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ABSTRACT
Background and Objectives: Obesity is the accumulation of adipose tissue caused by 
excess energy in the body, accompanied by long-term chronic low-grade inflammation of 
adipose tissue. More than 50% of interstitial cells in adipose tissue are macrophages, which 
produce cytokines closely related to insulin resistance. Macrophage biology is driven by two 
polarization phenotypes, M1 (proinflammatory) and M2 (anti-inflammatory). This study aimed to 
investigate the effect of gastric hormone des-acyl ghrelin (DAG) on the polarization phenotype 
of macrophages and elucidate the role of macrophages in adipose tissue inflammation 
and insulin sensitivity and its molecular mechanism. Methods: Mice were subcutaneously 
administrated with DAG in osmotic minipumps. The mice were fed a normal diet or a high-fat 
diet (HFD). Different macrophage markers were detected by real-time revere transcription 
polymerase chain reaction. Results: Exogenous administration of DAG significantly inhibited 
the increase of adipocyte volume caused by HFD and reduced the number of rosette-like 
structures in adipose tissue. HFD in the control group significantly increased M1 macrophage 
markers, tumor necrosis factor α (TNFα), and inducible NO synthase (iNOS). However, these 
increases were reduced or even reversed after DAG administration in vitro. The M2 markers, 
macrophage galactose type C-type Lectin-1 (MGL1), arginase 1 (Arg1), and macrophage 
mannose receptor 1 (MRC1) were decreased by HFD, and the downward trend was inhibited 
or reversed after DAG administration. Although Arg1 was elevated after HFD, the fold increase 
after DAG administration in vitro was much greater than that in the control group. Conclusion: 
DAG inhibits adipose tissue inflammation caused by HFD, reduces infiltration of macrophages 
in adipose tissue, and promotes polarization of macrophages to M2, thus alleviating obesity 
and improving insulin sensitivity.
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INTRODUCTION

Ghrelin, an intrinsic ligand for the growth 
hormone secretory receptor (GHSR), 
was discovered by Kojima et al. in 1999.[1]  
Ghrelin is a peptide hormone mainly 
produced in the stomach, with an active 
form activated by ghrelin O-transferase, and 
a degradation product. Acyl ghrelin exerts 
central or peripheral biological functions 
through the GHSR1a receptor, which 

regulates mammalian somatic growth, 
feeding habits, energy balance, and anti-
inflammatory effects, and regulates the 
movement of  the stomach and small 
intestine and the secretion of  gastric acid.[1–6] 
Des-acyl ghrelin (DAG) can antagonize the 
function of  ghrelin in energy balance and 
gastrointestinal motility, and it can promote 
proliferation of  islet B cells, homing and 
angiogenesis of  endothelial progenitor 
cells, anabolism of  C2C12 cells, and muscle 
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remodeling. In the metabolism of  glycolipids that we are 
concerned with, it has been reported that DAG can reduce 
the fat content of  rodents, reduce postprandial blood 
glucose, and improve insulin resistance.[7]

At present, the main starting site of  chronic inflammatory 
reaction is adipose tissue. During the development of  
obesity, adipocytes secrete inflammatory cytokines, 
such as tumor necrosis factor α (TNFα) and monocyte 
chemoattractant protein 1 (MCP1), and recruit macrophages 
to infiltrate adipose tissue.[8] Subsequently, the inflammatory 
signaling pathway is intensified by activated adipose tissue 
macrophages (ATMs),[8,9] which in turn produces insulin 
resistance. Adipocytes interact with macrophages to form 
a vicious circle of  inflammation.

In recent years, it has been found that macrophages play an 
important role in chronic inflammation of  obese adipose 
tissue. Macrophage infiltration is observed in adipose tissue 
of  obese patients and obese mouse models.[10–12] ATMs 
are the major source of  inflammatory mediators and are 
the most important mediators of  inflammatory responses 
under obese conditions.[13,14] Macrophages are broadly 
classified into classical activation of  proinflammatory M1 
macrophages, which mainly secretes proinflammatory 
factors [interleukin (IL)6, IL1β, TNFα, etc.] and a 
chemokine (MCP1), and alternative activation of  anti-
inflammatory M2 macrophages, which mainly secrete 
anti-inflammatory factors (IL4, IL10, IL12, etc.) and growth 
factors [insulin-like growth factor 1 (IGF1), vascular 
endothelial growth factor (VEGF), transforming growth 
factor (TGF), etc.].[15–19] M1 and M2 ATMs constitute 
different subsets of  macrophages. Insulin resistance and 
adipose tissue inflammation are related to the number of  
M1 macrophages and the expression of  M1 marker genes, 
such as Tnfa and Mcp1. Moreover, the ratio of  M1 to M2 
was increased by high-fat diet (HFD)-induced obesity.[20,21]

The peroxisome proliferator-activated receptors (PPARs) 
are a subset of  the nuclear receptor superfamily. There 
are three forms of  PPAR receptors: α, β/δ, and γ.[22] 
Previous studies have shown that PPARγ is associated 
with inflammatory diseases.[23–25] Activation of  PPARγ 
significantly reduces adipocyte volume and inhibits white 
adipose tissue inflammation and adipocyte hypertrophy.[26,27]  
Loss of  PPARγ in immune cells disrupts the ability of  
abscisic acid to increase insulin sensitivity by inhibiting 
MCP1 expression and macrophage immersion into white 
adipose tissue.[28] Normal skeletal muscle and hepatic 
insulin sensitivity and thiazolidinediones have sufficient 
antidiabetic effects, and PPARγ is essential in this process.[29]  
Moreover, PPARγ activator improves inflammation of  
atherosclerosis and acts as an anti-inflammatory mediator 
of  human T lymphocytes.[30]

The mammalian target of  rapamycin (mTOR) is an 
intracellular fuel sensor that is critical for cell growth, 
energy homeostasis, and metabolism.[31,32] mTOR has 
been reported to promote anabolic processes such as 
synthesis of  proteins, nucleotides, fatty acids, and lipids,  
as well as angiogenesis and catabolic processes such as 
autophagy.[33,34] This pathway regulates many major cellular 
processes and is associated with an increasing number of  
pathological conditions, including cancer, obesity, type 2 
diabetes, and neurodegeneration.[35] In particular, it has been 
shown that ceramide 1-phosphate stimulates macrophage 
growth by activating the mTOR/p70S6K pathway, and 
this process is associated with previous stimulation of  the 
PI3K/PKB pathway.[36]

In this study, we investigated whether DAG can improve 
adipose tissue inflammation by improving the polarization 
of  M1/M2 macrophages in adipose tissue, thereby 
improving obesity and increasing insulin sensitivity, and 
the signaling pathways of  this process.

MATERIALS AND METHODS

Materials 
DAG was purchased from Phoenix Pharmaceuticals Inc. 
(Burlingame, CA, USA). Rabbit phospho-AKT (Ser473), 
phospho-S6, protein kinase B (AKT), S6, phosphatase 
and tensin homolog (PTEN), and PPARγ antibodies were 
purchased from Cell Signaling Technology (Beverly, MA, 
USA). Rosiglitazone, rapamycin, leucine, rat lysosomal-
associated membrane protein 2 (LAMP2, Mac3) antibody, 
and chicken anti-rabbit fluorescein isothiocyanate-conjugated 
IgG were purchased from Santa Cruz Biotechnology Inc. 
(Santa Cruz, CA, USA). DyLigh 594-goat anti-rat IgG was 
purchased from Abbkine Scientific Co (Wuhan, China).

Ethical approval 
The research related to animals use has been complied 
with all the relevant national regulations and institutional 
policies for the care and use of  animals. 

Animals and treatments 
C57BL/6J mice and DAG-treated mice were used in this 
study. Six-week-old male mice were housed in specific 
pathogen-free microisolators and maintained in a regulated 
environment (24°C, 12-h light-dark cycle, with lights on 
at 07:00 am). Regular chow and water were available ad 
libitum. Mice were assigned to receive standard laboratory 
chow (normal chow diet, NCD) or HFD (45% fat, D12451; 
Research Diets, New Brunswick, NJ, USA) for 12 weeks.

Surgery and implantation of  osmotic minipumps: Mice 
were anesthetized with isoflurane. A 1-cm incision 
was made in the back skin, and mice were implanted 
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subcutaneously with an Alzet osmotic minipump (model 
1002) filled with vehicle or DAG (11 nmol/kg/d) for 14 
d. Before implantation, pumps were filled with the test 
agent and then placed in a Petri dish with sterile 0.9% 
saline (NS) at 37 °C for at least 4 h before implantation to 
prime the pumps.

Cell culture 
RAW264.7 cells, a murine peritoneal macrophage-like cell 
line, mouse-derived peritoneal macrophages, and bone 
marrow-derived peritoneal macrophages were cultured 
in high-glucose Dulbecco’s modified Eagle’s medium 
(Invitrogen, Grand Island, NY, USA) supplemented with 
10% heat-inactivated fetal bovine serum (Gibco, Grand 
Island, NY, USA), 100 U/mL penicillin, and 100 U/mL 
streptomycin (Invitrogen) and incubated at 37°C with 
5% CO2. Cells were passaged weekly after trypsin-EDTA 
detachment. All studies were performed on RAW264.7 
cells at passages 20–25. The cells were cultured with 
lipopolysaccharide (LPS; 10 ng/mL) or DAG (10-8 M) to 
generate classically (M1) or alternatively (M2) polarized 
cells.

Glucose tolerance test 
Blood was drawn from a cut at the tip of  the tail at 0, 30, 60, 
90, and 120 min, and glucose concentrations were detected 
immediately with Glucotrend from Roche Diagnostics 
(Mannheim, Germany).

RNA extraction and quantitative real-time 
reverse transcription polymerase chain reaction 
(RT-PCR) analysis
Total RNA was isolated using the TRIzol reagent. RT-
PCR was conducted in a 25 μL volume containing 2.5 ng 
cDNA, 5 mM MgCl2, 0.2 mM dNTPs, 0.2 M each primer, 
1.25 U AmpliTaq Polymerase, and 1 μL 800´ diluted SYBR 
Green I stock using the Mx3000 multiplex quantitative 
PCR system (Stratagene, La Jolla, CA, USA). The RT-PCR 
program was as follows: holding 95°C for 7 min, 95°C for 
30 s, 60°C for 35 s, and 72°C for 35 s. mRNA expression 
was quantified using the comparative cross threshold (CT) 
method. The CT value of  the housekeeping gene Actb was 
subtracted from the CT value of  the target gene to obtain 
DCT. The normalized fold changes of  detected gene 
mRNA expression were expressed as 2-ΔΔCT, where ΔΔCT 
= ΔCT sample - ΔCT control. RT-PCR was performed in 
duplicate, and each experiment was repeated 4–5 times. 
Primers used in this study are shown in Table 1.

Western blot analysis 
The gastric fundus was quickly harvested, rinsed thoroughly 
with PBS, and then homogenized on ice in lysis buffer  
(50 mM Tris-HCl; 15 mm EGTA; 100 mM NaCl; 0.1% 
Triton X-100 supplemented with protease inhibitor 

cocktail, pH 7.5). After centrifugation for 10 min at 4°C, 
the supernatant was used for Western blot analysis. Protein 
concentration was measured by Bradford’s method. A total 
of  80 μg protein from each sample was loaded onto SDS-
PAGE gels. Proteins were transferred to polyvinylidene 
fluoride membranes. The membranes were incubated 
for 1 h at room temperature with 5% fat-free milk in 
Tris-buffered saline containing Tween 20, followed by 
incubation overnight at 4°C with the primary antibodies. 
Specific reaction was detected using IRDye-conjugated 
second antibody and visualized using the Odyssey infrared 
imaging system (LI-COR Biosciences, Lincoln, NE, USA).

Histology 
Mice were deeply anesthetized using pentobarbital. The 
epididymal adipose tissue was quickly removed and 
rinsed thoroughly with PBS. The tissue was fixed in 4% 
paraformaldehyde, dehydrated, embedded in wax, and 
sectioned at 6 μm. The diameter of  each adipocyte in each 
field was measured using image analysis software ImageJ 
(v1.48). For each group, cell sizes of  about 450 adipocytes 
from four mice were measured and plotted as histograms.

Immunofluorescence
Mice were deeply anesthetized using pentobarbital. The 
same part of  adipose tissue was quickly removed and 
rinsed thoroughly with PBS. The tissue was fixed in 4% 
paraformaldehyde, dehydrated, embedded in wax, and 
sectioned at 6 μm. Paraffin-embedded sections were 
dewaxed, rehydrated, and rinsed in PBS. After boiling for 10 
min in 10 mM sodium citrate buffer (pH 6.0), sections were 
blocked in 1% BSA in PBS for 1 h at room temperature, 
then incubated overnight at 4°C with Mac-3 antibody 
alone, and then washed in 1 × PBS/0.1% Tween-20 three 
times for 5 min each. Tissue sections were incubated at 
room temperature for 1 h with the following secondary 
antibodies (Dy Ligh 594-goat anti-rat IgG). Controls 
included substituting primary antibody with rat IgG. The 
nuclei were visualized by staining with Hoechst 33258 for 
10 min. Photomicrographs were taken under a confocal 
laser-scanning microscope (Leica, Germany).

Statistical analysis 
Data were expressed as mean ± SEM. Data analysis used 
Graph Pad Prism software (v8.0). One-way analysis of  
variance, Student-Newman-Keul’s test (comparisons 
between multiple groups), or unpaired Student’s t-test 
(between two groups) was used as appropriate. P < 0.05 
denotes statistical significance.

RESULTS

General indexes of DAG-treated mice
DAG-treated and wild-type mice were fed with NCD or 
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HFD, and there was no difference in initial body weight. 
After 10 weeks of  feeding, each diet group was divided into 
two groups and administrated with DAG or NS. Under 
HFD, exogenous administration of  DAG significantly 
reduced body weight, food intake, and epididymal fat 
weight (Figure 1A, B, D), and the fat-to-weight ratio 
was also significantly lower than that of  the NS group 
(Figure 1C), but the difference in water intake was not 
significant (Supplementary Figure 1), indicating that in vitro 
administration of  DAG can improve the development of  
obesity caused by HFD.

We then performed a glucose tolerance test to check 
insulin sensitivity. Wild-type mice fed with HFD showed 
severe hyperglycemia after glucose administration, and 
impaired glucose tolerance was significantly improved in 
DAG-administrated mice (Figure 1G). Insulin-induced 
AKT phosphorylation (Ser473) was significantly inhibited 
in wild-type mice fed with HFD, but not in mice with 
exogenously administered DAG (Figure 1E, F). Therefore, 
exogenous administration of  DAG can improve adipose 
accumulation and glucose metabolism disorder caused by 
HFD.

Effects of exogenous administration of DAG on 
adipose tissue in mice
We then detected the effect of  DAG on the morphology 
of  adipose tissue. First, we observed the adipose tissue 
morphology and interstitial cell infiltration by hematoxylin 
and eosin (H&E) staining. Exogenous administration of  
DAG significantly inhibited the increase in cell volume 
caused by HFD and reduced the number of  garland-like 
structures in the adipose tissue (Figure 2A). Next, we 
examined the expression and secretion of  adipocytokines 
in adipose tissue. The expression of  adiponectin (Figure 2B)  
decreased significantly in mice fed with HFD, while the 
expression of  inflammatory adipokines such as resistin 
(Figure 2C), Il6 (Figure 2D), and plasminogen activator 
inhibitor 1 (Pai1) (Figure 2E) increased significantly. 

After exogenous administration of  DAG, the changes in 
cytokines caused by HFD were reversed, indicating that 
exogenous administration of  DAG can improve adipose 
tissue inflammation caused by HFD.

Effect of exogenous administration of DAG 
on adipose tissue macrophage infiltration and 
polarization in vivo
More than 50% of  adipose tissue stromal cell infiltration 
is macrophages, which are sensitive to chemical factors 
released by adipose tissue under inflammatory conditions 
and are affected by chemotaxis and aggregation in adipose 
tissue. We performed immunofluorescence staining 
of  LAMP2 to examine the effects of  exogenously 
administered DAG on macrophage aggregation in adipose 
tissue and found that exogenously administered DAG 
reversed the increase in macrophage aggregation caused 
by HFD (Figure 3A).

The effects of  macrophage polarization on its function have 
been reported. M1 and M2 are two forms of  macrophage 
polarization, which are known as classical activated 
and alternative activated macrophages, respectively. M1 
macrophages are considered to be proinflammatory 
and promote inflammation, and M2 macrophages are 
anti-inflammatory and inhibit inflammation. We used 
real-time RT-PCR to verify the changes in markers of  
different polarization states of  macrophages in epididymal 
adipose tissue. M1 markers were significantly elevated in 
macrophages aggregated in the epididymal fat of  wild-
type mice fed with HFD compared with those fed with 
NCD (Figure 3B–D), while M2 markers were significantly 
reduced (Figure 3E–G). However, this phenomenon 
was reversed by exogenously administered DAG (Figure 
3B–G). This indicates that exogenous DAG can effectively 
inhibit M1 polarization and promote M2 polarization of  
macrophages in epididymal adipose tissue of  mice fed 
with HFD.

Table 1: List and sequence of primers
Upstream primer (5'-3') Downstream primer (5'-3')

Resistin 
Adiponectin

TCCTTGTCCCTGAACTGC
ACCAGTATCAGGAAAAGAATGT

ACGAATGTCCCACGAGC
TAGAGAAGAAAGCCAGTAAATG

Il6 AGTTGTGCAATGGCAATTCTG GGAAATTGGGGTAGGAAGGAC
Pai1 CCTCACCAACATCTTGGATGCT TGCAGTGCCTGTGCTACAGAGA
Mcp1 ACTGAAGCCAGCTCTCTCTTCCTC TTCCTTCTTGGGTCAGCACAGAC
Tnfa CGTCGTAGCAAACCACCAAG GAGATAGCAAATCGGCTGACG
iNos CCAAGCCCTCACCTACTTCC CTCTGAGGGCTGACACAAGG
Arg1
Mgl1
Mrc1
Mrc2
Pparg
Actb

CTCCAAGCCAAAGTCCTTAGAG
TGAGAAAGGCTTTAAGAACTGGG
AAACACAGACTGACCCTTCCC
AAGAAGAAACCCAACGCTACG
ATCCAGAAGAAGAACCG
ATCTGGCACCACACCTTC

AGGAGCTGTCATTAGGGACATC
GACCACCTGTAGTGATGTGGG
GTTAGTGTACCGCACCCTCC
CCTCCAGGCTGTCACGAAA
AGGCGTTGTAGATGTGC
AGCCAGGTCCAGACGCA
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Figure 1: General indexes of DAG-treated mice. (A) Changes in body weight of DAG- or NS-treated mice fed with NCD or HFD; (B) Weight variation of epididymal 
adipose tissue in DAG- or NS-treated mice fed with NCD or HFD; (C) Epididymal adipose tissue/body weight ratio of DAG- or NS-treated mice fed with NCD 
or HFD; (D) Average daily food intake of DAG- or NS-treated mice fed with NCD or HFD; (E) Western blotting results from DAG- and NS-treated mice fed with 
NCD or HFD. Insulin (2 IU/kg) was injected intraperitoneally 15 min before harvest of adipose tissue, and phospho-AKT (ser473) and AKT in adipose tissue 
were detected using specific antibodies. Total AKT was used as an internal control; (F) Oral glucose tolerance test using mice with DAG or NS systemically 
administered by a mini-osmotic pump for 14 days after feeding with NCD or HFD for 10 weeks. All results were expressed as mean ± SEM, n = 6. *P < 0.05, 
as compared with NCD-fed mice with same treatment; #P < 0.05, as compared with NS-treated mice fed with same diet. DAG: des-acyl ghrelin; HFD: high-fat 
diet; NCD: normal chow diet; NS: normal saline.
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Figure 2: Adipocyte volume, interstitial cell infiltration, and expression of inflammatory adipokines in epididymal adipose tissue of DAG-treated mice. (A) 
Epididymal adipose tissues were harvested from C57BL/6 mice with different diets, which were treated with DAG or NS, and processed for H&E staining. mRNAs 
were extracted from the epididymal adipose tissue harvested from the DAG- and NS-treated mice fed with different diets. Real-time RT-PCR was performed 
to evaluate mRNA expression of adipokines, such as anti-inflammatory adipokine adiponectin (B) and proinflammatory adipokines resistin (C), Il6 (D), and 
Pai1 (E). All results were expressed as mean ± SEM, n = 4. *P < 0.05, as compared with NCD-fed mice with same treatment; #P < 0.05, as compared with 
NS-treated mice fed with same diet. DAG: des-acyl ghrelin; HFD: high-fat diet; NCD: normal chow diet; NS: normal saline.
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Figure 3: Effect of DAG systemically administered by a mini-osmotic pump on macrophage infiltration in epididymal adipose tissue. (A) Epididymal adipose 
tissue was harvested from DAG- and NS-treated mice fed with different diets, and processed for immunofluorescence staining. mRNAs were extracted from the 
epididymal adipose tissue harvested from the DAG- and NS-treated mice fed with different diets. Real-time RT-PCR was performed to evaluate the expression 
of macrophage-specific markers. M1 markers Mcp1 (B), Tnfa (C), and iNos (D); and M2 markers Arg1 (E), Mgl1 (F), and Mrc1 (G) were detected. All results 
were expressed as mean ± SEM, n = 4. *P < 0.05, as compared with NCD-fed mice with same treatment; #P < 0.05, as compared with NS-treated mice fed 
with same diet.  DAG: des-acyl ghrelin; HFD: high-fat diet; NCD: normal chow diet; NS: normal saline; CON: control.
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induced under 10 ng/ml LPS treatment, with the highest 
expression at 4–8 h (Figure 4A, B). On the contrary, 
DAG administration inhibited the expression of  Mcp1 
(Figure 4D), but induced the expression of  Arg1 (Figure 
4C). To verify whether DAG had a protective effect on 
inflammatory changes caused by LPS, we treated RAW264.7 
cells with LPS (10 ng/mL) and DAG (0, 10-10, 10-9, 10-8 M) 
together. The decrease in M2 marker expression caused by 
LPS (Figure 4E) and the increase in M1 marker (Figure 4F) 

Effect of DAG on polarization of macrophages in 
vitro
We first used mouse mononuclear macrophage cell line 
RAW264.7 cells to verify whether DAG plays a role in 
macrophage polarization. As a proinflammatory factor, 
lipopolysaccharide (LPS) can stimulate the inflammatory 
response of  RAW264.7 cells, which is polarized to the 
direction of  M1. The expression of  M1 macrophage-
associated markers Mcp1 and Tnfa was significantly 

Figure 4: Effect of DAG on polarization of mouse mononuclear macrophage cell line RAW264.7. mRNAs were extracted from RAW264.7 cells treated with LPS 
(10 ng/mL) for 0, 1, 4, 8, 12, and 24 h. Real-time RT-PCR was performed to evaluate the expression of inflammatory factors Mcp1 (A) and Tnfa (B). mRNAs 
were extracted from the RAW264.7 cells treated with DAG for 6 h (0, 10-10, 10-9, 10-8, 10-7 M). Real-time RT-PCR was performed to evaluate the expression of 
macrophage-specific markers Arg1 (C) and Mcp1 (D). mRNAs were extracted from RAW264.7 cells treated for 30 min with a final concentration of 0, 10-10, 
10-9, 10-8 M DAG and then for 6 h with LPS (10 ng/mL). Real-time RT-PCR was performed to evaluate the expression of macrophage-specific markers Arg1 (E) 
and Mcp1 (F). All results were expressed as mean ± SEM, n = 4. *P < 0.05, as compared with control; #P < 0.05, as compared with LPS-treatment alone.  
DAG: des-acyl ghrelin; CON: control; LPS: lipopolysaccharide; RT-PCR: reverse transcription-polymerase chain reaction. 
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were all reversed by DAG. The above experiments indicated 
that DAG inhibits polarization to the M1 phenotype in the 
inflammatory state and promotes polarization to the M2 
phenotype in the mouse mononuclear macrophage cell 
line RAW264.7 cells. 

We then confirmed the above results in mouse peritoneal 
macrophages. We found that LPS treatment induced the 
expression of  M1 macrophage markers (Figure 5A–C) 
and inhibited the expression of  M2 macrophage markers 
(Figure 5D, E). Although DAG alone did not significantly 
alter the expression of  the relevant markers, when interacted 
with LPS, DAG significantly reversed expression changes 
of  inflammation-related markers altered by LPS (Figure 
5A–E). For the result of  flow cytometry, phycoerythrin 
(PE)-labeled F4/80 was selected as the total marker for 
macrophages, fluorescein-isothiocyanate (FITC)-labeled 
CD11c and Alexa fluor 647-labeled CD206 as markers 
for M1 and M2, respectively. The reversal effect of  DAG 
on LPS was more obvious. After interaction of  DAG and 
LPS, the number of  cells expressing CD11c decreased 
significantly in the cell population expressing F4/80, while 
CD206 increased significantly (Figure 5F). These results 
suggested that DAG can reverse the LPS-induced M1 
polarization of  macrophages.

Macrophages in peripheral tissues are derived from 
monocytes in the blood, which in turn are derived from 
precursor cells in the bone marrow. Bone marrow-derived 
macrophages (BMDMs) have no obvious tendency to be 
polarized. Polarization occurs when stimulated by relevant 
cytokines or chemicals. For example, LPS stimulates 
conversion to M1, and IL4 stimulates conversion to M2. The 
above results demonstrated that exogenous administration 
of  DAG can alter the phenotype of  macrophages in 
peripheral tissues. We explored the effect of  DAG on 
macrophage polarization in BMDMs. According to 
reports in the literature, BMDMs can be transformed into 
macrophages after 7 days of  stimulation by macrophage 
colony-stimulating factor (10 ng/mL). We took the BM 
of  the limbs of  C57BL/6 mice and induced macrophage 
differentiation for 7 days. LPS administration significantly 
inhibited the expression of  M2 markers (Supplementary 
Figure 2A) and increased the expression of  M1 markers 
(Supplementary Figure 2B); DAG significantly reversed 
the effect of  LPS on different markers of  macrophages.

The above experiments confirmed that DAG can affect 
polarization of  mouse peritoneal macrophages, primary 
BMDMs, and mouse monocyte macrophage cell lines, 
inhibit macrophage M1 polarization in the inflammatory 
state, and promote the polarization to the M2 phenotype.

Figure 5: Effect of DAG on polarization of peritoneal macrophages. mRNAs were extracted from the peritoneal macrophages harvested from wild-type mice 
fed with NCD. Real-time RT-PCR was performed to evaluate the expression of macrophage-specific markers. M1 markers Mcp1 (A), Tnfa (B), and iNos (C) and 
M2 markers Arg1 (D) and Mgl1 (E). All results were expressed as mean ± SEM, n = 4. *P < 0.05, as compared with control, #P < 0.05, as compared with 
LPS-treatment alone. F4/80 (PE), CD11c (FITC), and CD206 (Alexa fluor 647) were detected by flow cytometry after treatment with LPS with or without DAG 
(F). DAG: des-acyl ghrelin; LPS: lipopolysaccharide.
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DAG may inhibit inflammation by activating 
PPARγ
PPARγ may be involved in the polarization of  macrophages. 
LPS inhibited the protein level of  PPARγ, while DAG 
reversed the inhibition effect of  LPS (Figure 6A) in 
RAW264.7 cells. We treated RAW264.7 cells with LPS (10 
ng/ml) and rosiglitazone (4 μM), the agonist of  PPARγ, 
and found that rosiglitazone reversed the LPS-induced 
upregulation of  Mcp1, the M1 polarization marker, and 
the downregulation of  Arg1, the M2 polarization marker 
(Supplementary Figure 3).

To verify whether PPARγ was involved in the protective 
effect of  DAG, we isolated and cultured BMDMs from 
Pparg+/- mice (Pparg-/- mice were embryonic lethal) and 
control wild-type (WT) mice to induce differentiation into 
macrophages, and then treated with LPS or DAG. The 

lower expression of  Pparg was confirmed in Pparg-/- mice 
(Figure 6B). In WT mice, DAG significantly reversed the 
LPS-induced upregulation of  Mcp1, the M1 polarization 
marker, and the down-regulation of  Arg1, the M2 
polarization marker (Figure 6C, D), whereas in Pparg+/- 
mice, this reversal was obviously weakened (Figure 6E, F).

The above experiments indicate that DAG activates PPARγ, 
thereby inhibiting the polarization of  macrophage to M1 
phenotype in the inflammatory state and promoting its 
polarization to M2 phenotype.

DAG inhibits inflammation by inhibiting LPS-
activated mTOR signaling pathway
mTOR is a highly conserved central regulatory molecule 
of  signal integration that regulates cell growth, cell 
cycle, and cell differentiation, with phosphorylation as 

Figure 6: Direct effect of DAG on polarization of BMDMs isolated from Pparg+/- mice. (A) RAW264.7 cells were treated with LPS and/or DAG. Protein level of 
PPARγ was detected by Western blotting, and β-actin was used as an internal control. (B) Confirmation of Pparg expression in Pparg+/- and wild-type (WT) 
mice, *P < 0.05, as compared with WT mice. BMDMs isolated from WT mice (C, D) and Pparg+/- mice (E, F) were treated with NS or LPS (10 ng/mL), with or 
without DAG (10-8 M). mRNAs were extracted, and real-time RT-PCR was performed to evaluate the expression of macrophage-specific markers. M2 marker 
Arg1 (C, E) and M1 marker MCP1 (D, F) were detected. All results were expressed as mean ± SEM, n = 4. *P < 0.05, as compared with control; #P < 0.05, 
as compared with LPS-treatment alone. DAG: des-acyl ghrelin; LPS: lipopolysaccharide.
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Figure 7: Role of mTOR signaling pathway in polarization of RAW264.7 cells. (A) Blockade of LPS-induced activation of mTOR and its downstream molecule 
S6 by rapamycin (Rapa). mRNAs were extracted from RAW264.7 cells treated with rapamycin (20 nM) and then for 6 h with LPS (10 ng/ml). Real-time RT-PCR 
was performed to evaluate the expression of macrophage-specific markers Arg1 (C) and MCP1 (D). All results were expressed as mean ± SEM, n = 4. *P 
< 0.05, as compared with control, #P < 0.05, as compared with LPS-treatment alone. (B) Activation of mTOR and its downstream molecule S6 by leucine 
(Leu, 5 mM). mRNAs were extracted from the LPS-treated RAW264.7 cells with or without DAG or leucine. Real-time RT-PCR was performed to evaluate the 
expression of macrophage-specific markers Arg1 (E) and MCP1 (F). All results were expressed as mean ± SEM, n = 4. *P < 0.05, as compared with control; 
#P < 0.05, as compared with DAG-treatment alone. (G) Attenuation of the effect of LPS on PTEN and AKT activation by des-acyl ghrelin in RAW264.7 cells. (H) 
Attenuation of the effect of LPS on PTEN, AKT, and S6 activation by rosiglitazone in RAW264.7 cells. DAG: des-acyl ghrelin; LPS: lipopolysaccharide; RT-PCR: 
reverse transcription-polymerase chain reaction.
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activated form. LPS (10 ng/mL) significantly activated the 
phosphorylation of  ribosomal protein S6, the downstream 
target protein of  mTOR in RAW264.7 cells (Figure 7A, 
Supplementary Figure 4), whereas rapamycin (Figure 7A) 
and DAG (Supplementary Figure 4) significantly inhibited 
LPS-induced phosphorylation of  S6. The LPS-induced 
decrease in M2 marker and increase in M1 marker were 
reversed by rapamycin (Figure 7C, D). On contrary, leucine, 
the branched chain amino acid used as mTOR signaling 
activator, blocked the effect of  DAG on LPS-induced 
S6 phosphorylation (Figure 7B). The antagonistic effect 
of  DAG on LPS-regulated macrophage polarization 
was reversed by leucine (Figure 7E, F). The above 
experiments indicate that DAG inhibits activation of  the 
mTOR signaling pathway by LPS, thereby inhibiting M1 
polarization of  macrophages in the inflammatory state and 
promoting M2 polarization.

A variety of  factors can regulate mTOR and its 
downstream signaling pathways. Among them, the tuberous 
sclerosis complex (TSC1 and TSC2) can form a stable 
heterodimeric functional complex, which plays a negative 
role in the regulation of  mTOR activity. The PI3K/AKT 
signaling pathway activates mTOR and its downstream 
signaling pathway by inhibiting TSC1 and TSC2. The 
target gene of  PPARγ, the phosphatase and tensin 
homologue deleted chromatosome 10 (PTEN)-encoded 
protein, has lipid phosphatase activity and specifically 
promotes phosphatidylinositol-3,4,5-triphosphate (PIP3) 
dephosphorylation, thereby inhibiting the PI3K/AKT 
signal transduction pathway.

We next studied the regulation between PPARγ and 
mTOR signaling pathway. We found that LPS inhibited 
PTEN protein in RAW264.7 cells, thereby activating AKT 
phosphorylation, whereas DAG antagonized the effects of  
LPS (Figure 7G). The PPARγ agonist rosiglitazone also 
reversed the inhibition of  PTEN and the activation of  
AKT and S6 caused by LPS (Figure 7H).

DISCUSSION

This study combined in vivo animal models of  des-acyl 
ghrelinemia and cultured cells in vitro, using adipose 
tissue and macrophages as the targets to comprehensively 
explore the mechanisms of  anti-inflammatory and insulin-
sensitivity-increasing effects of  DAG. Our research showed 
that exogenous administration of  DAG reduced adipose 
tissue inflammation and macrophage infiltration in adipose 
tissue, promoted the expression of  anti-inflammatory 
factors in adipose tissue, and inhibited the expression of  
proinflammatory factors. DAG promoted the expression 
of  M2 markers in anti-inflammatory macrophages and 
the expression of  M1 markers in proinflammatory 

macrophages through the PPARγ/PTEN/AKT/mTOR 
signaling pathway, thereby increasing insulin sensitivity in 
adipose tissue, relieving insulin resistance, and exerting its 
anti-inflammatory effect.

Insulin resistance is a low-grade chronic inflammatory state,[37] 
and research on insulin resistance induced by endotoxins 
through the immune response has confirmed that inflammation 
and insulin resistance are closely linked.[38,39] Nevertheless, 
DAG has been shown to have many biological effects, 
including regulating the differentiation and function of  
adipocytes, reducing adipose tissue inflammation, inhibiting 
skeletal muscle atrophy, promoting glucose uptake, and 
stimulating osteoblast proliferation.[40,41] There are also 
reports about the direct relationship between DAG and 
insulin resistance, and human studies have shown that 
DAG can improve insulin resistance.[7,40–43] Our results show 
that insulin resistance caused by HFD can be improved 
by hyper-des-acyl ghrelinemia caused by exogenous 
administration.

DAG has been reported to be related to macrophage 
phenotype, but there are few relevant studies. Our research 
confirmed that DAG can change the polarization trend of  
macrophages in an inflammatory state. In our mouse model 
of  DAG administered with an exogenous subcutaneous 
pump, the accumulation of  M1 macrophages in adipose 
tissue caused by HFD was alleviated by DAG. In addition, 
the main polarizing phenotype of  macrophages changed 
from M1 to M2, suggesting that DAG can increase the 
sensitivity of  insulin in adipose tissue by changing the 
polarization of  macrophages, thereby alleviating insulin 
resistance and exerting its anti-inflammatory effect.

No studies on mTOR and DAG have been reported. Our 
study for the first time clarified that LPS can activate mTOR 
and its downstream target molecule S6. After rapamycin 
was used to inhibit mTOR signaling, the polarizing effect 
of  LPS on macrophages toward M1 significantly weakened. 
In addition, DAG can promote the M2 polarization of  
macrophages by inhibiting the mTOR signaling pathway.

Macrophage M1/M2 polarization can be reversed in vitro 
and in vivo.[44] Previous studies have revealed that lipid-
induced macrophage M1/M2 polarization can be regulated 
by directly regulating PPARγ activity.[45] In our study, LPS 
inhibited the expression of  PPARγ, but on this basis, giving 
DAG can reverse the inhibitory effect of  LPS on PPARγ. 
When rosiglitazone was administered, PPARγ was activated, 
and the expression of  M1 markers was suppressed, while 
the expression of  M2 markers increased. PPARγ agonists 
are reported to activate PTEN homologs with loss of  
protein expression on chromosome 10.[46] PTEN is a 
tumor suppressor protein that inhibits the activation of  the 
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PI3K/Akt cascade by dephosphorylation of  PIP3, thereby 
generating phosphatidylinositol 4,5-bisphosphate (PIP2). 
In addition, PI3K/AKT signaling can activate mTOR and 
its downstream signaling pathways by inhibiting TSC1 and 
TSC2.[47] We found that LPS inhibited the expression of  
PTEN protein, thereby activating AKT phosphorylation, 
promoting phosphorylation of  mTOR and downstream 
molecules and polarization of  macrophages toward M1. 
DAG can antagonize the effect of  LPS and reverse the 
inhibition of  PTEN and activation of  AKT and mTOR 
caused by LPS, thereby inhibiting macrophages from 
polarizing toward M1 and promoting macrophages 
polarizing toward M2. We therefore concluded that 
PPARγ/PTEN/AKT/mTOR signaling may be the main 
pathway for DAG to regulate macrophage polarization. 

In summary, this study found that DAG can promote the 
expression of  anti-inflammatory macrophage M2 markers 
and inhibit the expression of  proinflammatory macrophage 
M1 markers in adipose tissue through the PPARγ/PTEN/
AKT/mTOR signaling pathway, which in turn exerts its 
anti-inflammatory effect and improves insulin sensitivity. 
The results of  this research will help further explore the role 
of  inflammatory immune mechanisms in the development 
of  insulin resistance, and provide new approaches for 
early prevention and relief  of  the development of  insulin 

resistance and future screening of  drugs that interfere with 
insulin sensitivity.
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