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and TGF-β1 level
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Abstract: Mannose has been reported to prevent acute lung injury (ALI), and mannose receptor (MR) has been 
demonstrated to have a role. The rationale for this study is to characterize the mechanism by which mannose and 
MR prevent lipopolysaccharide (LPS)-induced ALI. Male ICR mice were pretreated mannose by intravenous injection 
5 min before and 3 h after intratracheal instillation of LPS. Pathological changes, proinflammatory mediator, peroxi-
some proliferator activated receptor gamma (PPARγ), MR, and transforming growth factor β1 (TGF-β1) levels were 
determined. The RAW264.7 cells were pretreated with mannose and stimulated with LPS for 3 h. Proinflammatory 
mediator and TGF-β1 in the culture media, PPARγ, MR, and TGF-β1 expression in RAW 264.7 cells were measured. 
Mannose markedly attenuated the LPS-induced histological alterations and inhibited the production of proinflam-
matory mediator in mice and in RAW 264.7 cells. Mannose increased PPARγ and MR expression, and inhibited 
TGF-β1 stimulated by LPS. Interestingly, competitive inhibition of MR with mannan was associated with elimination 
of the anti-inflammatory effects of mannose, and reversed effects of mannose of regulation to PPARγ and TGF-β1. 
MR is important in increasing PPARγ and decreasing TGF-β1 expression and plays a critical role in mannose’s pro-
tection against ALI. 
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Introduction

Acute lung injury (ALI) and acute respiratory dis-
tress syndrome (ARDS) are still life-threatening 
diseases in critically ill patients, despite signifi-
cant improvement in the understanding of their 
pathophysiology, the mortality rate remains 
high at 35-40%. Several promising therapies, 
include exogenous surfactant therapy, beta(2)-
adrenergic receptor agonists, antioxidants, 
immunomodulating agents and HMG-CoA 
reductase inhibitors (statins), are currently 
being investigated in preclinical and clinical tri-
als for treatment of ALI, but to date, no single 
pharmacotherapy has proven effective in 
decreasing mortality in adult patients with ALI 
[1]. Therefore, there is still a need for novel 
effective pharmacotherapies.

Mannose, a simple hexose sugar with a molec-
ular weight of 180.2, has been shown to inhibit 

the neutrophil oxidative burst, which plays an 
important role in inflammation [2]. Our previous 
studies have demonstrated that mannose was 
effective in reducing lipopolysaccharide (LPS)-
induced ALI [3]. Further study have also demon-
strated a role for mannose receptor (MR), a 
member of the C-type lectin family, and impaired 
nuclear transcription factor (NF-κB) activation 
in mannose-mediated prevention of ALI [4].

Peroxisome proliferator activated receptors 
(PPARs) are ligand-activated transcription fac-
tors related to thyroid hormone, steroid and 
retinoid receptors [5]. Recently however, PPARα 
and PPARγ have been shown to exert a potent 
anti-inflammatory activity, mainly through their 
ability to down regulate pro-inflammatory gene 
expression and inflammatory cell functions. 
Pretreatment with rosiglitazone (a ligand of 
PPARγ) protects ALI by activating PPARγ, inhibit-
ing NF-κB activation, and inhibiting the trans-
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forming growth factor beta 1 (TGF-β1) signaling 
[6, 7]. And the regulation of MR activity is relat-
ed to PPARγ activity. A recent report has stated 
that ligands to PPARγ promote MR expression 
and that the interleukin 13 (IL-13)- induced up-
regulation of MR is, in fact, mediated via gen-
eration of PPARγ ligands [8]. 

This study was, therefore, designed to investi-
gate the protective effect of mannose in LPS-
induced ALI in both mice and in vitro macro-
phages, and elucidated its underlying mecha-
nisms involves MR, PPARγ, and TGF-β1 signal-
ing pathway.

Materials and methods

All experiments in this study were approved by 
the Animal Experiments Committee of Zhejiang 
University, and were performed in accordance 
with the Chinese National Regulations for 
Animal Care.

Reagents

LPS (isolated from Escherichia coli), 0127:B8), 
D-mannose, and mannan (isolated from 
Saccharomyces cerevisiae) were purchased 
from Sigma (St. Louis, MO, USA). The protein 
assay kit was purchased from Thermo 
(Waltham, MA, USA). IL-6, IL-10, TNF-α, and 
TGF-β1 enzyme-linked immunoassay (ELISA) 
kits were from eBioscience (San Diego, CA, 
USA). Cell culture media was from Cellgro 
(Herndon, VA, USA), and fetal bovine serum 
(FBS) was from PAA Laboratories (Colbe, 
Germany). Mouse monoclonal antibodies 
against TGF-β1 and MR were from Abcam 
(Cambridge, MA, USA), and the rabbit monoclo-
nal antibody against PPARγ was from Cell 
Signaling Technology (Beverly, MA, USA). HRP-
conjugated anti-mouse and anti-rabbit second-
ary antibodies were from ZSGB-BIO (Beijing, 
China). 

Induction of ALI in mice

Male Imprinting Control Region mice weighing 
25 to 35 g were purchased from Shanghai Slac 
Laboratory Animal Co. Ltd (Shanghai, China). 
Mice were anesthetized by intraperitoneal 
injection with pentobarbital (40 mg/kg) prior to 
administration of saline solution, dexametha-
sone (DXM; 0.5 mg/kg), or mannose (50, 150, 
and 450 mg/kg). All treatments were delivered 

by intravenous injection in the tail vein 5 min 
before and again 3 h after intratracheal instilla-
tion of LPS (4 mg/kg). In addition to intrave-
nous injection of saline, the control group 
received intratracheal instillation of saline solu-
tion. Samples were collected 6 h after adminis-
tration of LPS.

Histopathologic examination of the lung tissue

The right lower lobe was fixed with 10% forma-
lin, embedded in paraffin, sectioned into 5 μm 
slices, and stained with hematoxylin-eosin or 
Masson. Pathologic examination was per-
formed under the light microscope. The lung 
pathology of LPS-induced acute lung injury 
shows hemorrhage and edema in the intersti-
tial and alveolar spaces and infiltration of 
inflammatory cells [9].

Cell culture and treatment 

The RAW264.7 murine macrophage cell line 
was obtained from BIOK&KM (Jiangsu, China). 
RAW264.7 macrophages were plated into six-
well plates at a concentration of 1×106 cells/
well and cultured in Dulbecco’s modified Eagle’s 
medium (DEME) containing 10% FBS. Cells 
were cultured at 37°C in 5% CO2 in a humidified 
incubator. Macrophages were divided into the 
following groups: control group, incubated in 
the culture medium alone; LPS group, stimulat-
ed with LPS 1 μg/ml; mannose groups, received 
mannose (0.1, 1, and 10 mM) 5 min before 
stimulation with LPS 1 μg/ml; mannan group, 
pre-incubated with mannan (2 mg/ml) 30 min 
before and received mannose 1 mM 5 min 
before stimulation with LPS 1 μg/ml. Samples 
were collected 3 h after administration of LPS.

Cytokine ELISA

Levels of TNF-α, IL-6, IL-10 and TGF-β1 in bron-
choalveolar lavage (BAL) fluid, serum and cell 
culture supernatants were measured by sand-
wich ELISA specific for mice, following the man-
ufacturer’s instructions.

Real-time RT-PCR analysis

Lung samples containing the middle right lobe 
were collected and ground into powder in liquid 
nitrogen containing 1 ml Trizol reagent (Takara 
Bio, Japan). Each sample was then homoge-
nized on ice for 30 s with a handheld homoge-
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nizer. The homogenized samples were incubat-
ed on ice for 5 min prior to addition of 0.2 ml 
chloroform. Samples were incubated on ice for 
3-4 min and then centrifuged at 12,000× g at 
4°C for 15 min to remove any insoluble materi-
al. Supernatants were transferred to sterile 
tubes and 0.5 ml of isopropanol was added. 
The samples were incubated at room tempera-
ture for 15 min and then centrifuged at 12,000× 
g at 4°C for 15 min to separate the isopropanol 
layers. The lower layer containing the RNA was 
washed three times using an equal volume of 
75% anhydrous ethanol, then was diluted in 
nuclease-free DEPC-treated water. RNA quanti-
ty and purity was assessed using an ultraviolet 
spectrophotometer. For real-time reverse tran-
scriptase polymerase chain reaction (RT-PCT) 
analysis, the following components were added 
to a 10 μl reaction: 1 μl of cDNA, 0.4 μl of each 
forward and reverse primer (10 μM initial con-
centration), 0.2 μl of 50× ROX Reference Dye II 
(Takara Bio, Japan), 3 μl of PCR grade water, 
and 5 μl of 2× SYBR Premix Ex TaqTM II (Takara 
Bio, Japan). The sequences of the primer pairs 
used are as follows: MR, forward: 5’ 
GCTCTAGAATGGAACACACACTCTGGGCCATG, 
reverse: 5’ GCTCTAGAATGGAACACTCTGGGCCA- 
TG; TGF-β1, forward: 5’ CCACCTGCAAGACCA- 
TCGAC, reverse: 5’ CTGGCGAGCCTTAGTTTG- 

GAC; PPARγ, forward: 5’ GAGATCATCTACACGA- 
TGCTGGC, reverse: 5’ CGCAGGCTTTTGAGG- 
AACTC. PCR conditions consisted of one 30 s 
cycle at 95°C, followed by 40 cycles of 95°C for 
5 s and 60°C for 34 s, followed by a melting 
curve analysis. PCR reactions and analysis 
were performed using a 7500 Real Time PCR 
system (Applied Biosystems; Life Technologies, 
Grand Island, NY, USA). Expression of PPARγ, 
TGF-β1, and MR were calculated by the ΔΔCT 
method, using the GAPDH to normalize values. 

RNA was isolated from RAW264.7 cells using 
Trizol after 3 h of incubation with mannose 
and/or LPS. The experimental setup for real-
time RT-PCR was as same as above.

Western blot analysis 

Lung samples containing the upper right lobe 
were grounded into powder in liquid nitrogen, 
and lysed in ice-cold lysis buffer (2% Triton 
X-100, 10 mM Tris-HCl, pH 8, 150 mM NaCl, 2 
mM NaN3, 2 mM EDTA) containing protease 
inhibitors for 2 h at 4°C. Lysates were harvest-
ed and centrifuged at 2000 rpm in a tabletop 
centrifuge to remove nuclei and were stored at 
-20°C until further use. Protein concentration 
was determined using the protein assay kit 

Figure 1. Effects of mannose on histological changes of LPS-induced ALI in mice. Mice randomly received a saline 
solution or mannose (50, 150, 450 mg/kg) by intravenous injection in the tail vein 5 min before and 3 h after intra-
tracheal instillation of LPS (4 mg/kg). Samples were collected 6 h after administration of LPS. Pathological changes 
in lung tissues were observed by HE staining (light microscopy, ×400). A. Saline-treated control mice. B. LPS only 
treated mice. C-E. Mice treated with LPS and 50, 150, or 450 mg/kg mannose, respectively. F. Mice treated with LPS 
and 0.5 mg/kg DXM. The images presented are representative of three independent experiments.
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(Thermo Fisher Scientific co., MA, USA). Cell 
lysates and supernatants were electropho-
resed in a 6% or 8% sodium dodecyl sulfate 
polyacrylamide gel under non-reducing condi-
tions and were transferred to nitrocellulose. 
Western blotting for MR, TGF-β1, or PPARγ was 
performed using anti-MR, anti-TGF-β1, or anti-
PPARγ primary antibodies and an appropriate 
HRP-conjugated secondary antibody. Bands 
were detected using an enhanced chemilumi-
nescence reagent. 

RAW264.7 cells were pretreated with mannose 
and/or LPS for 3 h. After removing the media, 
cells were washed in phosphate buffered saline 
and lysed in ice-cold lysis buffer containing pro-
tease inhibitors for 2 h at 4°C. The samples 
were then harvested using the same methods 
as above.

Statistical analysis

All continuous data were presented as mean ± 
standard deviation (SD). Statistical significance 
was determined by one-way analysis of vari-

ance, a Dunnett’s multiple comparison was 
used to compare the effect among groups. 
Values with P<0.05 were considered signifi-
cant. Analysis was carried out using Statistical 
Product and Service Solutions (SPSS; version 
11.5) (SPSS Inc, Chicago, IL, USA).

Results

In vivo study

Mannose improved the histological changes 
induced by LPS: To confirm the ability of man-
nose to prevent lung injury at a histological 
level, we examined lungs from mice after 6 h of 
intratracheal instillation of LPS. Hematoxylin-
eosin staining of pulmonary sections from the 
LPS alone group demonstrated obvious hemor-
rhage, edema, a thickened alveolar septum, 
formation of hyaline membranes, and infiltra-
tion of inflammatory cells in alveolar spaces 
(Figure 1B). In contrast, a control group receiv-
ing saline showed none of these effects (Figure 
1A). In mice treated with 50, 150, or 450 mg/
kg of mannose, a dose dependent decrease in 

Figure 2. Effects of mannose on the BAL fluid levels of cytokines of LPS-induced ALI in mice. Mice randomly received 
a saline solution or mannose (50, 150, 450 mg/kg) by intravenous injection in the tail vein 5 min before and 3 h 
after intratracheal instillation of LPS (4 mg/kg). Samples were collected 6 h after administration of LPS. The TNF-α, 
IL-6, IL-10 and TGF-β1 levels in the BAL fluid were evaluated by ELISA. Results are presented as mean ± SD (n=8). 
*P<0.05 and **P<0.01 vs. control group; #P<0.05 and ##P<0.01 vs. LPS group.
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interstitial edema and inflammatory cell infiltra-
tion was observed (Figure 1C-E, respectively). 
Treatment with DXM also resulted in a reduc-
tion in these changes (Figure 1F). However 
Masson’s staining did not demonstrate quanti-
tative differences in collagen deposition 
between groups (data not shown).

Effects of mannose on the BAL fluid and serum 
levels of TNF-α, IL-6, IL-10, and TGF-β1: To fur-
ther characterize the protective role of man-
nose during ALI, we sought to determine the 
extent to which LPS-induced proinflammatory 
cytokines, could be reduced by mannose. The 
BAL fluid and serum levels of TNF-α, IL-6, IL-10, 
and TGF-β1 were all significantly elevated fol-
lowing LPS treatment. In contrast, intravenous 
administration of mannose resulted in a dose-
dependent decrease in the levels of all tested 
cytokines. Treatment with the positive control 
DXM also attenuated the effects of LPS on 
cytokine production (Figures 2, 3). These 
results demonstrated that mannose treatment 
had a marked inhibitory effect on LPS-induced 
cytokines production and suggested an impor-

tant mechanism for mannose in reduction of 
ALI.

Mannose treatment upregulates the expres-
sion of PPARγ and MR, but downregulates TGF-
β1: To further investigate the role by which 
mannose treatment protects from ALI, the 
expression of the PPARγ, MR, and TGF-β1 in the 
murine lung was examined by real-time RT-PCR 
and western blot analysis. Following LPS treat-
ment, a decrease of 18.5% in PPARγ and 29.9% 
in MR mRNA expression was observed by real-
time RT-PCR (Figure 4A, 4B). LPS exposure also 
resulted in a 485% increase in TGF-β1 mRNA 
expression (Figure 4C). Mannose treatment 
reversed the effects of LPS and resulted a 
dose-dependent increase in PPARγ and MR 
mRNA expression (Figure 4A, 4B). Moreover, 
the LPS-induced upregulation of TGF-β1 mRNA 
expression was reduced by treatment with 150 
or 450 mg/kg of mannose, as well as with 0.5 
mg/kg DXM (Figure 4C).

Similarly, Western blotting analysis showed 
that the PPARγ and MR protein expression in 

Figure 3. Effects of mannose on the serum levels of cytokines of LPS-induced ALI in mice. Mice randomly received 
a saline solution or mannose (50, 150, 450 mg/kg) by intravenous injection in the tail vein 5 min before and 3 h 
after intratracheal instillation of LPS (4 mg/kg). Samples were collected 6 h after administration of LPS. The TNF-α, 
IL-6, IL-10 and TGF-β1 levels in the BAL fluid were evaluated by ELISA. Results are presented as mean ± SD (n=8). 
*P<0.05 and **P<0.01 vs. control group; #P<0.05 and ##P<0.01 vs. LPS group.
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Figure 4. Effect of mannose on PPARγ, MR, and TGF-β1 expression in lungs of ALI mice. Mice randomly received a 
saline solution or mannose by intravenous injection in the tail vein 5 min before and 3 h after intratracheal instil-
lation of LPS (4 mg/kg). Samples were collected 6 h after administration of LPS and detected by real-time RT-PCR 
and western blot. A. Measurement of PPARγ mRNA levels. B. Measurement of MR mRNA levels. C. Measurement 
of TGF-β1 mRNA levels. D. Measurement of PPARγ, MR, and TGF-β1 protein production. Lane 1 lung tissues from 
control group, lane 2 from LPS group, lanes 3, 4, 5 and 6 from treatment group with mannose (50, 150, 450 mg/
kg) and DXM, β-actin was sued as a control. The data represent the mean ± SD of three independent experiments. 
*P<0.05 and **P<0.01 vs. control group; #P<0.05 and ##P<0.01 vs. LPS group.

the lung tissues was decreased, but TGF-β1 
protein increased significantly by treatment 
with LPS. Mannose treatment reversed the 
LPS-induced changes in PPARγ, MR, and TGF-
β1 protein levels (Figure 4D). Moreover, we 
show that DXM treatment exhibits similar and a 
little stronger effects than mannose treatment 
(Figure 4).

In vitro study

Effect of mannose treatment on cytokine pro-
duction in LPS-stimulated RAW264.7 cells: The 
RAW264.7 macrophage cell line was treated 
with LPS or LPS and mannose, and the effect of 
mannose on cytokine levels was determined by 
ELISA. As compared to the control, a 19.11-
fold, 6.05-fold, 2.18-fold, and 3.70-fold 
increase of TNF-α, IL-6, IL-10, and TGF-β1 pro-
duction was seen in RAW264.7 cell culture 
supernatants 3 h after LPS exposure (1 μg/ml), 
respectively (Figure 5). As expected, mannose 
treatment (0.1, 1, and 10 mM) reduced the 
effects of LPS-induced cytokine production in a 
dose-dependent manner, while the MR inhibi-
tor mannan suppressed the inhibitory effect of 
mannose (Figure 5).

Effect of mannose and mannan on expression 
of PPARγ, MR, and TGF-β1 in LPS-stimulated 
RAW264.7 cells: To explore the mechanism of 
mannose-mediated inhibition of pro-inflamma-
tory cytokines, real-time PCR and Western blot-
ting were performed to determine whether 
mannose could regulate expression of PPARγ, 
MR, and TGF-β1 in RAW264.7 cells. LPS treat-
ment reduced PPARγ and MR mRNA levels, but 
markedly increased TGF-β1 mRNA levels. 
Similarly, Western blotting analysis showed 
that LPS treatment reduced PPARγ and MR pro-
tein expression, but significantly increased 
TGF-β1 protein expression (Figure 6).

Interestingly, PPARγ and MR expression were 
upregulated following exposure to a combina-
tion of mannose and LPS as compared to the 
LPS only group, but this effect was almost com-
pletely abolished by pretreatment with mannan 
(Figure 6). Meanwhile, pretreatment of 
RAW264.7 cells with mannose significantly 
reduced the LPS-induced expression of TGF-β1 
in a dose-dependent manner. The MR inhibitor 
mannan (2 mg/ml) significantly impaired the 
effect of mannose treatment on reduction of 
TGF-β1 mRNA and protein (Figure 6). These 
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data indicate that mannose up-regulates PPARγ 
and MR expression, and down-regulates TGF-
β1 expression, and this effect may rely on the 
macrophage surface MR.

Discussion

In this study, we used a mouse endotoxemic 
model induced by intratracheal instillation of 
LPS, which may mimic sepsis-associated ALI in 
humans, and the RAW264.7 murine macro-
phage cell line, to study the effect and the 
mechanisms of mannose treatment on ALI. Our 
results showed that pretreatment with man-
nose attenuated lung damage and inflammato-
ry cell migration into the lung induced by LPS, 
decreased proinflammatory cytokine produc-
tion, upregulated PPARγ and MR expression, 
whereas downregulated TGF-β1 expression. 
Meanwhile, competitive inhibition of MR with 
mannan in RAW264.7 macrophage cells, was 
associated with elimination of the anti-inflam-
matory effects of mannose, and reversed 
effects of mannose of regulation to PPARγ and 
TGF-β1. 

In this endotoxin model, LPS induced obvious 
hemorrhage, edema, a thickened alveolar sep-
tum, formation of hyaline membranes, and the 

infiltration of inflammatory cells in alveolar 
spaces, as observed by HE staining. The inflam-
matory state observed in this study is consis-
tent with our previous work [3]. We used DXM, 
a glucocorticoid, as a positive control, as the 
effects of corticosteroids in ALI models are well 
documented [10, 11]. In the present study, 
administration of mannose or DXM partially 
reversed these inflammatory histopathologic 
changes. 

Proinflammatory cytokines are known to play a 
critical role in ALI and ARDS, and persistently 
elevated levels of proinflammatory cytokines, 
are associated with worse outcome in patients 
with ALI or sepsis [12]. Our study found that 
mannose or DXM, reversed the LPS-induced 
increase of TNF-α, IL-6, and IL-10 both in BAL 
fluid and in serum. During our in vitro RAW264.7 
macrophage study, the production of cytokines 
was markedly stimulated by LPS, and were 
inhibited by mannose. This indicated that man-
nose may attenuate lung inflammation by sup-
pressing the activation of alveolar macro-
phages and subsequent production of inflam-
matory cytokines. The anti-inflammatory cyto-
kine IL-10, which was increased by LPS and 
decreased by mannose, changed its concentra-
tion levels similar to TNF-α and IL-6. This indi-

Figure 5. Inhibition of cytokine protein by mannose in RAW 264.7 cells. The murine macrophage RAW264.7 cells 
were pretreated with the indicated concentration of mannose (0.1, 1, and 10 mM) and stimulated with 1 μg/ml 
LPS for 3 h. Mannan group, pre-incubated with mannan (2 mg/ml) 30 min before and received mannose 1 mM 5 
min before stimulation with LPS 1 μg/ml. Results are presented as mean ± SD (n =4). *P<0.05 and **P<0.01 vs. 
control group; #P<0.05 vs. LPS group.
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Figure 6. Effect of mannose on PPARγ, MR, and TGF-β1 expression in RAW 264.7 cells. The murine macrophage RAW264.7 cells were pretreated with the indicated 
concentration of mannose and stimulated with 1 μg/ml LPS for 3 h (real-time PCR) or 6 h (Western blot). Mannan group, pre-incubated with mannan (2 mg/ml) 30 
min before and received mannose 1 mM 5 min before stimulation with LPS 1 μg/ml. A. Measurement of PPARγ mRNA levels. B. Measurement of MR mRNA levels. C. 
Measurement of TGF-β1 mRNA levels. D. Measurement of PPARγ protein production. E. Measurement of MR protein production. F. Measurement of TGF-β1 protein 
production. G. Measurement of PPARγ, MR, and TGF-β1 protein production. Lane 1 cells from control group, lane 2 from LPS group, lanes 3, 4, 5 and 6 from treat-
ment group with mannose (0.1, 1, and 10 mM) and mannan, β-actin was sued as a control. The data represent the mean ± SD of three independent experiments. 
*P<0.05 and **P<0.01 vs. control group; #P<0.05 and ##P<0.01 vs. LPS group.
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cated that IL-10 may act to promote rather than 
dampen the amplification of early inflammatory 
signals. 

The cytokine TGF-β1 plays a critical role in tis-
sue repair after injury in multiple organs, includ-
ing the lung. In ALI, the role of TGF-β1 has been 
most thoroughly evaluated during the late 
phase of tissue repair, where it plays a critical 
role in the development of the fibroproliferative 
response [13]. Moreover, recent studies have 
shown that expression of several TGF-β1 induc-
ible genes were dramatically increased early 
following injury, and could contribute to the pul-
monary edema early in the course of ALI [14, 
15]. We found expression of TGF-β1 following 
LPS-induced lung injury was increased dramati-
cally as early as 6 h after intratracheal instilla-
tion of LPS, and mannose treatment resulted in 
a dose-dependent downregulation of TGF-β1 in 
the BALF, serum, and lung tissue. Similar 
results were seen in the RAW 264.7 macro-
phage cell line. These results indicate that the 
protective effects of mannose may be attribut-
ed to the inhibition of TGF-β1 during the early 
phase of ALI. Though TGF-β1 also participates 
in the lung fibrosis phase of ALI, our Masson 
staining study showed no significant improve-
ment in lung fibrosis following mannose treat-
ment (data not shown), perhaps 6 h was too 
short a timespan to find obvious changes in 
lung fibrosis.

The macrophage MR, is considered to be a pat-
tern recognition receptor involved in host 
defense, innate immunity, triggering cytokine 
production, and modulating cell surface recep-
tors [16]. The macrophage MR plays an impor-
tant role in the anti-inflammatory response, 
and cross-linking of the MR activates an anti-
inflammatory immunosuppressive program 
that results in down-regulation of Th1-polarized 
immune responses [17]. We found the LPS 
treatment resulted in decreases in macrophage 
MR mRNA and protein expression in vivo and in 
vitro, and this effect reversed by mannose or 
DXM. Our results are consistent with previously 
published results which demonstrate that for 
nervous system macrophages, macrophage 
MR could be downregulated by LPS or upregu-
lated by DXM, by increasing mRNA levels [18]. 
Mannose, as the natural ligand of MR, binds to 
the C-type lectin-like domains of MR [19]. 
Mannose dose-dependently increased levels of 
macrophage MR, even more effective (when 

the dose 450 mg/kg) than DXM. This indicates 
that the up-regulation of MR is involved in pro-
tective effect of mannose.

PPARγ is a prime candidate for an intracellular 
molecular switch based on its central role in 
controlling macrophage inflammatory respons-
es, and it has been implicated in the down-reg-
ulation of proinflammatory responses [20]. In 
this study, we found that LPS administration 
significantly decreased PPARγ expression in 
the lungs and in the RAW 264.7 macrophages. 
Decreased expression of PPARγ could contrib-
ute to the ongoing pulmonary inflammation and 
tissue injury in endotoxemia [21]. Pretreatment 
with mannose reversed the LPS-induced 
decrease in PPARγ mRNA and protein expres-
sion in a dose-dependent manner, indicating 
that the mechanisms by which mannose treat-
ment upregulates PPARγ are associated with 
activation of mRNA transcription. These results 
suggest that mannose protects ALI through a 
pathway at least partially dependent on PPARγ 
activation.

Activation of PPARγ could result in increased 
MR expression, leading to enhanced MR- 
mediated endocytosis, elevated cross-presen-
tation of soluble antigens, and the induction of 
T cell tolerance [22]. Alternatively, the engage-
ment of the MR, could induce PPARγ expres-
sion, which regulates the macrophage inflam-
matory response [23]. To further demonstrate 
the effect of mannose and the pathway 
between PPARγ and MR, we used the RAW 
264.7 macrophage cell line and mannan, a 
high-affinity natural ligand of MR [24]. We found 
that anti-inflammatory effects and increases in 
PPARγ expression by mannose were reversed 
by mannan treatment, suggesting that the 
effects of mannose on macrophages are MR 
dependent, and blocking MR downregulates 
PPARγ activity to mannose. Negative regulation 
of PPARγ has been described to altering the 
expression of many inflammatory genes, modu-
lating macrophage differentiation and activa-
tion, and attenuating the respiratory burst [25]. 
Further studies are required to determine the 
exact signaling pathway between PPARγ and 
MR.

Activation of PPARγ also has been shown to 
attenuate TGF-β1-induced epithelial-to-mesen-
chymal transition, exert anti-inflammatory, anti-
fibrotic, and vaculo-protective effects on differ-
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ent diseases [26]. Simultaneously, TGF-β1 can 
influence PPARγ expression, which is mediated 
through β-catenin pathway, and subsequently 
contribute to fibrosis [27]. However, the specific 
signaling pathway that links inhibition of inflam-
mation and expression of PPARγ and TGF-β1 
has not completely established. Our study 
showed that the regulation of PPARγ and TGF-
β1 was partially MR-dependent, as evidenced 
by administering mannan partially reversed the 
mannose-induced up-regulation of PPARγ and 
down-regulation of TGF-β1.

In summary, the present results support our 
previous work showing that mannose has a pro-
tective effect against LPS-induced ALI, attenu-
ates LPS-induced histological changes, and 
suppresses proinflammatory cytokine release. 
Moreover, our data describe a novel regulatory 
feedback loop between MR, PPARγ and TGF-β1 
signaling in macrophages. In this loop, man-
nose up-regulates MR expression, an increased 
MR expression drives up PPARγ expression, 
induction of PPARγ represses TGF-β1 expres-
sion, and inhibits the inflammatory process. 
Thus, mannose administration may represent a 
promising therapeutic option in the future for 
the reduction of ALI.
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