, USA). P < 0.05 was considered statistically 
significant.

Results

OSC alleviates H37Rv-induced lung lesions in 
mice

To investigate the effects of OSC on Mtb-
induced damage, we first determined whether 
the Mtb infection affected mouse mortality. As 
shown in Figure 1A, the mortality of the mice 
infected intravenously with 2 × 105 CFU of 
H37Rv increased notably compared with the 
control mice. The OSC treatment substantially 
prolonged the survival time of the H37Rv-
infected mice. Moreover, the bacterial loads in 
the lungs were enhanced after the H37Rv infec-
tion, and the number of bacilli ingested by the 
OSC-treated mice was remarkably increased 
compared with the number of mice infected 
with H37Rv only (Figure 1B). HE staining and 
pathologic scoring in Figure 1C and 1D revealed 
that the lung pathology injury, including the for-
mation of granulomas, was intensified in the 
H37Rv-infected mice, and this aggravation was 
mitigated by OSC. As shown in Figure 1E, the 
number of lesions was increased postinfection, 
and this enhancement was attenuated by  
OSC. The percentage of the affected area was 
markedly reduced in the OSC-treated H37Rv-
infected mice (Figure 1F). These results indi-
cated that OSC limited Mtb replication in the 
lungs and decreased lung lesions and the mor-
tality of the Mtb-infected mice.

OSC inhibits the active recruitment of neutro-
phils to the lungs in the H37Rv-infected mice

To probe the effect of OSC on the neutrophil 
recruitment to the lungs of the mice infected 
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with H37Rv, we performed a series of immuno-
assays. IL-8 is an important pro-inflammatory 
mediator that induces chemotaxis, activation, 
and neutrophil extracellular trap release in 
human neutrophils [25]. As depicted in Figure 
2A, the IL-8 level was enhanced in the 
TB-infected lungs, which was repressed by the 
OSC treatment. The neutrophil count, including 
CD11b+ and Ly6G+, was significantly increased 
with prolonged Mtb infection, but the OSC treat-
ment evidently reduced the neutrophil accumu-
lation in the lungs (Figure 2B). The IHC results 
also showed a pronounced elevation in the 
Ly6G+ cells in the lungs of the H37Rv-infected 
mice, which was again decreased by the OSC 
administration (Figure 2C). The neutrophil per-
centages in the leukocytes was calculated to 
further confirm the effects of OSC on the accu-
mulation of the recruited neutrophils. As shown 
in Figure 2D, OSC reduced the abundance of 
neutrophils in the leukocytes of the mouse 
lungs with the H37Rv infection. These data 
demonstrated that the active recruitment of 
neutrophils was suppressed by OSC in the 
lungs of the Mtb-infected mice.

OSC alleviates the inflammatory responses in 
the lungs of the H37Rv-infected mice

To address the effects of OSC on the H37Rv 
infection-induced inflammation, we evaluated 

the production of several inflammatory cyto-
kines and chemokines in the lungs of the Mtb-
infected mice at different time points. The lev-
els of TNF-α (Figure 3A), IL-1β (Figure 3B), IL-6 
(Figure 3C), MIP-2 (Figure 3D), G-CSF (Figure 
3E), and KC (Figure 3F) were increased in the 
lungs of the H37Rv-infected mice. The OSC 
treatment reduced the generation of inflam- 
matory mediators (Figure 3A-F). These results 
suggested that OSC hindered the Mtb-induced 
inflammation in the mice’s lungs.

OSC reduces the H37Rv-led neutrophil adhe-
sion and F-actin polymerization by inactivating 
the TLR2/MyD88/Src-dependent ERK1/2 
signaling in vitro

Next, we explored whether OSC represses neu-
trophil adhesion and F-actin polymerization 
after H37Rv infections. The adhesion of the 
H37Rv-infected neutrophils was enhanced, but 
it was reduced by the OSC treatment (Figure 
4A). To examine whether the H37Rv-induced 
neutrophil adhesion was accompanied by 
F-actin remodeling, we stained H37Rv-infected 
neutrophils with fluorescently labeled phalloi-
din. As depicted in Figure 4B, the H37Rv infec-
tion promoted F-actin polymerization in neutro-
phils, which was hampered by OSC. Reportedly, 
TLR2/MyD88/Src signaling is implicated in Mtb 
infection in neutrophils, and F-actin remodeling 

Figure 1. OSC mitigated the lung lesions in H37Rv-infected mice. C3HeB/FeJ mice were infected with a dose of 2 
× 105 CFU of H37Rv via the tail vein. OSC (40 mg/kg) was intraperitoneally administered starting on the day after 
the infection (day 1) and employed every day for 4 or 8 weeks. A. The Kaplan-Meier method was used to plot the 
survival curve and the comparisons were analyzed using log-rank tests (n = 12). B. Intracellular viable bacteria were 
measured using CFU assays at 7, 14, 21, and 28 days postinfection (n = 6 times per duration). C, D. HE staining was 
conducted to evaluate the pathology of the lungs at 4 weeks after the H37Rv infection (n = 6). E. Changes in the 
number of lung lesions (n = 6). F. The affected lung area was measured to determine the histological changes (n = 
6). The data are expressed as the mean ± SD of three independent experiments. *P < 0.05, **P < 0.01 compared 
with the Ctrl group. #P < 0.05, ##P < 0.01 compared with Mtb group. Ctrl: control; OSC: Oxysophocarpine.
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Figure 2. OSC repressed the neutrophil infiltration into the lungs of the H37Rv-infected mice. C3HeB/FeJ mice were 
infected with a dose of 2 × 105 CFU of H37Rv via the tail vein. OSC (40 mg/kg) was intraperitoneally administered 
starting on the day after the infection (day 1) and employed every day for 4 weeks. A. The IL-8 levels in the lung 
homogenates were evaluated using a Luminex model L200 (n = 6). The results are presented in MFI units. B. The 
number of neutrophils (CD11b+, Ly6G+) was identified in the lungs using flow cytometry. C. The IHC staining of the 
neutrophils with Ly6G antibody (n = 6). D. A flow cytometry assay was conducted to calculate the recruited leuko-
cytes. The percentages of neutrophils in the various leukocytes were counted (n = 6). The data are expressed as the 
mean ± SD of three independent experiments. *P < 0.05, **P < 0.01 compared with the Ctrl group. #P < 0.05, ##P 
< 0.01 compared with the Mtb group. Ctrl: control; OSC: Oxysophocarpine.

Figure 3. OSC alleviated the inflammation in the lungs of the H37Rv-infected mice. The C3HeB/FeJ mice were 
infected with a dose of 2 × 105 CFU of H37Rv via the tail vein. OSC (40 mg/kg) was intraperitoneally administered 
starting on the day after the infection (day 1) and employed every day for 4 weeks. (A-F) The levels of (A) TNF-α, 
(B) IL-1β, (C) IL-6, (D) MIP-2, (E) G-CSF, and (F) KC in the lung homogenates of the mice at days 7, 14, 21, and 28 
postinfection were measured using ELISAs (n = 6 per time duration). The data are expressed as the mean ± SD 
of the three independent experiments. *P < 0.05, **P < 0.01 compared with the Ctrl group. #P < 0.05, ##P < 0.01 
compared with the Mtb group. Ctrl: control; OSC: oxysophocarpine. 
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and neutrophil adhesion is regulated by MAPKs 
[26]. Here, we investigated whether similar 
pathways are involved in the H37Rv-caused 
neutrophil adhesion. The results showed that 
the H37Rv infection increased the levels of 
TLR2, MyD88, Src, p-ERK1/2 in the neutro-
phils, but no effect was observed on the p-p38 
MAPK or the p-JNK (Figure 4C). Moreover, OSC 
decreased the expression of TLR2, MyD88, and 
Src and the phosphorylation of ERK1/2 (Figure 
4C). In Figure 4D and 4E, pretreated neutro-
phils with siTLR2, the Src kinase inhibitor PP1, 
and the ERK1/2 inhibitor U0126 had a similar 

trophils, but were abolished by the OSC treat-
ment. These data revealed that OSC resolved 
the H37Rv inflammation caused by the H37Rv 
in neutrophils in vitro.

Discussion

In this study, we elucidated the beneficial roles 
of OSC in an active TB murine model and with 
Mtb-infected neutrophils. First, OSC restrained 
H37Rv growth in the lungs and reduced the 
Mtb-induced mouse mortality and lung lesions. 
Second, OSC inhibited the neutrophil recruit-

Figure 4. OSC hindered the adhesion and F-actin polymerization in the 
H37Rv-infected neutrophils by the inhibition of the TLR2/MyD88/Src/
ERK1/2 signaling pathway. A-C. The neutrophils were uninfected or infect-
ed with H37Rv (5 MOI) in the presence or absence of 5 μM OSC. A. The 
firmly adherent neutrophils were counted after the H37Rv infection for 6, 
12, 18, and 24 h. B. F-actin polymerization was monitored using immuno-
fluorescent microscopy at 24 h after the H37Rv infection. C. A Western blot 
analysis was performed to assess the expressions of TLR2, MyD88, Src, 
p-ERK1/2, ERK1/2, p-p38 MAPK, p38 MAPK, p-JNK, and JNK at 24 h after 
the H37Rv infection. β-actin was used as an endogenous control. D and E. 
The neutrophils were preincubated with the Src kinase inhibitor PP1 (5 μM), 
ERK1/2 inhibitor U0126 (10 μM), p38MAPK inhibitor SB202190 (10 μM), 
or the JNK inhibitor AG490 (25 μM) for 30 min or pretransfected with siTLR2 
(100 nM) for 24 h, and then uninfected or infected with H37Rv (5 MOI) in 
the presence or absence of OSC (5 μM) for 24 h. D. The firmly adherent 
neutrophils were counted. E. F-actin polymerization was monitored. Data 
are expressed as the mean ± SD of the three independent experiments. *P 
< 0.05, **P < 0.01 compared with Ctrl group. #P < 0.05 compared with the 
Mtb group. Ctrl: control; OSC: Oxysophocarpine; NS: no significance.

action as OSC, which inhibited 
the H37Rv-induced neutrophil 
adhesion and the F-actin re- 
modeling. However, pretreat-
ment with the p38 MAPK inhib-
itor SB202190 or the JAK in- 
hibitor AG490 did not affect 
the adhesion or the F-actin 
remodeling in the H37Rv-in- 
fected neutrophils. These find-
ings indicate that the inactiva-
tion of the TLR2/MyD88/Src/
ERK1/2 signaling is essential 
for the action of OSC in reduc-
ing adhesion and F-actin remo- 
deling in H37Rv-infected neu- 
trophils.

OSC restrains H37Rv-induced 
expression and the release of 
the inflammatory mediators in 
neutrophil in vitro

We subsequently addressed 
the effects of OSC on the 
H37Rv-induced mRNA expres-
sion and release of inflamma-
tory cytokines and chemokines 
in neutrophils. The OSC admin-
istration reduced the mRNA 
levels of TNF-α (Figure 5A), 
IL-1β (Figure 5B), IL-6 (Figure 
5C), MIP-2 (Figure 5D), G-CSF 
(Figure 5E), and KC (Figure 5F) 
in the H37Rv-infected neutro-
phils. Similarly, the ELISA re- 
sults showed increased releas-
es of TNF-α (Figure 5G), IL-1β 
(Figure 5H), IL-6 (Figure 5I), 
MIP-2 (Figure 5J), G-CSF (Fi- 
gure 5K), and KC (Figure 5L) 
from the H37Rv-infected neu-
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ment into the H37Rv-infected sites and the pro-
duction of the pro-inflammatory cytokines and 
chemokines in the lungs. Third, OSC retarded 
the adhesion and F-actin polymerization of the 
H37Rv-infected neutrophils through the inacti-
vation of the TLR2/MyD88/Src/ERK1/2 path-
way. Finally, OSC repressed the H37Rv-induced 
mRNA expression and the release of the inflam-
matory mediators in the neutrophils. In all, the 
protective effects of OSC on H37Rv-induced 
inflammation and neutrophil activation in the 
lungs may indicate a promising therapeutic fea-
sibility of OSC in Mtb-induced pulmonary TB. 

TB is an inflammatory infectious disease cau- 
sed by Mtb inhalation, which leads to the 
deaths of almost 2 million individuals annual- 
ly. An ongoing inflammation of the lungs can 
remodel their architecture, manifesting as 
extensive fibrosis, cavitation, bronchostenosis, 
traction bronchiectasis, or parenchymal lung 
destruction [27, 28]. Mtb enters the airways, 
reaches the pulmonary alveolus, and infects 
the resident alveolar macrophages [29]. Gra- 
nulomatous inflammatory disease occurs when 
the infected macrophages are unable to con-

tain the replication of Mtb [30]. Mtb-activated 
alveolar macrophages release pro-inflammato-
ry cytokines, such as TNF-α, IL-6, IL-1α, and 
IL-1β, which recruit other phagocytes to the 
infection site [31, 32]. Neutrophils are the first 
phagocytes recruited from the pulmonary vas-
culature to the lung interstitium [33]. Upon 
arrival at the infectious sites, the neutrophils 
phagocytose bacteria by recognizing them 
either directly or indirectly [34]. In contrast to 
the description of phagocytosis, the data on 
the ability of neutrophils to kill Mtb are conflict-
ing [35]. At the early stage of Mtb infection, 
neutrophils may contribute to protection by 
favoring the generation of effector T-cells and 
participating in the formation of granulomas, 
but the neutrophils become largely detrimental 
at the later stages [36]. Several clinical and 
experimental studies have clarified the patho-
logical roles of neutrophils during Mtb infection 
[8-10]. In humans, neutrophils represent the 
most abundant cells in the sputum and bron-
choalveolar lavage fluid from active TB patients 
and carry the main mycobacterial load [9]. In 
previous studies, extensive neutrophilic infiltra-
tion was observed in TB-prone mice but not in 

Figure 5. OSC reduced the generation of cytokines and chemokines in the H37Rv-infected neutrophils. The neutro-
phils were uninfected or infected with H37Rv (5 MOI) in the presence or absence of OSC (5 μM) for 12 or 24 h. (A-F) 
The mRNA expressions of (A) TNF-α, (B) IL-1β, (C) IL-6, (D) MIP-2, (E) G-CSF, and (F) KC were determined using qPCR 
assays at 12 h after the H37Rv infection. (G-L) ELISAs were conducted to measure the release of (G) TNF-α, (H) IL-
1β, (I) IL-6, (J) MIP-2, (K) G-CSF, and (L) KC in the media after 24 h of H37Rv infection. The data are expressed as 
means ± SD of three independent experiments. *P < 0.05 compared with the Ctrl group. #P < 0.05 compared with 
the Mtb group. Ctrl: control; OSC: Oxysophocarpine.
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TB-resistant mice [8, 10]. In the literature, after 
neutrophil depletion by a Ly6G-specific anti-
body, Mtb-infected I/St mice show reduced 
weight loss, low mycobacterial counts, mild  
pulmonary pathology, and increased survival 
times [37]. In this study, Mtb infection resulted 
in a reduction of the survival rate, severe pul-
monary lesions, massive neutrophil infiltration 
into the lesion sites, an excessive generation of 
proinflammatory cytokines and chemokines in 
the active TB mouse model and promoted the 
adhesion and F-actin polymerization and re- 
lease of the proinflammatory factors in neutro-
phils. OSC reduces the neutrophil influx and 
decreases TNF-α, IL-1β, and IL-6 production in 
an inflammatory pain mouse model [19]. Here 
we demonstrated that OSC mitigated the path-
ological changes, enhanced the mortality of 
Mtb-infected mice, in parallel with reduced 
neutrophil infiltration into the lesion sites, and 
decreased inflammatory mediators in vivo and 
in vitro. Overall, the findings indicate that OSC 
is beneficial to Mtb-induced lung TB by sup-
pressing neutrophilic infiltration and inflam- 
mation. 

Neutrophil recruitment is closely associated 
with the overproduction of inflammatory media-
tors in TB [38]. The increased infiltration of 
neutrophil-like cells coincides with the produc-
tion of TNF-α, IL-1β, IL-6, CCL3, CCL4, and other 
factors in TB mice [39]. Reportedly, alveolar 
macrophages and immune, endothelial, and 
epithelial cells secrete pro-inflammatory cyto-
kines and chemokines that influence neutro-
phil differentiation, mobilization, and recruit-
ment. For instance, IL-1β and G-CSF prolong 
neutrophil survival; and TNF-α, IL-1β, CXCL1/
KC, CXCL2/MIP-2, CXCL8/IL-8, and G-CSF stim-
ulate neutrophil migration, degranulation, oxi-
dative burst, and secretory activity [40-43]. 
Neutrophils can transcribe a wide range of pro-
inflammatory factors, including TNF-α, IL-1α, 
IL-1β, CXCL1/KC, CXCL8/IL-8, CCL3/MIP-1α, 
CCL4/MIP-1β, and G-CSF, to attract and acti-
vate immune cells and other neutrophils at the 
infection sites [34, 44, 45]. After the activation, 
neutrophil spreading, adhesion, and F-actin 
polymerization occur. Cell adhesion-associated 
actin remodeling is regulated by diverse recep-
tor-activated MAPKs [46, 47]. Lee et al. [26] 
reported that activation of Src and ERK1/2 is 
required for adhesion and F-actin polymeriza-
tion in trehalose dimycolate-stimulated neutro-
phils. TLR2 expression is upregulated on the 

neutrophil surface upon Mtb infection [45], and 
TLR2 signaling through MyD88 initiates the 
innate host defenses [6]. In the present study, 
we demonstrated that Mtb infection results  
in excessive neutrophil adhesion and F-actin 
polymerization, coinciding with the enhance-
ment of TLR2 and MyD88 and the activation of 
Src and ERK1/2. OSC administration reduces 
adhesion and F-actin polymerization in Mtb-
infected neutrophils in parallel with the results 
of siTLR2 transfection or pretreatment with the 
Src kinase inhibitor PP1 and the ERK1/2 inhibi-
tor U0126. These results show that OSC abates 
Mtb-induced neutrophil adhesion and F-actin 
polymerization by inhibiting theTLR2/MyD88/
Src/ERK1/2 pathway.

In conclusion, this study provides evidence that 
OSC is beneficial against active TB by reducing 
Mtb-induced neutrophil recruitment and inflam-
mation. OSC significantly prolongs survival, 
suppresses Mtb replication and neutrophil infil-
tration in the lungs, alleviates pulmonary le- 
sions, and decreases the production of inflam-
matory cytokines and chemokines in H37Rv-
infected mice. OSC also reduces H37Rv-
induced neutrophil adhesion and F-actin 
polymerization by the inactivation of the TLR2/
MyD88/Src/ERK1/2 signaling pathway. Overall, 
these findings show that OSC hampers Mtb 
infection-caused neutrophil accumulation and 
inflammation in mouse lungs. Further studies 
on the cell lines and animals are needed to 
clarify whether OSC has potential therapeutic 
implications in active lung TB.
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