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A B S T R A C T   

In the context of cancer expansion, epithelial-mesenchymal transition (EMT) plays an essential 
role in driving invasion and metastasis potential of cancer cells. Tumor-associated macrophages 
(TAMs)-derived factors involved in the initiation and progression of EMT. We assess the role of 
M2 macrophage in suppressing lung tumors of a natural compound (− )-Guaiol by using macro
phage depleted model. Bone marrow-derived monocytes (BMDMs) were extracted and induced to 
M2-like phenotype in vitro. The co-culture of M2 macrophage and lung cancer cells was estab
lished to observe that inhibition of lung tumor growth by (− )-Guaiol requires presence of mac
rophages. This suppressed effect of (− )-Guaiol was alleviated when mice macrophage was 
depleted. The expression of M2-like macrophages was strongly reduced by (− )-Guaiol treated 
mice, but not the changes of M1-like macrophages. In vitro studies, we demonstrated that 
(− )-Guaiol suppressed M2 polarization of BMDMs, as well as migration, invasion, and EMT of 
lung cancer cells in co-culture. M2 macrophage-derived interleukin 10 (IL-10) was investigated as 
a critical signaling molecule between M2 macrophage and lung cancer cells. We have also verified 
that the mechanism of (− )-Guaiol inhibiting the EMT process of lung cancer is related to the 
activation of IL-10-mediated signal transducer and activator of transcription 3 (STAT3). These 
results suggested that the suppressive effect role of (− )-Guaiol in M2 macrophage promoting EMT 
of lung cancer, which was associated with inhibition of IL-10 mediated STAT3 signaling pathway.   

1. Introduction 

Lung cancer remains the leading cause of cancer incidence and mortality worldwide, representing close to 1 in 5 (18.4%) cancer 
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deaths [1,2]. Most patients often present an advanced disease stage when detected at initial diagnosis. Tumor metastasis, as a hallmark 
of cancer [3], has become the main reason to refrain from the improvement of the curative effect and result in most lung 
cancer-associated deaths. 

In the context of cancer expansion, tumor invasion and distant metastasis is a multi-step, multi-factor participation process, which 
is often portrayed as “invasion-metastasis cascade” [4]. As well as we know, the neoplastic cells are in an epithelial-like state in the 
early stage of tumors, and gradually acquire mesenchymal characteristics at progression proceeds. It was named 
epithelial-mesenchymal transition (EMT). EMT plays an important role in driving the multiple steps of “invasion-metastasis cascade”. 
Activation of EMT confers enhanced invasion and metastasis potential of cancer cells [5], and is related to the poor prognosis of 
tumors, including lung, pancreatic, breast, hepatocellular and colorectal cancer [6–9]. 

Tumor growth and metastasis are closely associated with the tumor microenvironment [10]. Macrophages are the main component 
of immune cells in the micro-environment [11]. Due to the remarkable plasticity and capability to secrete various cytokines, che
mokines, growth factors and enzymes, they play an essential role in regulating the homeostasis of the micro-environment [12]. Under 
local micro-environmental conditions, macrophages acquire distinct phenotypes and polarize into either “classical activated” 
pro-informatory property (M1) or “alternatively activated” anti-inflammatory property (M2) [13]. Tumor-associated macrophages 
(TAMs) are characterization of M2 phenotype whose functions have been shown to promote cancer progression, angiogenesis, invasion 
and metastasis, as well as immunosuppression [14]. 

Accumulate evidence indicates that TAMs play a crucial part in the regulation of EMT in tumors. TAMs-derived factors involved in 
the initiation and progression of EMT [14]. In our previous studies, M2 macrophage producing MMPs and VEGF significantly promoted 
tumor invasion and metastasis in non-small cell lung cancer (NSCLC), whereas remodifying of TAM away from M2-like, towards 
M1-like phenotype, suppressed lung cancer cell aggressive behaviors [15]. In addition, our studies demonstrated (− )-Guaiol, a 
component of many medicinal plants [16], has anti-tumor activity in NSCLC cells [17,18]. The results suggested us to take a new 
insight into whether (− )-Guaiol for possibility of targeting TAMs as a potential therapeutic strategy in lung cancer. 

The present study aims to investigate the impact of (− )-Guaiol on regulation of TAMs. Based on the close relevance between TAMs 
and EMT in lung cancer, we also preliminarily explored the role of (− )-Guaiol underlying TAMs-derived EMT in lung cancer. 

2. Materials and methods 

2.1. Bioinformatics analysis 

Two mRNA expression datasets of M2 macrophages, GSE5099 and GSE57614, were downloaded from the GEO database (https:// 
www.ncbi.nlm.nih.gov/geo/). mRNA profile of lung cancer was obtained from The Cancer Genome Atlas (TCGA, https:// 
cancergenome.nih.gov/) database. The differential expression genes (DEGs) were screened by GeneSpring GX 12.5 software (Agi
lent Technologies, Santa Clara, CA, US), the detailed screening criteria were shown in our previous studies [19]. Overlapped between 
M2 macrophages and lung cancer DEGs were extracted and performed a Gene Ontology (GO) analysis and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) enrichment analysis by gene set enrichment analysis (GSEA) (version 3.0, http://software.broadinstitute. 
org/gsea/) [20,21]. 

2.2. Animals studies 

Following the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health, and approval by the Committee 
on the Ethics of Animal Experiments of Shanghai University of Traditional Chinese Medicine. Animals used were acquired from the 
China Science Academy (Shanghai, China) that carries the C57BL/6 background, kept under specific-pathogen-free (SPF) conditions. 

1 × 106 LLC cells were injected subcutaneously to the flanks of C57BL/6 mice. Clodronate liposomes (www.clodronateliposomes. 
org, Netherland) was started 2 days before LLC injection and followed by sustained intraperitoneal administration every 4th day. After 
one week of LLC injection, the subcutaneous nodule was observed. Given (− )-Guaiol (8 mg/kg) or an equal size of PBS every 2 days (n 
= 4). Tumor growth was monitored every 3 days for 3 weeks. 

2.3. Cell culture 

Lewis lung cancer (LLC) cells were acquired from the Cell Bank of the China Science Academy (Shanghai, China) and cultured in 
complete DMEM medium (supplemented with 10% Fetal Bovine Serum (Gibco, Australia) and 1% Penn/Strep). 

Bone marrow-derived macrophages (BMDMs) were collected from femurs and tibias of 6–8 week-old C57Bl/6 mice [22]. BMDMs 
were plated into a 6 cm culture dish and treated with 10 ng/ml murine M-CSF (Peprotech, USA) for 7 days to allow differentiation of 
monocytes into macrophages. Macrophages were exposed to 20 ng/ml murine recombination IL-4 (R&D, USA) to polarize to M2-like 
macrophages. M2-like macrophages were harvested and used for next co-culture experiments. 

2.4. Co-culture of macrophages and LLC cells 

The macrophage-conditioned medium (CM) was harvested after the M2 macrophages incubated with (− )-Guaiol for 24 h. The LLC 
cells were exposed in 50% CM (1:2 dilution with complete DMEM) and incubated for 24 h. 
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2.5. Cell proliferation, invasion and migration assay 

Cell proliferation activity was detected with CCK-8 assay. Briefly, 5 × 103 per well cells were seeded in the 96-well culture plates 
overnight. Cells were exposed in CCK-8 after treating with (− )-Guaiol for 24 h. Absorbance was obtained by a Microplate Reader 
(Thermo Scientific, USA) at a wavelength of 450 nm. IC 50 value was calculated with Graphpad Prism software. 

Cells invasion were performed in a 24-well transwell system (Corning, USA) fitted with a polyethylene terephthalate filter 
membrane with 8 μm pore size. The upper chamber was provided with Matrigel (Millipore, Bedford, MA). Either control or co-culture 
CM was introduced to the lower chamber and LLC cells (4 × 104) were placed into the upper chamber. 48 h later, the traversed cells 
were fixed, stained and calculated. 

Cells migration were carried out with a wound-healing assay. Cells were implanted into 6-well culture plates. A “wound” was 
scratched on the monolayer with 10 μL micropipette. The migration of samples was captured with microscope at the beginning and 24 
h later, respectively. 

2.6. Flow cytometry analysis 

BMDMs were collected and washed twice with PBS. Spleen and tumor tissues were minced and dissociated with Dissociation kit 
(Miltenyi, Germany), according to manufacturer’s instructions. The pellets were re-suspended in DMEM, and then monocytes were 
isolated according to density gradient centrifugation on Percoll. 1 × 106 cells were stained with anti-mouse fluorochrome-labeled 
antibodies (F4/80-FITC, CD206-PE, all PeproTech) for 15 min at room temperature. After washing steps, cells were identified with 
flow cytometer (BECKMAN). Data were analyzed with FlowJo software. 

2.7. Quantitative real-time polymerase chain reaction 

Total RNA was extracted with TRIzol reagent (Invitrogen). cDNA was synthesized with PrimeScript RT Reagent kit (TaKaRa). Real- 
time PCR was carried out with SYBR Green Master Mix (TaKaRa, Japan) on a QuantStudio 6 Flex real-time PCR system (Thermo Fisher, 
USA). The murine-GAPDH serves as endogenous control. All mRNA levels were normalized to GAPDH and quantified with 2-△△CT. 
Data were analyzed with GraphPad prism. Primer sequences were attached in Table S1. 

2.8. Western blot analysis 

Total protein was extracted with RIPA lysis buffer supplemented with proteinase inhibitor and phosphatase inhibitor. Protein 
concentrations were measured using the BCA protein assay kit (Thermo Fisher Scientific, USA). Equivalent amounts of protein were 
resolved on SDS-PAGE gels and blotted onto polyvinylidene difluoride membranes. After blocking non-specific binding sites with 
blocking solution (1 × TBS, 0.1% Tween 20, and 5% bovine serum albumin) at room temperature for 2 h. The membranes were 
incubated with CD206, E-cadherin, N-cadherin, Vimentin, STAT3, p-STAT3, IL-10 (all Cell Signaling Technology, USA), and GAPDH 
(Abcam, USA) overnight at 4 ◦C. The membranes were incubated with HRP-conjugated secondary antibodies (Cell signaling Tech
nology, USA) after adequate washing with TBST for 1 h at room temperature. Finally, the blots were subjected to chemiluminescence 
analysis (BIO-RAD, USA). 

2.9. Enzyme-linked immunosorbent assay 

IL-10 levels were quantified in peripheral blood of mice and conditioned medium with the Mouse IL-10 ELISA Kit (R&D Systems) 
according to the manufacturer’s instruction. 

2.10. Statistics analysis 

Data were presented as mean ± SD. The statistical differences were assessed with Student’s T-test or two-way ANOVA. P value <
0.05 was considered as statistically significant. 

3. Results 

3.1. M2 macrophages promotes lung cancer expansion by secreting cytokines 

There is communication between macrophages and tumors. To predict the mechanism of M2 macrophages promotes lung cancer 
expansion. We identified the DEGs of M2 macrophages by analyzing the transcriptome of M0 and M2 macrophages after 24-h-polar
ization in GEO databases and the DEGs of lung cancer in TCGA databases, respectively. 

We identified 1998 DEGs of M2 macrophage (715 upregulated and 844 downregulated genes) and 4456 DEGs of lung cancer (1966 
upregulated and 2490 downregulated genes). A total of 139 overlapped genes were extracted between M2 macrophage and lung 
cancer, including 48 upregulated and 91 downregulated genes. As shown in Venn diagram (Fig. 1A and B). As we known M2 
macrophage facilitates tumor progression, 48 upregulated genes were performed an enrichment analysis by GSEA. The TOP 15 GO and 
TOP 10 KEGG terms were exhibited in Fig. 1C and D. GO analysis revealed that biological process (BP) was significantly enriched in 
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Response to external stimulus, cellular component (CC) was distinctly classified in Extracellular space, and molecular functions (MF) 
was mainly associated with Cytokine activity and Cytokine receptor binding. The most enrichment term of KEGG pathway was 
Cytokine-cytokine receptor interaction. Briefly, enrichment analysis suggested that M2-derived cytokines mediated the cytokine- 
cytokine receptor interaction signaling pathway as the likely mechanism by which M2 macrophages acted on lung cancer. 

3.2. Inhibition of lung cancer growth by (− )-Guaiol requires presence of macrophages in vivo 

To assess the critical role of macrophage in (− )-Guaiol inhibiting lung cancer growth, we used a subcutaneously injected mice 
model of Lewis Lung carcinomas (LLC) tumor cells, where macrophages were depleted with clodronate liposome (CL), as shown in 
Fig. 2A. Macrophages depletion inhibited the lung tumor growth was observed. Meanwhile, 21 days intraperitoneal injection of 
(− )-Guaiol could inhibit lung tumor growth in PBS Liposome (PBSL) mice model. However, the effect of (− )-Guaiol in further 
inhibiting tumor growth was not observed in the macrophage depletion mice model (Fig. 2B). An obvious difference was uncovered in 
mice without macrophage depletion, the volume of primary tumors in (− )-Guaiol treated group were smaller than control, while the 
effects of (− )-Guaiol were not revealed in macrophage depletion mice (Fig. 2C). The tumor was peeled off and weighted on the 
experimental endpoint. Consistent with these observations, the tumor weight in (− )-Guaiol treated group was significantly lower 
(Fig. 2D). The body weight of mice was monitored biweekly. Our research findings indicated that, following a 21-day treatment period, 
no noteworthy variance in body weight was observed across the different groups. (Fig. 2E). 

To further test the role of macrophage polarization in lung cancer progresses, we observed the M2-like polarization macrophage 
expression in tumor and spleen, respectively. In corroboration, a reduced number of macrophages of the tumor and spleen micro
environment were measured by flow cytometry. The macrophage depletion mainly reflected in M2-like polarization macrophage 
decreasing. Interestingly, we found that the expression of M2-like macrophages was strongly reduced by (− )-Guaiol treated mice. The 
same tendency was observed in the tumor (Fig. 2F) and spleen (Fig. 2G) microenvironment of (− )-Guaiol treated mice. 

Our results revealed that macrophages play an essential role in lung cancer-promoting. Inhibition of subcutaneous lung cancer 
growth by (− )-Guaiol requires the presence of macrophages. This effect of (− )-Guaiol in suppressing tumor growth reflected in 
suppressing M2-like macrophages in the tumor and spleen microenvironment. 

3.3. M2-like macrophages polarization and identification in vitro 

To explore the relationship between TAM and lung cancer cells, we established a M2-like macrophages model in vitro. Macro
phages were generated from mouse bone marrow using macrophage colony-stimulating factor (M-GSF) for 7 days to allow differ
entiation of monocytes into macrophages, then macrophages were exposed in IL-4 to polarize an M2 phenotype (Fig. S). 

Fig. 1. M2 macrophage promotes lung cancer expansion by secreting cytokines. (A) Venn diagram of 48 overlapping upregulated differential 
expression genes (DEGs) and (B) 91 overlapping downregulated DEGs between M2 macrophage and lung cancer. (C) GO enrichment analysis and 
(D) pathway enrichment analysis of 48 overlapping upregulated DEGs. 
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Morphological characterization of macrophages and IL-4 derived macrophages was captured by microscopy. It was shown that 
after 24H of differentiation with IL-4, the macrophages appear fusiform and extend a large number of pseudopods (Fig. 3A). Signif
icantly high expression of CD206, M2 phenotype surface marker, was detected using flow cytometry (Fig. 3B and C) and Western blot 
(Fig. 3D and E) in the IL-4 derived macrophages. Meanwhile, we observed a remarkably upregulated mRNA of Arginase-1 and anti- 
inflammatory genes (IL-10 and IL-13), as shown in Fig. 3F. 

Fig. 2. Inhibition of lung cancer growth by (− )-Guaiol requires presence of macrophages in vivo. (A) Schematic design of animal experiments. (B) 
Images of xenograft tumors in C57BL/6 mice after subcutaneous inoculation of Lewis lung carcinoma (LLC) cells. (C) The tumor size and (D) weight 
of xenograft tumors in each group at the experimental endpoint. Compared with PBS liposome group without (− )-Guaiol treatment, tumor size and 
weight in mice with (− )-Guaiol treatment was inhibited obviously (*P < 0.05). While the effects of (− )-Guaiol were not revealed in macrophage 
depletion mice. (E) Body weight of mice was no significant difference between groups after 21 days treatment. The amount of M2-like polarization 
macrophage in the (F) tumor and (G) spleen microenvironment were measured by flow cytometry. Compared with PBS liposome group without 
(− )-Guaiol treatment, the expression of M2-like macrophage was strongly reduced by (− )-Guaiol treated (***P < 0.001). Data were represented as 
means ± STD. 

Fig. 3. M2-like macrophages polarization and identification in vitro. (A) Representative pictures of macrophages and IL-4 derived macrophages at 
0H and 24H. (B) M2 phenotype surface marker was detected at 0H, 6H, 12H and 24H according to flow cytometry. (C) CD206 and F4/80 were used 
to co-stain to identify differentiated BMDM population. Compared with 0H, statistical analysis of M2-like macrophage at 24H had higher expression 
of CD206 (***P < 0.001). (D) IL-4 induced CD206 protein expression at 0H, 6H, 12H and 24H using Western blot assay. (E) Compared with 0H, 
statistical analysis of M2-like macrophage at 24H had higher expression of CD206 protein (*P < 0.05). (F) RNA from BMDMs was extracted and 
expression of Arginase1 (Arg1), IL-10 and IL-13 (M2-like macrophage markers) was calculated by quantitative real-time PCR. Compared with 0H, 
statistical analysis of M2-like macrophage markers at 24H had higher expression (***P < 0.001). Data were represented as means ± STD. Each 
group was performed with three biological replicates. All experiments were performed with three biological replicates. 
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Fig. 4. (− )-Guaiol suppresses M2 macrophages in vitro, and inhibits migration, invasion, and EMT of lung cancer cells in co-culture. (A)Cell survival 
analysis of M2 macrophages and Lewis lung carcinoma (LLC) cells treated with different doses of (− )-Guaiol using CCK8 assays. (− )-Guaiol 
abrogated the growth of M2 macrophages and LLC cells. IC50 values were 264.4 μM and 241.2 μM, respectively. (B) (− )-Guaiol treatment resulted 
in decreasing of M2-like macrophage. M2 macrophages were subjected to different gradients of (− )-Guaiol for 24 H. Compared with 0 μM, it was 
observed that 40 μM, 60 μM and 80 μM (− )-Guaiol lowered CD206 expression at the surface of M2-like macrophage significantly at different extent. 
Meanwhile, it seemed that 60 μM was the most appropriate concentration (***P < 0.001). Exposing LLC cells in the macrophage-derived condi
tioned media (CM), which intervened from (− )-Guaiol. (C–D) Wound-healing assay was used to record the migration of LLC cells in the co-culture 
system. 60 μM (− )-Guaiol treatment resulted in significantly decreasing the LLC cells migration (**P < 0.01). (E–F) LLC cells invasion were per
formed in a 24-well transwell system. Consistent with migration, 60 μM (− )-Guaiol disrupted the invasion of LLC cells (***P < 0.001). (G) mRNA 
levels of E-cadherin, N-cadherin and Vimentin of LLC cells in co-culture system were detected by RT-qPCR. 60 μM (− )-Guaiol treatment resulted in 
observably down-regulating the mRNA expression of N-cadherin and Vimentin (**P < 0.01) and up-regulating the mRNA expression of E-cadherin 
(***P < 0.001). (H) Western blot analysis of E-cadherin, Vimentin and N-cadherin protein expression of LLC cells in co-culture system. Data from 
three independent experiments were represented as means ± STD and subjected to ANOVA tests, respectively. All experiments were performed with 
three biological replicates. 
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The above results suggested that macrophages are prone to M2 phenotype after IL-4 derived 24H. 

3.4. (− )-Guaiol suppresses M2 macrophages in vitro, and inhibits migration, invasion, and EMT of lung cancer cells in co-culture 

To probe the biological role of (− )-Guaiol regulating macrophage in vitro, we exposed M2 macrophages and LLC to (− )-Guaiol 
treatment media at various concentration gradients. In the first step, we conducted independent CCK-8 experiments to evaluate the 
proliferation of M2 macrophages and LLC cells separately. IC 50 value of (− )-Guaiol works was calculated. (− )-Guaiol could abrogate 
the growth of M2 macrophage and LLC with IC 50 values 264.4 μM and 241.2 μM (Fig. 4A). Afterward, M2 macrophages were detected 
using the classic biomarker CD206 in flow cytometry [23,24]. Interestingly, we found that after 24H of treatment with (− )-Guaiol keep 
macrophage away from CD206 expression significantly. It seemed that 60 μM was the most appropriate concentration (Fig. 4B). 
Consistent observations were traced through the microscope. A large number of M2 phenotype was reshaped into the morphology of 
macrophage when exposed in 60 μM (− )-Guaiol (Fig. SB). In our previously reported that 100 μM (− )-Guaiol induces lung cancer cell 
apoptosis [25]. In this study we showed that 60uM (− )-Guaiol does not induce apoptosis of lung cancer cells in the presence and 
absence of M2 macrophages (Fig. SC). Therefore, 60 μM (− )-Guaiol was employed in the next study. It was relative safety with no 
significant toxicity to both macrophages and LLC cells. The above findings confirmed (− )-Guaiol could facilitate the remodeling of M2 
phenotype to macrophage in vitro. 

To evaluate the role of (− )-Guaiol suppresses the expansion of lung cancer cells by decreasing M2 macrophages polarization, we 
modeled a co-culture of M2 macrophages and lung cancer cells (M2/LLC). As shown in Fig. SD, exposing LLC in the macrophage- 
derived conditioned media (CM), which intervened from (− )-Guaiol. We monitored the migration and invasion of LLC cells in the 
co-culture system. As we knew, M2 macrophage accelerates lung cancer cell progression. Consistent with the report, we found that LLC 
migration was enhanced by M2-derived CM. Importantly, (− )-Guaiol significantly decreased the LLC migration in co-culture (Fig. 4C 
and D). Consistent with migration, M2-derived CM could more increase LLC invasion than macrophage-derived CM, and (− )-Guaiol 

Fig. 5. (− )-Guaiol inhibits STAT3 activation in co-culture, IL-10 is a critical signaling molecule. (A) Cytokines concentration of IL-10, IL-17 and IL- 
23 in cultured M2 supernatant (M2-CM) was determined with Enzyme-linked immunosorbent assay (ELISA). (− )-Guaiol treatment induced lowered 
secretion of IL-10 (***P < 0.001). Cytokines level was expressed as pg/ml ± STD. (B) mRNA expression of IL-10 from M2 macrophages was 
calculated by quantitative real-time PCR. It was also down-regulated by (− )-Guaiol-treated (*P < 0.05). Data were represented as means ± STD. (C) 
To unravel the mechanism driving regulation of IL-10, we detected STAT3 activation in LLC with Western blot assay. IL-10 and STAT3 phos
phorylation was stimulated in co-culture CM. meanwhile, (− )-Guaiol could suppress the IL-10 and STAT3 phosphorylation in co-culture. (D) We 
used ELISA to detect that IL-10 secretion in M2-CM was significantly decreased by IL-10 antagonist (anti-IL 10, AS 101, ***P < 0.001). Data was 
expressed as pg/ml ± STD. (E) To further validate the role of IL-10/STAT3 in (− )-Guaiol inhibits lung cancer cells EMT process in co-culture. IL-10 
antagonist (anti-IL 10, AS 101) was instead of (− )-Guaiol. Similar suppression of STAT3 phosphorylation and EMT process was observed in LLC with 
Western blot assay. All experiments were performed with three biological replicates. 
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disrupted the invasion of LLC in co-culture (Fig. 4E and F). 
E-cadherin, N-cadherin and Vimentin serve as biomarkers of EMT. We next assessed the effect of (− )-Guaiol on EMT of lung cancer 

cells in co-culture. As shown in Fig. 4G, mRNA levels of E-cadherin, N-cadherin and Vimentin were up-regulated after co-culture in LLC 
compared with control. At the same time, (− )-Guaiol could observably down-regulate the mRNA expression in LLC of E-cadherin, N- 
cadherin and Vimentin in co-culture. Moreover, a similar effect of (− )-Guaiol was observed when we detected with Western blot 
(Fig. 4H), EMT process was weakened in co-culture. 

These results demonstrate that (− )-Guaiol could suppress migration, invasion and EMT in co-culture, to a certain extent, through 
inhibiting M2-like macrophage activation. 

3.5. (− )-Guaiol inhibits STAT3 activation in co-culture, IL-10 is a critical signaling molecule 

The function of macrophages is reflected in the secreted cytokines. We proposed a hypothesis, (− )-Guaiol disturbs the soluble 
factors that communication between macrophages and lung cancer cells. To verify this hypothesis, we screened secreted mediators in 
co-culture with ELISA. 

We found three cytokines (IL-10, IL-17, IL-23) to be highly expressed in co-culture CM. Notably, (− )-Guaiol significantly decreased 
IL-10, but not IL-17 and IL-23 (Fig. 5A). mRNA expression of IL-10 was also substantially down-regulated by (− )-Guaiol in co-culture 
(Fig. 5B). Indicating IL-10 was a critical signaling molecule between macrophages and lung cancer cells for the anti-tumor effect of 
(− )-Guaiol [26]. STAT3 plays an important role in cytokine activation and EMT [27]. To unravel the mechanism driving regulation of 
IL-10, we detected STAT3 activation in LLC. As demonstrated in Fig. 5C. STAT3 phosphorylation was stimulated in co-culture CM. 
meanwhile, (− )-Guaiol could suppress the STAT3 phosphorylation in co-culture. To further validate the role of IL-10/STAT3 in 
(− )-Guaiol inhibits lung cancer cells EMT process in co-culture. IL-10 antagonist (AS 101) was instead of (− )-Guaiol. IL-10 secretion 

Fig. 6. (− )-Guaiol inhibits lung cancer EMT and IL-10 mediated STAT3 activation in vivo. (A) RNA from xenograft tissue was extracted and 
expression of Arg-1, IL-10 and EMT markers were calculated by quantitative real-time PCR. (− )-Guaiol significantly suppressed Arg-1, IL-10 and 
EMT mRNA levels in mice without macrophage depletion, while the effects were partially or not compromised in macrophage depletion mice (* all 
P < 0.05). Data were represented as means ± STD. (B) The levels of IL-10 secretion in peripheral blood of mice were measured with ELISA. 
(− )-Guaiol substantially decreased IL-10 secretion in mice without macrophage depletion but not in the macrophage depletion mice (*P < 0.05). 
Data was expressed as pg/ml ± STD. (C) We verified EMT and STAT3 activation in mice without macrophage depletion with Western blot assay. 
(− )-Guaiol weakened the EMT process and STAT3 phosphorylation compared with control. Moreover, the expression of CD206 and IL-10 as well as 
refrained by (− )-Guaiol. 
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was obviously decreased by AS 101 in co-culture CM (Fig. 5D). Similar suppression of STAT3 phosphorylation and EMT process was 
observed in LLC (Fig. 5E). Taken together, suggesting that (− )-Guaiol can inhibit lung cancer cell EMT through suppressing M2 
macrophages produce IL-10 mediated STAT3 activation. 

3.6. (− )-Guaiol inhibits lung cancer EMT and IL-10 mediated STAT3 activation in vivo 

To elucidate the relationship between (− )-Guaiol inhibiting EMT process of lung cancer and the STAT3 activation of macrophages 
in vivo, we detected the expression of EMT and STAT3 activation in macrophage depletion mice. (− )-Guaiol significantly suppressed 
EMT mRNA levels in mice without macrophage depletion, while the effects were partially or not compromised in macrophage 
depletion mice (Fig. 6A). Since IL-10 plays an important role in macrophage-mediated EMT, the levels of IL-10 secretion in peripheral 
blood of mice were measured. As shown in Fig. 6B. (− )-Guaiol substantially decreased IL-10 secretion in mice without macrophage 
depletion but not in the macrophage depletion mice. We verified EMT and STAT3 activation in mice without macrophage depletion. 
(− )-Guaiol weakened the EMT process and STAT3 phosphorylation compared with control. Moreover, the expression of CD206 and IL- 
10 as well as refrained by (− )-Guaiol (Fig. 6C). 

In brief, the effect of (− )-Guaiol on lung cancer EMT process is, to some extent, mediated through IL-10/STAT3 signaling pathway. 

4. Discussion 

Macrophages are highly plastic immune cells in response to the located environment. The cross-talk between tumor cells and 
macrophages within the micro-environment contributes to cancer progression. Accumulated evidence demonstrated that the high 
expression of TAMs is negatively correlated with the prognosis of lung cancer patients [13,28]. Metastatic lesion exhibited elevated 
M2-like macrophage infiltration compared with primary lung tumors [29]. Targeting macrophage polarization is a potential thera
peutic strategy in cancer therapy. In our present study, (− )-Guaiol showed an educate macrophage effect. By performing in vivo 
investigate in mouse model of macrophage depletion, (− )-Guaiol reduced the expression of M2-like macrophages in tumor tissue and 
spleen, but not the M1-like macrophages. In vitro study, we further verified the act of inhibiting manner to M2-like macrophages. In 
addition, we demonstrated (− )-Guaiol hold lung cancer growth in vivo, and prevent migration, invasion and EMT of lung cancer cells 
in co-culture. Interestingly, (− )-Guaiol exhibited active inhibitory function in lung cancer through suppressing M2-like macrophages 
either in vivo or in vitro studies. 

Most of the function of TAMs attributes to secreting soluble factors which emitted by TAMs [30]. These TAMs-derived factors 
modulate the cross-talk between TAMs and lung cancer, as well as involve in the initiation and progression of EMT. Multiple cytokines 
and chemokines have been suggested to play a critical role as mediators of EMT process, including growth factors TGFβ, EGF [31,32], 
anti-inflammatory cytokine IL-10 [33], inflammatory cytokines IL-6, TNFα [34,35], chemokines CCL18, CCL22 [36–38], proteolytic 
enzyme MMPs [39]. Collectively, targeting these soluble factors could be the potential treatment strategies to interrupt the cross-talk 
between macrophages and EMT process of lung cancer. In accordance, integrating bioinformatics analysis provide evidence con
cerning the significance M2 macrophages in promoting lung cancer from functional genomic research angle. The enrichment analysis 
suggested that M2 secreted soluble factors as a critical lung cancer promotor by activating cytokines receptor signaling pathways. 
Here, we identified M2 secreted cytokines IL-10, IL-17, and IL-23 highly expressed in response to co-culture. Notably, only IL-10 
secretion and mRNA expression were significantly decreased by (− )-Guaiol in co-culture. Our study revealed that IL-10 was a crit
ical signaling molecule between macrophages and lung cancer cells for the anti-tumor effect of (− )-Guaiol. 

Previous pieces of evidence suggested EMT associated phenotypes can be evoked by intracellular signaling pathways that are 
motivated when epithelial cells accept some specific signals from stromal microenvironment cells released [40]. New transcriptional 
procedures facilitate epithelial cells to mesenchymal changes [41], including deficiency of E-cadherin, acquisition of Vimentin, 
Fibronectin, N-cadherin, and overexpression of transcription factors Snail, Slug, Twist and Zeb1/2. Cytokines bind to their receptors 
trigger the phosphorylation and activation of Janus kinases (JAKs) and signal transducer and activator of transcription proteins 
(STATs); STAT dimers activate leading to induction of EMT in cancers [42]. Suppressor of cytokine limited EMT via JAK/STAT3 
pathway in lung carcinoma [43,44]. Secretion of M2 macrophage-derived IL-10 could be induced by lung cancer cells [45–48]. In our 
vitro co-culture assay, we demonstrated that M2 macrophage-derived IL-10 facilitating STAT3 phosphorylation and activating EMT. In 
accordance, the systemic depletion of IL-10 (AS 101, IL-10 antagonist) leads to suppression of STAT3 phosphorylation and reversion of 
EMT. These results suggest the STAT3 signaling pathway involved in IL-10 mediated EMT in lung cancer. Notably, the activation of 
STAT3 and EMT was attenuated when LLC cells were treated by (− )-Guaiol in co-culture. Similar results were observed in vivo 
macrophage depleted mice model. After 3 weeks treatment of (− )-Guaiol, the expression of IL-10 level was decreased in peripheral 
blood. Simultaneously, STAT3 phosphorylation and EMT were suppressed in subcutaneous tumor of lung cancer. Taken together, it 
could be considered (− )-Guaiol disturbing the IL-10 regulated STAT3 signaling pathway. 

In summary, we demonstrated that (− )-Guaiol, as an inhibitor of M2 macrophages, was validated an EMT reversed role possibly by 
targeting IL-10 to mediate STAT3 activation in vitro and in vivo assay. For the first time, our studies demonstrated that (− )-Guaiol 
plays a vital role in educating macrophages. We put our emphasis on understanding the inhibition effects of (− )-Guaiol on M2 
macrophages. Our results propose a potential approach on lung cancer therapy by combining the plasticity of macrophages with anti- 
tumor effect of (− )-Guaiol. 

There is a “paracrine feedback loop” to explain how lung cancer cells to induce M2 macrophages to secrete pro-tumor cytokines. 
However, we here should point out that polarization of macrophages is a complex process with multiple cytokines, chemokines, and 
growth factors secreted by macrophages and cancer cells [49,50]. Thus, it is worth in-depth identifying and targeting such cross-talk, 
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which represents a potential immunotherapeutic strategy for lung cancer. Future research endeavors ought to explore the regulatory 
relationship between (− )-Guaiol and other immune cells after the clearance of M2 macrophages. 

5. Conclusions 

In conclusion, our data suggested that (− )-Guaiol is a potential suppressor in M2 macrophages. IL-10, as the critical signaling 
molecule between M2 macrophages and lung cancer cells, can be blocked by (− )-Guaiol. EMT reverse effects of (− )-Guaiol were 
represented in the ability to prevent STAT3 activation through decreasing M2-derived IL-10. All of results in this study propose 
(− )-Guaiol can be a potential immune therapeutic candidate for the treatment of lung cancer. 
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