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Abstract. Inflammation is a defensive response in the living 
tissue of the vascular system that acts against damage factors 
and involves various types of immune cells, including macro-
phages, neutrophils, endothelial cells and other associated 
immune molecules. If the release of inflammatory mediators 
is excessive, systemic inflammatory response syndrome may 
develop. Sepsis is the most common complication of severe 
burns and is a systemic inflammatory response syndrome 
that is caused by infectious factors and is capable of leading 
to multiple organ dysfunction and potentially death. Research 
concerning the mechanism and treatment of sepsis is crucial. 
Macrophages are an important type of immune cell that remove 
invasive pathogens and are involved in innate and adaptive 
immune responses. It has been previously reported that bone 
marrow mesenchymal stem cells (BMSCs) affect macrophages 
by regulating immunity. The present study aimed to investi-
gate the effect of BMSCs on macrophage polarization in vivo 
and in vitro, in addition to the potential therapeutic effect of 
these cells on experimental sepsis. BMSCs and peritoneal 
macrophages were isolated from Sprague‑Dawley rats and 
co‑cultured overnight as a mixed culture or Transwell system, 
and subsequently stimulated with 100 ng/ml lipopolysaccha-
ride (LPS). After 12 h, the medium was replaced with normal 
complete medium for various durations and supernatants were 
collected to extract proteins and cells for ELISA, western blot 
and flow cytometry analysis to investigate different aspects of 
macrophages. Sepsis was induced in Sprague‑Dawley rats by 
injection of LPS (5 mg/kg), followed by tail vein injection of 
BMSCs or PBS 1 h later. After 6, 12, 24 and 48 h, lung tissues 

were harvested for pathological observation and peritoneal 
macrophages were collected for flow cytometry analysis to 
assess the expression of markers, including cluster of differ-
entiation (CD)68 (used for gating), CD11c and CD206. The 
results demonstrated that, in the culture medium, LPS stimula-
tion increased the expression of CD11c in macrophages, and 
the levels of tumor necrosis factor‑α and inducible nitric oxide 
synthase were also increased. By contrast, in macrophages 
treated with BMSCs directly, the expression of CD11c was 
reduced compared with the LPS‑stimulated macrophage alone 
group. However, the secretion of interleukin‑10, transforming 
growth factor‑β and arginase‑1 was increased in the direct 
co‑culture group, compared with the LPS‑stimulated macro-
phage alone group. BMSCs reduced the inflammation in lung 
tissues and inhibited macrophage expression of CD11c in the 
rat model of sepsis. The results of the present study demon-
strated that BMSCs co‑cultured with macrophages directly 
inhibited macrophage differentiation into the M1 phenotype 
and reduced inflammation in macrophages stimulated by 
LPS. In vivo, BMSCs decreased the expression of CD11c in 
peritoneal macrophages and reduced the pathological inflam-
matory response in the lungs. The findings of the present 
study demonstrated that BMSCs may reduce the extent of 
the systemic inflammatory response, which may contribute 
to the development for a novel type of treatment for sepsis in 
the future.

Introduction

Sepsis is considered to be a systemic inflammatory response 
syndrome that occurs in response to severe infections, which 
includes pathogen invasion, extensive burns, severe trauma 
and shock (1). Recently, it has been demonstrated that sepsis 
is a multifaceted host response to infectious pathogens, which 
may be amplified by endogenous factors and is associated 
with a high morbidity and mortality (2). Although substantial 
developments have been made in the understanding of the 
basic pathogenesis of sepsis, no specific anti‑sepsis treatments 
exist. As such, the management of patients relies mainly on 
early recognition allowing correct therapeutic measures to 
be conducted rapidly, including the administration of appro-
priate antibiotics, source control measures when necessary, 
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resuscitation with intravenous fluids and vasoactive drugs 
when required (3). Research has indicated that admissions for 
sepsis are greater than those for myocardial infarction and 
stroke in the United States (4). In‑hospital mortality remains 
high at 25‑30% (3); therefore, it is necessary to develop a novel 
treatment for sepsis.

Within the hematopoietic system, macrophages are a one 
of the cell types that exhibit the highest plasticity, and they 
are present in every body tissue, where they trigger, regulate 
and affect the development of inflammation. Macrophages 
are differentiated into different phenotypes depending on 
the microenvironment (5-7). The classical activation pheno-
type (M1) and alternative activation phenotype (M2) express 
different surface makers, secrete different cytokines and have 
different roles in immunoregulation (7-9). Various studies 
concerning sepsis have demonstrated that macrophages are 
crucial participants in the systemic inflammatory response 
syndrome. Once activated, various soluble factors that directly 
and indirectly act on blood vessels, the immune system and 
other tissues are produced and secreted by macrophages, 
thus leading to a series of changes (10). However, excessive 
production of cytokines may lead to multiple organ failure and 
potentially death. Studies have reported that the development 
of sepsis is associated with the overactivation of M1 macro-
phages; excessive activation of M1 macrophages leads to the 
increased release of various inflammatory factors, including 
tumor necrosis factor (TNF)‑α, interleukin (IL)‑1 and IL‑6, 
subsequently resulting in severe inflammation (11-13).

Bone marrow mesenchymal stem cells (BMSCs) are a type 
of somatic stem cell (14,15) that are isolated from bone myeloid 
tissue and exhibit self‑renewal, unlimited proliferation and 
multipotent differentiation properties. Furthermore, BMSCs 
may be induced to differentiate into osteoblasts, adipocytes 
and chondrocytes in vitro. BMSCs have an important role in 
immunosuppression and also immunomodulation, in vitro 
and in vivo, in innate and adaptive immunity processes (16). 
A recent study demonstrated that human mesenchymal stem 
cells (MSCs) influence the process of inflammation by immu-
nomodulating the expression of inflammatory cytokines from 
a variety of immune cells, including macrophages and altering 
the polarization of macrophages (17). The majority of previous 
studies have involved co‑culture of RAW264.7 macrophage 
cells with different types of stem cells in vitro, followed by 
observation of the effects of stem cells on the polarization of 
macrophages (18,19). However, there is no direct evidence as 
to whether stem cells have the ability to influence the resi-
dent peritoneal macrophages in vitro or alter the polarization 
of macrophages following injection into animals in vivo. 
Therefore, the present study investigated the effect of BMSCs 
on macrophage polarization in vitro and in vivo.

Materials and methods

Animals. All rats were maintained in specific‑pathogen free 
environments at 20‑26˚C and 40‑70% humidity under a 12 h 
light/dark cycle with, and free access to food and water. Rats 
were obtained from the Experimental Animal Center of 
the Sun Yat‑sen University (license no. SCXK 2016‑0029; 
Guangzhou, China). The animals were acclimatized for 
3 days prior to initiating the experiment. A total of 70 male 

Sprague‑Dawley rats weighing 100±20 g (4 weeks) were 
used for the isolation of BMSCs and macrophages; 36 male 
Sprague‑Dawley rats weighing 130±20 g (5 weeks) were 
used as the animal model. All experiments were performed 
following approval by the Ethics Committee of Guangdong 
General Hospital, Guangdong Academy of Medical Sciences 
(Guangzhou, China; approval no. GDREC2016254A).

Isolation and culture of rat BMSCs. BMSCs were obtained 
using adhesion to cell culture plastic as previously 
described (14). A total of 20 Sprague‑Dawley rats, weighing 
100±20 g (4 weeks), were euthanized via dislocation of 
the cervical vertebra and BMSCs were collected from the 
femur and tibia by flushing the shaft with chilled complete 
medium, which consisted of Dulbecco's modified Eagle's 
medium (DMEM, Gibco; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) supplemented with 10% fetal bovine 
serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and 1% 
penicillin‑streptomycin (Gibco; Thermo Fisher Scientific, 
Inc.). Cells were washed with medium three times and centri-
fuged at 4˚C for 5 min at 192 x g. The pellet was resuspended 
and cultured in 25 cm2 culture flasks with complete medium 
at 37˚C and 5% CO2 in air. BMSCs preferentially attached 
to polystyrene surfaces, and, after 72 h, non‑adherent cells 
were discarded. Fresh medium was added and replaced every 
2‑3 days. When cells reached 80‑90% confluence, the adherent 
cells were trypsinized with 0.25% trypsin‑EDTA (Invitrogen; 
Thermo Fisher Scientific, Inc.). Following three cell passages, 
the expression of cell surface markers, including cluster of 
differentiation (CD)29, CD90, CD45 and CD44 (Table I), 
were analyzed by flow cytometry, which is described in a later 
paragraph. Additionally, cells were induced to differentiate 
into osteoblasts and adipocytes, to determine the purity of the 
BMSC population. For standard osteogenic differentiation, 
confluent monolayers of BMSCs were incubated in medium 
supplemented with 0.01% dexamethasone, 0.2% ascorbic 
acid, 1% glutamine and 1% β‑glycerol phosphate (Cyagen 
Biosciences, Inc., Guangzhou, China). Culture medium was 
replaced every 3 days. After 30 days, the culture medium was 
fixed with 4% paraformaldehyde for 30 min at room tempera-
ture and incubated with Alizarin Red (Cyagen Biosciences, 
Inc.) for 30 min at room temperature. Excess stain was 
removed by washing four times with PBS. For standard 
adipogenic differentiation, confluent monolayers of BMSCs 
were incubated in medium supplemented with 1% glutamine, 
0.1% 3‑isobutyl‑1‑methylxanthine, 0.1% rosiglitazone and 
0.2% insulin (Cyagen Biosciences, Inc.) with medium changed 
every 1‑3 days. After 30 days, the culture medium was fixed 
with 4% paraformaldehyde for 30 min at room temperature 
and incubated with Oil Red O for 30 min at room temperature. 
BMSCs were collected for experiments in the third passage 
via trypsinization and resuspension in PBS to a concentration 
of 2x106 cells/ml immediately prior to injection; cells were 
observed under a light microscope.

Isolation and culture of rat peritoneal macrophages. 
A total of 50 male Sprague‑Dawley rats, weighing 100±20 g 
(4‑weeks‑old) used for obtaining peritoneal macrophages. 
PBS (20 ml) supplemented with 10% FBS was injected into 
the peritoneal cavity and the rat abdomen was gently massaged 
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for 5 min (20). Macrophages were isolated from the peritoneal 
cavity by collecting as much peritoneal fluid as possible, and 
the collected fluid was centrifuged at 4˚C for 5 min at 192 x g 
to pellet the cells. The pellet was resuspended and cultured 
in 6‑well plates with complete medium at 37˚C and 5% CO2 
in air. After 6 h, non‑adherent cells were discarded. Fresh 
medium was added and replaced every 1‑2 days. After 2 days, 
adherent cells were harvested and purified using CD68 and 
CD11b (Table I) via flow cytometry, which is described in a 
later paragraph. These peritoneal macrophages were collected 
for culturing with BMSCs in vitro.

Co‑culture of peritoneal macrophages with BMSCs in vitro. 
Initially, peritoneal macrophages were incubated in 6‑well 
plates (Corning Inc., Corning, NY, USA) at a concentra-
tion 100,000 cells per 2 ml at 37˚C. After 12 h, the culture 
(complete) medium was removed and either 100,000 BMSCs 
in fresh medium or medium alone was added to each well. 
Macrophages were divided into four groups according to 
different treatments: Macrophages cultured in normal medium 
for 96 h; macrophages incubated with lipopolysaccharide 
(LPS; 100 ng/ml; Sigma‑Aldrich, Merck KGaA, Darmstadt, 
Germany) for 12 h followed by culture in normal medium 
for 84 h; macrophages co‑cultured with BMSCs, separated 
by a Transwell insert (0.4 µm pore size polyester membrane; 
Corning, Inc.), were incubated with LPS (100 ng/ml) for 
12 h followed by culture in normal medium for 84 h; and a 
direct co‑culture of macrophages and BMSCs attached to the 
same substrate was incubated with LPS (100 ng/ml) for 12 h 
followed by culture in normal medium for 84 h. All cell incu-
bations were conducted at 37˚C and 5% CO2. Subsequently, 
cell culture supernatants, protein and cells were collected for 
ELISA, western blotting and flow cytometry analysis, respec-
tively, to investigate the effects of co‑culture on macrophages.

LPS model of sepsis. Male Sprague‑Dawley rats, weight 
130±20 g (5‑weeks‑old) were fed a standard diet and acclima-
tized in a quiet room for three days prior to experimentation. 
Rats were administered 5 mg/kg LPS dissolved in PBS via 
tail vein injection (21). All animals were randomly divided 
into three groups according to different treatments: Normal 
control group (n=4), LPS‑stimulated group (n=16) and 
BMSC‑treated group (n=16) by the random number table. 
The normal control group was injected with 1 ml PBS (n=4), 
LPS‑stimulated group was injected with 1 ml LPS (5 mg/kg) 
dissolved in PBS (n=16). The BMSC‑treated group was injected 
with LPS (5 mg/kg) and after 1 h, injected with BMSCs 
(2x106  cells in 1 ml PBS). Animals in the normal control group 
were euthanized to harvest their lungs for hematoxylin‑eosin 
staining after 24 h, while lungs from animals in other groups 
were obtained after 6, 12, 24, 48 h. In addition, rat peritoneal 
macrophages were obtained by peritoneal injection of DMEM 
after LPS stimulation for 24 h in the normal control group, 
while the procedure was performed after LPS stimulation for 
24 and 48 h in the LPS‑stimulated group and BMSC‑treated 
group. Macrophages were isolated from the peritoneal cavity 
by collecting as much peritoneal fluid as possible, and the 
collected fluid was centrifuged at 4˚C for 5 min at 192 x g to 
pellet the cells. The pellet was resuspended and cultured in 
6‑well plates, with complete medium, at 37˚C and 5% CO2 in 
air. After 6 h, non‑adherent cells were discarded. Medium was 
replaced with fresh medium. After 24 h, the adherent cells 
were harvested to analyze the expression of CD68, CD11c and 
CD206 markers (Table I) by flow cytometry at the Sun Yat‑sen 
Memorial Hospital of Sun Yat‑sen University, as described in 
a later paragraph.

Histopathological examination of lungs. Whole lung samples 
were fixed in 10% formalin for 24 h at room temperature and 

Table I. Details of antibodies used for flow cytometry and western blotting.

Antibody Source Dilution Manufacturer Catalogue number

CD29‑FITC Hamster 1:20 BD Biosciences 555005
CD44‑FITC Mouse 1:20 BD Biosciences 550974
CD45‑FITC Mouse 1:20 BD Biosciences 554877
CD90-PE Mouse 1:20 BD Biosciences 554898
CD11b-APC Mouse 1:20 BD Biosciences 562102
CD68‑Alexa Fluor 488 Mouse 1:20 Bio‑Rad Laboratories, Inc. MCA341A488
CD11c‑Alexa Fluor 647 Mouse 1:20 Bio‑Rad Laboratories, Inc. MCA1441A647
CD206 Rabbit 1:20 Abcam ab64693
iNOS Mouse 1:1,000 Abcam ab49999
Arg‑1 Rabbit 1:1,000 Abcam ab124917
F(ab')2 donkey anti‑rabbit IgG‑PE Donkey 1:100 eBioscience; Thermo Fisher Scientific, Inc. 12‑4739
Anti‑rabbit IgG‑HRP Goat 1:5,000 Santa Cruz Biotechnology, Inc. sc‑2004
Anti‑mouse IgG‑HRP Goat 1:5,000 Santa Cruz Biotechnology, Inc. sc‑2005
β‑actin Mouse 1:5,000 Santa Cruz Biotechnology, Inc. sc‑47778

BD, Biosciences, Franklin Lakes, NJ, USA; Bio‑Rad Laboratories, Inc., Hercules, CA, USA; Abcam, Cambridge, MA, USA; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA; Santa Cruz Biotechnology, Inc., Dallas, TX, USA. FITC, fluorescein isothiocyanate; PE, phycoerythrin; 
APC, allophycocyanin; iNOS, inducible nitric oxide synthase; Arg‑1, arginase‑1; HRP, horseradish peroxidase.
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were sent to Google Biological Technology Co., Ltd. (Wuhan, 
China) for further procedure, where they were subjected to 
conventional methods of dehydration, paraffin‑embedding and 
hematoxylin and eosin (H&E) staining. All the lung tissues 
(thickness: 5 µm) were observed with an inverted fluores-
cence microscope (TI‑S; Nikon Corporation, Tokyo, Japan).

Flow cytometry analysis of cell markers in vitro and in vivo. 
Flow cytometry was used to assess the cell surface or intracel-
lular marker, CD68, of BMSCs and macrophages, as described 
in previous literature (22-26). Adherent cells (2x105 cells/centri-
fuge tube) were lightly trypsinized, then blocked with complete 
medium for 2 min at room temperature, harvested and incu-
bated with the specific primary and secondary antibodies for 
30 min at 4˚C in the dark. The following antibodies were used 
for BMSCs: Anti‑CD29, anti‑CD44, anti‑CD45 and anti‑CD90 
(Table I). Similarly, the following antibodies for macrophages 
were used: Anti‑CD11b and anti‑CD68 (Table I). The following 
antibodies were used for macrophages that were collected 
from the in vitro co‑culture system or in vivo animal model: 
Anti‑CD206, F(ab')2 donkey anti‑rabbit IgG‑phycoerythrin, 
anti‑CD11c and anti‑CD68 (Table I). Specifically, cells 
were fixed and permeabilized using a FIX & PERM™ Cell 
Permeabilization kit (Invitrogen; Thermo Fisher Scientific, 
Inc.) prior to the addition of anti‑CD68. The recommended 
isotype controls for each fluorochrome were used. Following 
incubation, cells were washed with PBS and analyzed using a 
FACSVerse flow cytometer and FACSuite (BD Biosciences, 
Franklin Lakes, NJ, USA).

Western blot analysis. For protein extraction in vitro, following 
direct or Transwell‑separated co‑culture of macrophages 
with BMSCs for 48 h, including an initial 12 h period of LPS 
treatment, cells were washed with ice‑cold PBS and lysed in 
radioimmunoprecipitation assay buffer (BestBio Science, 
Shanghai, China) containing a protease inhibitor cocktail. After 
30 min, cell lysates were collected and centrifuged at 13,400 x 
g for 20 min at 4˚C; the supernatant was prepared as a protein 
extract. The supernatant was measured for protein concentra-
tion by a Bicinchoninic Acid Protein assay kit (Bioworld 
Technology, Inc., St. Louis Park, MN, USA). A total of 20 µg 
protein was separated by 10% SDS‑PAGE Bis‑Tris gels and 
transferred to polyvinylidene fluoride membranes (Bio‑Rad 
Laboratories, Inc., Hercules, CA, USA) in ice‑cold water for 2 h. 
The membranes were washed three times with Tris‑buffered 
saline with Tween‑20 (TBST) for 5 min and then blocked 
with 5% skimmed milk powder dissolved in TBST for 2 h at 
room temperature. Membranes were subsequently incubated 
with primary antibodies against inducible nitric oxide synthase 
(iNOS), arginase‑1 (Arg‑1) and β‑actin for 16 h at 4˚C (Table I). 
The following horseradish peroxidase (HRP)‑conjugated 
secondary antibodies were used: Goat anti‑rabbit IgG and goat 
anti‑mouse IgG for 3 h at room temperature (Table I). Protein 
expression was detected using BiodlightTM ECL chemilumi-
nescent HRP Substrate (Bioworld Technology, Inc.) and an 
ImageQuant LAS 500 imaging system (GE Healthcare Life 
Sciences, Buckinghamshire, UK). Blots against β‑actin served 
as the loading control. The amount of target protein calculated 
by gray scanning via ImageJ v1.39 software (National Institutes 
of Health Bethesda, MD, USA).

Analysis of cytokine production by ELISA. In vitro, cell‑free 
supernatants were collected and centrifuged at 13,400 x g for 
30 min at 4˚C of each group at 3, 7, 12, 24, 48, 72 h after LPS 
stimulation and assayed for the concentration of TNF‑α, trans-
forming growth factor (TGF)‑β and IL‑10 with ELISA kits (rat 
IL‑10, DKW12‑3100‑096; rat TNF‑α DKW12‑3720‑096 and rat 
TGF‑β, DKW12‑3710‑096; Dakewe Bioengineering Co., Ltd., 
Shenzhen, China). The optical density was measured at 450 nm 
using a microplate reader (Multiskan GO; Thermo Fisher 
Scientific, Inc.) with the correction wavelength set at 620 nm.

Statistical analysis. Data are presented as the mean ± standard 
error of the mean from at least three independent experiments. 
According to the characteristics of the data, different statis-
tical methods were used for analysis. The differences between 
groups were analyzed with one‑way analysis of variance 
followed by Fisher's least significant difference or Dunnett's 
post‑hoc tests, and Nemenyi test, which was performed to 
analyze the results for the percentages of CD206 and western 
blot analysis as a post hoc test following analysis via the 
Kruskall‑Wallis test. SPSS 16.0 software (SPSS, Inc., Chicago, 
IL, USA) was used to perform statistical analysis. GraphPad 
Prism 5.0 software was used to produce graphs (GraphPad 
Software, Inc., La Jolla, CA, USA). P<0.05 was considered to 
indicate a statistically significant difference.

Results

Characteristics of macrophages and BMSCs. The cell surface 
antigen phenotype of macrophages and BMSCs isolated from rats 
was assessed by flow cytometry. Macrophages expressed both 
CD68 (100%) and CD11b (94.07%), while BMSCs expressed high 
levels of CD44 (95.15%), CD29 (99.98%) and CD90 (99.41%), 
and were considered negative for expression of CD45 (0.63%; 
data not shown). In addition, staining with Alizarin Red and Oil 
Red O demonstrated that BMSCs obtained from rats success-
fully differentiated into osteogenic and adipogenic mesenchymal 
lineages, respectively (Fig. 1).

Co‑culture of macrophages with BMSCs blocks LPS‑induced 
macrophage polarization to the M1 phenotype. Flow cytom-
etry analysis with a CD68 gating strategy demonstrated that 
there was a high expression level of CD11c in 90.00±4.03% 
of LPS‑stimulated peritoneal macrophages, compared with 
unstimulated macrophages (Fig. 2A and B; Table II), indi-
cating that the majority of macrophages in the LPS‑stimulated 
group were M1 macrophages. Exposure of macrophages to 
LPS, while being indirectly co‑cultured with BMSCs in a 
Transwell, resulted in macrophages acquiring the M1 pheno-
type, with 86.79±0.69% of the macrophages expressing a high 
level of CD11c (Fig. 2C; Table II). However, when peritoneal 
macrophages co‑cultured directly with BMSCs on the same 
substrate were exposed to LPS, a lower level of CD11c expres-
sion was observed among macrophages, with 66.21±3.19% 
(Fig. 2D; Table II). The expression of CD206 in the different 
groups was low and there was no significant difference among 
the groups (Fig. 2; Table II).

Macrophage co‑culture with BMSCs reduces LPS‑induced 
cytokine release. Levels of TNF‑α, IL‑10 and TGF‑β were 
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quantified by ELISA in cell culture supernatants. LPS stimu-
lated macrophages to produce high levels of TNF‑α, compared 
with the control group (Fig. 3A). No differences in TNF‑α 
release were observed among LPS‑stimulated macrophage 
alone, Transwell co‑culture with BMSCs and direct co‑culture 
with BMSCs groups at 3, 7 and 12 h following LPS addition. 

However, after 24, 48 and 72 h, TNF‑α levels were decreased 
when macrophages were directly co‑cultured with BMSCs, 
compared with the LPS‑stimulated macrophage alone group 
(Fig. 3A). IL‑10 levels were increased markedly at 7, 12, 48 
and 72 h following LPS stimulation, compared with the control 
group, with levels particularly high when macrophages were 

Figure 1. Differentiation of BMSCs into osteogenic and adipogenic cells. (A) Culture of BMSCs in osteogenic differentiation medium indicating the forma-
tion of calcium‑containing precipitates stained by Alizarin Red. Scale bar, 100 µm; magnification, x100. (B) Culture of BMSCs in adipocyte differentiation 
medium indicates cells containing fat droplets, as revealed by Oil Red O staining. Scale bar, 50 µm; magnification, x200. BMSCs, bone marrow mesenchymal 
stem cells.

Figure 2. Representative flow cytometry scatter plots of peritoneal macrophage CD11c and CD206 expression following exposure to LPS in vitro. (A) Expression 
of CD11c and CD206 in the normal control group. (B) Expression of CD11c and CD206 in macrophages stimulated with LPS. (C) Expression of CD11c and 
CD206 in macrophages co‑cultured with BMSCs in a Transwell and stimulated with LPS. (D) Expression of CD11c and CD206 in macrophages directly 
co‑cultured with BMSCs and stimulated with LPS. LPS, lipopolysaccharide; BMSCs, bone marrow mesenchymal stem cells; Alexa 647, Alexa Fluor 647; PE, 
phycoerythrin.
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co‑cultured with BMSCs (Fig. 3B). TGF‑β was induced in the 
group that consisted of direct co‑culture of macrophages and 
BMSCs stimulated by LPS, but not in the Transwell co‑culture 
of macrophages with BMSCs (Fig. 3C). These results indicate 
that co‑culture of macrophages with BMSCs may lead to the 
inhibition of proinflammatory cytokine production and stimu-
lation of anti‑inflammatory factor production (Fig. 3).

BMSCs reciprocally regulate iNOS and Arg‑1 in activated 
macrophages. iNOS and Arg‑1 are markers of the M1 and 
M2 phenotypes, respectively. The present study analyzed 
the protein expression of iNOS and Arg‑1 by western blot 
analysis in the four groups in vitro. The results demonstrated 
that iNOS expression was increased in macrophages following 
LPS stimulation, which was markedly decreased by direct 
co‑culture with BMSCs (Fig. 4). By contrast, Arg‑1 was mark-
edly induced in macrophages following direct co‑culture with 
BMSCs, compared with the other three groups. These results 
demonstrated that LPS stimulation of macrophages alone 
induced the expression of iNOS, while the presence of BMSCs 
caused macrophages to polarize towards an M2 phenotype 
following LPS stimulation (Fig. 4).

BMSC administration reduces LPS‑induced sepsis in vivo. 
The effect of BMSCs in the septic rat model induced by LPS 
(5 mg/kg) via tail vein injection was also investigated. At 1 h 
after injection of LPS, rats in the BMSC‑treated group were 
injected with 1 ml BMSCs (2x106 cells/ml). Subsequently, lung 
tissues from LPS‑stimulated and BMSC‑treated groups were 
collected at 6, 12, 24 and 48 h for histopathological examina-
tion, while lung tissues from the normal control group were 
only collected at 24 h after injection with LPS. Lung tissues 
in the normal control group at 24 h after injection of LPS 
exhibited normal and complete alveoli without congestion 
or inflammatory cell infiltration. Histological assessment of 
representative lung sections from rats with LPS‑induced sepsis 
highlighted a large degree of inflammatory cell infiltration, 

serious congestion and pulmonary interstitial thickening at 
12 h after LPS administration. However, the inflammatory 
response detected in lung tissues was decreased by injection 

Table II. Percentage of CD11c‑positive and CD206‑postive 
macrophages in the different groups in vitro.

Group CD11c, % CD206, %

M 53.48±5.43 0.61±0.27
ML 90.00±4.03a,b 0.03±0.02
MT 86.79±0.69a,b 0.03±0.15
MM 66.21±3.19 0.57±0.31

For CD11c, F=21.32 and P<0.01. For CD206, χ2=6.99 and P=0.07. 
aP<0.05 vs. M group and bP<0.05 vs. MM group, n=5 per group. 
LPS, lipopolysaccharide; BMSCs, bone marrow mesenchymal stem 
cells; M, macrophages cultured in normal medium for 96 h; ML, 
macrophages undergoing a 12 h incubation with LPS (100 ng/ml) 
followed by culture in normal medium for 84 h; MT, macrophages 
co‑cultured with BMSCs, separated in a Transwell, undergoing a 12 h 
incubation with LPS followed by culture in normal medium for 84 h; 
MM, macrophages and BMSCs directly co‑cultured, attached to the 
same substrate, undergoing a 12 h incubation with LPS followed by 
culture in normal medium for 84 h.

Figure 3. Secretion levels of TNF‑α, IL‑10 and TGF‑β in cell culture medium 
were measured by ELISA. (A) Direct co‑culture of with BMSCs inhibited 
the production of the proinflammatory cytokine TNF‑α in rat peritoneal 
macrophages. Direct co‑culture with BMSCs enhanced the production of 
(B) IL‑10 and (C) TGF‑β in peritoneal macrophages. Results are presented as 
the mean ± standard error of the mean, n=3 per group. #P<0.05 vs. M group, 
**P<0.05 vs. MT group and *P<0.05 vs. MM group, as indicated. TNF, tumor 
necrosis factor; IL, interleukin; TGF, transforming growth factor; BMSCs, bone 
marrow mesenchymal stem cells; M, macrophages cultured in normal medium 
for 72 h; ML, macrophages undergoing a 12 h incubation with LPS (100 ng/ml) 
followed by culture in normal medium for 60 h; MT, macrophages co‑cultured 
with BMSCs, separated in a Transwell, undergoing a 12 h incubation with LPS 
followed by culture in normal medium for 60 h; MM, macrophages and BMSCs 
directly co‑cultured, attached to the same substrate, undergoing a 12 h incuba-
tion with LPS followed by culture in normal medium for 60 h.
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of BMSCs, as tissues exhibited relatively normal alveoli 
accompanied by a small degree of inflammatory cell infil-
tration, and marginal congestion and pulmonary interstitial 
thickening. The pathological observations at 12 and 24 h in 
the LPS‑stimulated and BMSCs‑treated groups were similar. 
At 48 h, the inflammatory response was marginally improved 
in the LPS‑simulated group, with inflammatory cell infiltra-
tion, congestion, while pulmonary interstitial thickening was 
decreased compared with at 12 and 24 h in the LPS‑stimulated 
group. Alterations in the BMSC‑treated group returned to 
normal levels without congestion or inflammatory cell infiltra-
tion (Fig. 5).

Flow cytometry analysis of cell markers in LPS‑induced 
sepsis in rats. In order to confirm our hypothesis that BMSCs 
may enhance the anti‑inflammatory phenotype and inhibit 
the proinflammatory phenotype of macrophages, the present 
study investigated CD11c and CD206 expression on the 
surface of macrophages isolated from septic rats. The ratio 
of macrophages that expressed CD11c in the LPS‑stimulated 
group was similar to the ratio in the BMSC‑treated group at 
24 h after LPS injection (P>0.05; Table III; Fig. 6), while it 
was significantly higher compared with the normal control 
group (P<0.01; Table III; Fig. 6). Compared with the normal 
control group, the ratio of CD11c‑positive macrophages was 

marginally increased in the LPS‑stimulated group at 48 h 
after LPS injection (P>0.05; Table III; Fig. 6), while it was 
significantly higher compared with the BMSC‑treated group 
at 48 h after LPS injury (P<0.01; Table III; Fig. 6). The ratio of 
CD206‑positive macrophages was similar in each group, with 
no significant differences among the groups (Table III; Fig. 6).

Discussion

The pathophysiology of sepsis involves complex interactions 
between microbial pathogens and the host immune system 
to regulate inflammation and coagulation (27). The immune 
and neurohumoral systems closely control inflammation under 
normal circumstances and eliminate pathogen invasion. When 
microorganisms or microbial products invade the body and 
macrophages are polarized into the M1 phenotype, excessive 
levels of proinflammatory factors, including TNF‑α, IL-1β and 
IL‑6, are produced, which results in a cascade of inflammatory 
responses and leads to systemic inflammation, severe sepsis 
and potentially septic shock (28-31). Therefore, it is important 
that macrophage phenotype is regulated and the excessive 
activation of M1 macrophages is avoided in sepsis. Due to 
their immunoregulatory effects, BMSCs have wide application 
potential in tissue engineering. BMSCs have been reported to 
regulate immune cells, including mononuclear macrophages, 
and control excessive inflammatory reactions (32).

The current study investigated the effects of BMSCs on the 
polarization of macrophages in vitro and in vivo. Identification 
of BMSCs by flow cytometry demonstrated that the percentage 
of cells expressing BMSC surface marker characteristics was 
consistent with the definition of BMSCs provided by the 
International Society of Cellular Therapy (22,23). Furthermore, 
the results of the present study also confirmed the BMSCs 
were capable of differentiating into osteoblast and adipocyte 
phenotypes, indicating that BMSCs have the capacity to 
differentiate into mesenchymal lineages under the appropriate 
conditions in vitro. In the macrophage system of the present 
study, >90% of cells expressed the macrophage markers 
CD11b and CD68. These results indicated that the purity of 
BMSCs and macrophages in the current study complied with 
the essential requirements for our experiments. According to 
previous literature, macrophages express a variety of markers. 

Figure 4. Western blot analysis of iNOS and Arg‑1 protein expression following 
co‑culture of peritoneal macrophages with BMSCs. (A) Representative western 
blot bands for iNOS, Arg‑1 and β‑actin in each group. (B) Densitometric 
analysis was performed to quantify protein expression. BMSCs inhibited 
LPS‑induced induction of iNOS and enhanced Arg‑1 expression in peritoneal 
macrophages. n=5 per group; *P<0.05 as indicated. iNOS, inducible nitric 
oxide synthase; Arg‑1, arginase‑1; BMSCs, bone marrow mesenchymal stem 
cells; LPS, lipopolysaccharide; M, macrophages cultured in normal medium 
for 48 h; ML, macrophages undergoing a 12 h incubation with LPS (100 ng/ml) 
followed by culture in normal medium for 36 h; MT, macrophages co‑cultured 
with BMSCs, separated in a Transwell, undergoing a 12 h incubation with 
LPS followed by culture in normal medium for 36 h; MM, macrophages and 
BMSCs directly co‑cultured, attached to the same substrate, undergoing a 12 h 
incubation with LPS followed by culture in normal medium for 36 h.

Table III. Percentage of CD11c‑positive and CD206‑positive 
macrophages in the different groups in vivo.

Group CD11c, % CD206, %

Normal control group 50.90±4.94 0.22±0.12
LPS, 24 h 87.43±2.24a 0.11±0.10
LPS+BMSCs, 24 h 86.82±3.97a 0.03±0.02
LPS, 48 h 61.40±5.57b 1.83±0.28
LPS+BMSCs, 48 h 23.07±4.64a 0.61±0.56

For CD11c, F=37.10 and P<0.01. For CD206, χ2=9.46 and P=0.05. 
aP<0.01 vs. normal control group and bP<0.01 vs. LPS+BMSCs group 
at 48 h, n=4 per group. LPS, lipopolysaccharide; BMSCs, bone marrow 
mesenchymal stem cells.
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CD11c and CD206 are specific and widely used markers of 
M1 and M2 macrophages, respectively, and these two surface 
molecules were selected in the present study to represent M1 
and M2 macrophages (6).

In the present study, the in vitro co‑culture experiments 
demonstrated that macrophages stimulated by LPS expressed 
higher levels of CD11c and iNOS, in addition to increased 
secretion of the proinflammatory cytokine TNF‑α. However, 
these observations were reversed following direct co‑culture 
of macrophages with BMSCs, and increased levels of Arg‑1, 
IL‑10 and TGF‑β were also reported in the direct co‑culture 
group compared with LPS stimulation of macrophages alone. 
Liu et al (11) reported that TNF‑α release was the standard 
response of LPS‑stimulated macrophages and has a central 
role in death caused by endotoxemic shock. The results of the 
current study demonstrated that LPS stimulation of macro-
phages resulted in a rapid increase in the levels of TNF‑α, 
with a marginal repression by BMSCs as early as 3, 7 and 12 h 
after LPS stimulation. However, after 24, 48 and 72 h, direct 
co‑culture of macrophages with BMSCs led to significant 
reductions in the TNF‑α levels, compared with the stimulation 
of macrophages alone with LPS. In addition, at the majority 
of time‑points, the levels of IL‑10 and TGF‑β peaked in the 
group of macrophages that were directly co‑cultured with 
BMSCs. These results illustrated that LPS promoted the ratio 
of M1‑polarized macrophages and increased the secretion of 
proinflammatory cytokines; however, the presence of BMSCs 
inhibited such alterations and increased the differentiation of 
M2 macrophages when co‑cultured with macrophages directly. 
This indicates that the interaction between BMSCs and macro-
phages may be due to cell‑to‑cell contact, rather than paracrine 

cytokines, which differs from previous reports (16,33-35). 
We hypothesize that this may due to the fact that, after LPS 
stimulation for 12 h, the original medium was replaced by the 
normal complete medium, and cytokines in supernatants were 
subsequently replaced, which may cause the paracrine effect to 
be less obvious, thus the effect of direct cell‑cell contact effect 
in the experiment played a major role relatively. Western blot 
analysis and ELISA results demonstrated that macrophages 
in the BMSC treatment group expressed M2 markers, which 
was inconsistent with the results of flow cytometry. A number 
of factors may explain these inconsistencies. Firstly, the 
polarization of macrophages was a continuous process, with 
the M1 and M2 phenotypes being two extreme examples. At 
any stage of the polarization of macrophages towards M1 or 
M2 phenotypes, there may be a process of secretion of special 
proteins and cytokines by macrophages during polarization. 
LPS activated macrophages strongly and an M1 phenotype was 
induced. However, surface markers for M2 were not detected 
in the present research. In addition, the present study employed 
different compared with other studies. The RAW264.7 cell 
line has been employed in other reports (18,19), which may not 
reflect the real in vivo situation as they have been previously 
modified. In the current study, the peritoneal macrophages 
used differ from RAW264.7 cells as they cannot be induced to 
polarize towards the M2 phenotype, and the use of peritoneal 
macrophages in the present study primarily reflected altera-
tions in the physiological functions of macrophages in response 
to external stimuli. Furthermore, different types of antibodies 
were employed in the current study; our experimental team 
searched a number of antibody manufacturers and did not 
locate a direct labelled antibody for CD206, which was the 

Figure 5. Representative images of H&E‑stained lung tissue from experimental animals. Representative images of lung tissue stained with H&E are presented 
for (A) control group at 24 h, (B) LPS‑stimulated group at 6 h, (C) BMSC‑treated group at 6 h, (D) LPS‑stimulated group at 12 h, (E) BMSC‑treated group at 
12 h, (F) LPS‑stimulated group at 24 h, (G) BMSC‑treated group at 24 h, (H) LPS‑stimulated group at 48 h and (I) BMSC‑treated group at 48 h. Scale bar, 
100 µm. Magnification, x100, n=4 per group. H&E, hematoxylin and eosin; LPS, lipopolysaccharide; BMSC, bone marrow mesenchymal stem cells.
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most suitable type for the experiment, and an indirect antibody 
was employed to mark CD206, which meant the efficiency of 
labeling was lower, while direct labeling was used to detect the 
expression of other cell surface markers.

The histopathology determined by H&E staining of lungs 
from septic rats demonstrated that, 12 h after LPS injection, 
the inflammatory response in lung tissues was increased, 
which was confirmed by inflammatory cell infiltration, 
thickened lung interstitium and decreased alveolar space, indi-
cating that lungs suffered from sepsis. However, injection of 
BMSCs alleviated the pathological changes. This was similar 
to previous findings that stem cells reduced inflammation in 
various organs (18,36,37). In the present study, flow cytometry 

results demonstrated that LPS induced macrophages to differ-
entiate into M1 macrophages after 24 h, and the polarization 
was not be reversed by BMSCs at the early stage. However, by 
48 h, the expression of CD11c returned to a normal level in the 
LPS‑stimulated group, while rats injected with BMSCs exhib-
ited significantly reduced polarization of macrophages into 
the M1 phenotype, compared with the LPS‑stimulated group. 
However, BMSC injection did not promote the polarization 
of macrophages into the M2 phenotype when examined at 
24 or 48 h. These results indicate that BMSCs may decrease 
the inflammatory response in the lung tissues and inhibit the 
polarization of peritoneal macrophages into an M1 phenotype. 
The above results were consistent with previous that investigate 

Figure 6. Representative flow cytometry scatter plots for peritoneal macrophages isolated from rats in vivo. (A) Expression of CD11c and CD206 in the normal 
control group. (B) Expression of CD11c and CD206 on macrophages isolated from rats 24 h after stimulation with LPS. (C) Expression of CD11c and CD206 
on macrophages isolated from BMSC‑treated rats 24 h after LPS treatment. (D) Expression of CD11c and CD206 on macrophages isolated from rats 48 h 
after stimulation with LPS. (E) Expression of CD11c and CD206 on macrophages isolated from BMSC‑treated rats 48 h after stimulation with LPS. LPS, 
lipopolysaccharide; BMSC, bone marrow mesenchymal stem cells; Alexa 647, Alexa Fluor 647; PE, phycoerythrin.
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whether the injection of BMSCs in animals may reduce the 
inflammatory response in various diseases (18,24,27,37,38).

Investigating the effect of BMSCs on alterations in macro-
phage polarization in vivo and in vitro may provide the basis for 
the future application of BMSCs in the treatment of different 
diseases. Due to the complexity of the immune system, the 
mechanism of BMSCs in in vivo treatment are associated with 
more complex regulatory networks and specific factors than 
in vitro, and its mechanism for initiation and termination remain 
unclear. However, stem cells are associated with their own limi-
tations and safety issues. The strict requirements for donor age 
and the insufficient systematic delivery of MSCs to target tissues 
limits the use of stem cells (39). In the present study, animal 
model results indicated that BMSCs may have great potential, 
however, rat studies may not be identical with humans. Further 
studies overcoming the application of MSCs are required.

In conclusion, the results of the present study demonstrated 
that BMSCs co‑cultured directly with macrophages prevented 
LPS‑stimulated macrophages from differentiating into an M1 
phenotype, as determined by the reduced expression of CD11c 
in peritoneal macrophages and the reduced levels of inflamma-
tory cytokines released. Furthermore, in vivo results indicated 
that BMSCs exhibited therapeutic effects on experimental sepsis 
by reducing the pathological inflammatory response in the lung 
tissues.
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