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Abstract

Introduction: Macrophages are the primary cells of the mononuclear system. Studies have demon-
strated that macrophages play an active role in the pathophysiology of cancers due to their remarkable 
adaptation capacities. The objective of this investigation was to examine the impact of apelin on mac-
rophage polarization in the colon cancer microenvironment.

Material and methods: In this study, the colon adenocarcinoma cell line SW480 and mouse macro- 
phage cells RAW264.7 were used. Using shRNA, expression of the apelin gene was suppressed in SW480 
cells. RAW264.7 cells were co-cultured with SW480 cells with the apelin gene silenced and no shRNA 
introduced. qRT-PCR and protein expression analysis were applied to assess the effect of apelin on 
inflammation-related genes and proteins, respectively, in co-cultured RAW264.7 cells. 

Results: In comparison to the control, apelin knockdown led to significantly lower apelin expression 
in SW480 cells and a significant greater pro-inflammatory response in co-cultured macrophages. The ex-
pression levels of tumor necrosis factor α (TNF-α), interleukin (IL)-6, and IL-1 genes were significantly 
elevated, while the amount of IL-10, which is known as an anti-inflammatory cytokine, was dramatically 
decreased. Pro-inflammatory genes, namely IL-1, IL-2 and TNF-α, were found to be downregulated, and 
anti-inflammatory genes, including IL-10 and transforming growth factor b (TGF-β), were found to be 
upregulated in the apelin-knockdown group compared to the control. Remarkably, the expression levels 
of IL-1, IL-6, and TNF-α proteins, which are involved in macrophage polarization, were in agreement 
with the qRT-PCR data.

Conclusions: These results indicate that the apelin peptide may be associated with the dense pres-
ence of M2-type macrophages in the cancer microenvironment, suggesting it as a therapeutic target 
for cancer cells.
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Introduction

Colorectal cancer (CRC) is one of the most frequently 
diagnosed malignant tumours. Recently, CRC has been 
revealed to be closely associated with chronic inflamma-
tion after being observed in inflammatory bowel diseases 
such as ulcerative colitis or Crohn’s disease [1, 2]. Stud-
ies showed that CRC is positively correlated with obesity. 
Changes in insulin resistance, chronic inflammation, and 
changing growth factors or adipokine levels can effectively 
explain this relationship between obesity and CRC [3].

Apelin is a peptide expressed in various tissues such 
as brain, liver, kidney, heart, lung, gastrointestinal tract, 

adrenal gland, adipose tissue, and endothelium [4]. It 
acts through a series of signalling events that results in 
activation of the ERK and PI3K/Akt pathway, enhancing 
growth and survival in cells by binding to the apelin recep-
tor (APJ), a G protein-coupled receptor [5]. Physiological 
functions of apelin include regulation of blood pressure, 
of insulin and histamine release, of angiogenesis, and 
of fluid and food intake [6]. High apelin levels have been 
associated with several cancer types, including cholangio-
carcinoma, prostate, oral, ovarian, colon, endometrial, lung 
and gastroesophageal cancers, being a potential marker for 
cancer progression. Moreover, it also promotes metastasis 
due to increased proliferation, migration, invasion, and re-
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sistance to apoptosis [7]. Higher apelin and APJ gene ex-
pression levels were detected in hepatocellular carcinoma, 
in human colon adenomas and adenocarcinomas compared 
to healthy tissues [8, 9]. However, exogenous apelin has 
been found to exert anti-apoptotic effects on colon cancer 
cells [10]. Upon binding of apelin to its receptor, APJ, it 
can induce lymphatic invasion. Additionally, serum ape-
lin levels were detected to be higher in obese endometrial 
cancer patients than in patients with a normal body mass 
index [11]. A study conducted on 30 patients diagnosed 
with high-grade serous ovarian cancer indicated lymph 
node metastasis caused by apelin immunoreactivity [12].

Macrophages are a very important component of the tu-
mour microenvironment. M1-like macrophages show an-
titumor effects by activating inflammation, while M2-like 
macrophages support tumour formation and progression 
by stimulating cytokines [13]. The purpose of this research 
was to examine how macrophages in the cancer microenvi-
ronment are affected by cancer-derived apelin expression.

Material and methods

Cell culture

Proliferation of colon adenocarcinoma cell line SW480 
(ATCC CCL-228) and murine macrophage cell line RAW 
264.7 (ATCC TIB-71) in DMEM supplemented with 10% 
fetal bovine serum, 2 mM L-glutamine, and 1% penicil-
lin-streptomycin was maintained in an incubator with 
95% humidity and 5% CO

2
 until sufficient growth was 

achieved.

Co-culturing of SW480 and RAW264.7

SW480 cells were plated at a density of 5 × 104 cells 
per well in a 6-well plate. Concurrently, 5 × 104 RAW264.7 
cells were seeded onto the 0.4 μm pore inserts. These two 
cells were co-cultured at 37°C with 5% CO

2
 for a duration 

of 24 hours. The RAW264.7 cell insertions were moved to 
six-well plates containing SW480 cells after a 24-hour pe-
riod. Co-culture was ready for mRNA analysis at 48 hours.

Fluorescent microscopy imaging

The presence of TurboGFP in transduced SW480 cells 
was monitored using a Zeiss Colibri 7 fluorescent micro-
scope (Germany). Images were taken at an emission of  
475 nm and at an excitation of 555 nm on a 6-well plate. 
Afterwards, cell/colony numbers were counted from 
the obtained images.

Lentiviral transduction by shRNA

Silencing of the apelin gene was performed using 
the Dharmacon GIPZ lentiviral shRNA (Horizon Discov-
ery, Compound Kingdom) system following the manu-
facturer’s protocol. 5 × 104 SW480 cells were seeded per 

well in a 24-well medium plate. After 24 hours of incu-
bation, the medium was withdrawn, and the cells were 
treated with shRNA lentiviral particles. The incubation 
medium was not supplemented with any serum or anti-
biotics during the transduction phase. Non-transduced  
SW480 cells served as the control during transduction, 
SW480 cells treated with plasmid-free viral particles 
were identified as the negative control, and SW480 cells 
treated with a combination of the V3LHS_401189 and 
V3LHS_401190 plasmids (Dharmacon, UK) were iden-
tified as the shRNA cells. After transduction, the medium 
(including serum and antibiotics) was added, and then 
the presence of green fluorescent protein (GFP) was de-
tected by microscopic fluorescent examination at the end 
of 48 hours. The GFP signal indicated successful trans-
duction. GFP expression was less than 90%. Therefore, 
background non-transduced cells were completely elimi-
nated by puromycin. Cells were fed with selective medium 
every 2-3 days and GFP analysis was performed every day. 
Non-transduced cells were eliminated after 6-7 days. All 
cells obtained at the end of this period were considered 
as successfully transduced cells. Once the transduction 
efficiency reached an acceptable level, the level of the si-
lenced gene was measured by qRT-PCR analysis.

RNA isolation and cDNA synthesis

Total RNA isolation from cancer cells and macro-
phages, which were removed appropriately at the end 
of the desired periods and applications in the indirect cul-
ture system, was carried out using TRIzol in accordance 
with the manufacturer’s instructions. cDNA synthesis from 
quality-controlled RNA samples was performed using a kit 
(Bio-Rad iScript cDNA Synthesis, USA) according to 
the manufacturer’s instructions.

Quantitative real-time PCR (qRT-PCR) analysis

Primer designs of target genes were carried out using 
the Primer Quest (http://eu.idtdna.com/home/home.aspx) 
program. To determine gene expression differences in di-
rect and indirect co-cultures of SW480 and RAW264.7, 
a Bio-Rad CFX Connect device was used for qRT-PCR 
analysis. The list of primers for genes of interest is present-
ed in Table 1 [13]. The reaction was carried out in accor-
dance with the protocol that we had previously optimized 
[13]. GAPDH was used as an internal control to normalize 
qRT-PCR data.

Enzyme-linked immunosorbent assay (ELISA)

Protein levels of pro-inflammatory and anti-inflammato-
ry cytokines, which were found to have significant changes 
following qRT-PCR analysis, were further analysed via an 
ELISA (Shanghai SunRed Biological Technologies, China). 
Optical density (OD) was measured at 450 nm using an 
ELISA reader (Epoch, USA). Determination of changes in 
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the levels of cytokines provided information about the trans-
formation of macrophages into M1 or M2 type.

Statistical analysis

Using the 2-ΔΔCt method, the relative expression level 
of each target gene was calculated in the study after being 
standardized with the reference gene. A multiple t-test was 
used to assess each group’s levels of gene expression and 
cytokine levels using the GraphPad Prism version 9.2.0 
software. A p-value of less than 0.05 was considered as 
statistically significant.

Results

Kill curve analysis in puromycin applied SW480 
cells

Previous studies showed that puromycin, a selective 
antibiotic for mammalian cells, is frequently and safely 
used at 2-10 µg/ml. In this study, kill curve analysis was 

performed for SW480 cells at and below this dose range, 
and doses of 2 µg/ml and above were found to be cyto-
toxic for all cells. However, it was determined that a dos-
age of 1.5-2 µg/ml can be applied as a selective dose in 
non-transduced SW480 cells (Fig. 1).

Fluorescent microscopic examination 
of TurboGFP protein expression in transduced 
cells

The transduction unit was calculated by counting each 
cell or colony with TurboGFP irradiation. In this study, 
the transduction unit was found to be 200,000 (TU/ml). 
TurboGFP fluorescence, which was observed as the first 
sign of transduction, was detected 72 hours after transduc-
tion. In cells under low radiance (> 90%), apelin shRNA 
transduced SW480 cells were separated by puromycin se-
lection for approximately 10 days (Fig. 2).

Control of apelin expression in SW480 cells 
transduced with shRNA by qRT-PCR analysis

Apelin expression of transduced and non-transduc-
ed SW480 cells was determined by qRT-PCR analysis.  
It was observed that the combined application of plasmids 
achieved 85% silencing compared to the control cells  
(p < 0.01; Fig. 3). A non-significantly higher value was 
detected in the negative control compared to the control 
(p > 0.05).

Expression changes of inflammation-related 
genes after co-culturing in RAW264.7 cells

The expression levels of cytokines in macrophages, 
which were co-cultured with apelin gene-suppressed 
SW480 cells, were examined via qRT-PCR analysis, 
and the relative fold changes are illustrated in Figure 4. 
IL-1 expression was significantly lower in the presence 
of apelin, while it was significantly higher in the ab-
sence of apelin compared to the control (p < 0.05; Fig. 4). 

Table 1. List of primers used in this study

Gene Forward primer (5′→3′) Reverse primer (5′→3′) PCR (bp)

Ape TGCTCTGGCTCTCCTTGA AAAGGCATGGGTCCCTTATG 166

IL-1 GATCCCAAACAATACCCAAAGAAG AGGTGCTGATGTACCAGTTG 118

IL-6 CTTCCATCCAGTTGCCTTCT CTCCGACTTGTGAAGTGGTATAG 134

IL-10 CTATGCTGCCTGCTCTTACTG GGGAAGTGGGTGCAGTTATT 83

TNF-α CGATGGGTTGTACCTTGTCTAC GCAGAGAGGAGGTTGACTTTC 129

TNF-β CTGAACCAAGGAGACGGAATAC GGGCTGATCCCGTTGATTT 101

MCP-1 TCCACTCTACTCCCTGGTATTC TGGCCAAGTTGAGCAGATAG 119 

CD86 GGGCTTGGCAATCCTTATCT CAGCTCACTCAGGCTTATGTT 139

CD163 CAGACTGGTTGGAGGAGAAATC CAGCTTCCAGAGACAAGTCAA 101

GAPDH TGAACGGGAAGCTCACTGG TCCACCACCCTGTTGCTGTA 307

Fig. 1. Effect of puromycin on SW480 cells
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Although IL-6 expression level was non-significant-
ly downregulated in the presence of apelin, it was sig-
nificantly upregulated in the apelin-knockdown cells  
(p < 0.05). Gene expression changes of both pro-inflam-
matory cytokines indicated that macrophage cells change 
the cytokine profile in response to apelin absence. Sim-
ilarly, the expression levels of TNF-α and TGF-β were 
higher in apelin-suppressed cells compared to control cells. 
The TNF-α level was lower (p < 0.05) while the TGF-β 
level was significantly higher (p < 0.01) in the presence 
of apelin compared to the control (Fig. 4). MCP-1, which 
is an effective cytokine in the recruitment of macrophages, 
was dramatically upregulated regardless of the presence  
(p < 0.05) or absence (p < 0.01) of apelin (Fig. 4).

Expression changes of cell surface markers  
for macrophages in RAW264.7 cells

Gene expression levels of cell surface markers after 
co-culture of macrophage cells with ape (+) and ape (–) 
SW480 cells were detected via qRT-PCR analysis. Al-
though CD86 expression was significantly lower in macro-
phages co-cultured with the ape (+) group, CD163 expres-
sion was higher in the presence of apelin as compared to 
control cells (p < 0.05; Fig. 5). In the ape (–) group, where 
apelin was suppressed, CD86 was significantly higher  
(p < 0.05), while CD163 was significantly lower (p < 0.01) 
compared to control cells (Fig. 5).

Measurement of cytokine levels via ELISA assay

The expression levels of interleukin (IL)-1 and IL-6 
at the protein level were lower in RAW264.7 macrophage 
cells co-cultured with ape (+) cells compared to control 
cells (p < 0.05; Fig. 6). However, IL-1 and IL-6 protein 

levels were higher in RAW264.7 cells co-cultured with 
SW480 cells in which the apelin gene was suppressed  
(p < 0.01; Fig. 6). Similarly, tumor necrosis factor α 
(TNF-α) protein levels were also lower in the presence 
of apelin (p < 0.01) and higher in the absence of apelin  
(p < 0.01) compared to control cells (Fig. 6).

Discussion
Macrophages are cells that suppress inflammation 

in the tissues upon induction of an immune response. 

Fig. 2. A) Bright field (20× magnification), B) fluorescent (20× magnification) microscopy images of SW480 cells 
transduced with apelin shRNA lentiviral vectors expressing green fluorescent protein (TurboGFP). Scale bar 100 μm

A B

Fig. 3. Relative expression levels of apelin gene in non- 
transduced negative control and apelin shRNA lentiviral 
transduced cells compared to scrambled shRNA trans-
duced control cells (**p < 0.01, ns – not significant)
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Through their high plasticity capacities, macrophages are 
involved in the formation, maintenance, and completion 
of the inflammatory response [14]. They have an import-
ant role in maintenance of homeostasis. While M1 mac-
rophages provide the formation of a mutagenic microen-
vironment, M2 macrophages promote tumour progression 
[15]. The involvement of macrophages in the cancer niche 
acts as a protective barrier to kill tumour cells, explaining 
their potential roles in cancer therapy. For this purpose, it 
is critically important to elucidate the communication be-
tween cancer cells and macrophages.

Apelin is expressed in various tissues such as the brain, 
liver, kidney, heart, lung, gastrointestinal tract, adrenal 
gland, adipose tissue, and endothelium [4]. Apelin and 
its receptor, APJ, were reported to have elevated mRNA 
and protein levels in CRC tissues compared to normal tis-
sues [16]. Immunohistochemical data have also indicated 
the overexpression of apelin and APJ in human colon ade-
nomas and adenocarcinomas [10]. Similar to these results, 
our study also showed high apelin expression in colon can-
cer and changed macrophage polarity in the cancer micro-
environment. According to our data, it was observed that 

Fig. 4. Relative expression levels of inflammation-related genes in RAW264.7 cells co-cultured with apelin shRNA 
lentiviral plasmid transduced or non-transduced SW480 cells. (*p < 0.05, **p < 0.01, ns – not significant)
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IL-1, IL-6 and TNF-α protein expression levels were ele-
vated when the apelin gene was suppressed using a shRNA 
lentiviral vector. Our results suggested that the pro-inflam-
matory response was activated in the absence of apelin. 
However, the protein levels of these cytokines significantly 
decreased in the presence of apelin, making the environ-
ment immunosuppressive. 

In co-cultured cells, the anti-inflammatory effects 
of apelin through the suppression of pro-inflammatory 
cytokines have been demonstrated in in vitro and in vivo 
studies. It has been reported that apelin exhibits anti-in-
flammatory functions by reducing TNF-α and IL-6 in rat 

peritoneal macrophages [17, 18]. In this study, TNF-α 
and IL-6 gene expression was suppressed in ape (+) cells  
(Fig. 4), which was compatible with the literature. In this 
case, it is possible that apelin has anti-inflammatory prop-
erties that downregulate the functions of activated mac-
rophages. 

Interleukin 10 is expressed in both M1 and M2 mac-
rophage types, but the level in M1 type macrophages 
was significantly lower. It has a key role in the formation 
of the immunosuppressive microenvironment. Transform-
ing growth factor β (TGF-β) is released from epithelial 
cells under normal physiological conditions and acts as 
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a tumour suppressor. TGF-β is involved in the regulation 
of cell proliferation, apoptosis, differentiation and motility. 
TGF-β also limits proliferation in different tissues such as 
thyroid, hepatocytes, colon, and breast epithelial cells [19]. 
Increased IL-10 and TGF-β causes facilitated angiogenesis 
and increase of the growth and size of tumours [20]. The el-
evated IL-10 and TGF-β mRNA transcripts in the ape (+) 
group show that they direct the process in the favour of tu-
mour progression. VEGF and MCP-1 proteins were also 
detected in the microenvironment of breast cancer cells [21, 
22]. Moreover, MCP-1 enables the recruitment of M2-type 
macrophages to the tumour microenvironment [23]. In this 
study, it was observed that MCP-1 gene expression was 
significantly elevated in the presence of apelin, suggesting 
a potential role of apelin in macrophage polarization.

The functions of apelin in the cancer microenvironment 
through macrophages must be further clarified, and its im-
pact on all cell types must be examined. It has been report-
ed that the suppression of apelin in head and neck cancer 
increases the pro-inflammatory response of co-cultured 
macrophages [13]. The transformation of macrophages 
into M2 type creates an immunosuppressive environment 
providing appropriate conditions for cancer progression. 
Similarly, recent cancer-associated fibroblast (CAF) stud-
ies have also indicated that the suppression of apelin in 
cancer cells alters the cancer microenvironment, promoting 
tumour growth, invasion, and metastasis [24]. The undeni-
able role of apelin in the cancer microenvironment seems 
to be a promising strategy for cancer treatment.

Funding
This research received no external funding.

Disclosures
Approval of the Bioethics Committee was not required.
The authors declare no conflict of interest.

References
1.	West NR, McCuaig S, Franchini F, Powrie F (2015): Emerg-

ing cytokine networks in colorectal cancer. Nat Rev Immunol 
15: 615-629.

2.	Lasry A, Zinger A, Ben-Neriah Y (2016): Inflammatory net-
works underlying colorectal cancer. Nat Immunol 17: 230-
240.

3.	Jochem C, Leitzmann M (2016): Obesity and colorectal can-
cer. Recent Results Cancer Res 208: 17-41.

4.	Kadowaki T, Yamauchi T (2005): Adiponectin and adiponec-
tin receptors. Endocr Rev 26: 439-451.

5.	Carpéné C, Dray C, Attané C, et al. (2007): Expanding role 
for the apelin/APJ system in physiopathology. J Physiol Bio-
chem 63: 359-373.

6.	Boucher J, Masri B, Daviaud D, et al. (2005): Apelin, a new-
ly identified adipokine up-regulated by insulin and obesity.  
Endocrinology 146: 1764-1771.

7.	Wysocka MB, Pietraszek-Gremplewicz K, Nowak D (2018): 
The role of apelin in cardiovascular diseases, obesity and can-
cer. Front Physiol 9: 557-566.

8.	Lin ZY, Chuang WL (2013): Hepatocellular carcinoma cells 
cause different responses in expressions of cancer-promoting 
genes in different cancer-associated fibroblasts. Kaohsiung  
J Med Sci 29: 312-318.

9.	Lv D, Li L, Lu Q, et al. (2016): PAK1-cofilin phosphorylation 
mediates human lung adenocarcinoma cells migration induced 
by apelin-13. Clin Exp Pharmacol Physiol 43: 569-579.

10.	Picault FX, Chaves‑Almagro C, Projetti F, et al. (2014): Tu-
mour co‑expression of apelin and its receptor is the basis of an 
autocrine loop involved in the growth of colon adenocarcino-
mas. Eur J Cancer 50: 663‑674.

11.	Altinkaya SO, Nergiz S, Küçük M, Yüksel H (2015): Apelin 
levels are higher in obese patients with endometrial cancer.  
J Obstet Gynaecol Res 41: 294-300.

12.	Unal I, Khiavi IR, Tasar GE, et al. (2020): Tumor apelin im-
munoreactivity is correlated with body mass index in ovarian 
high grade serous carcinoma. Biotech Histochem 95: 27-36.

13.	Çelik FS, Güneş CE, Yavuz E, Kurar E (2023): Apelin trig-
gers macrophage polarization to M2 type in head and neck 
cancer. Immunobiology 228: 152353.

14.	Kawai T, Akira S (2010): The role of pattern-recognition 
receptors in innate immunity: update on Toll-like receptors.  
Nat Immunol 11: 373-384.

15.	Salmaninejad A, Valilou SF, Soltani A, et al. (2019): Tu-
mor-associated macrophages: role in cancer development and 
therapeutic implications. Cell Oncol 42: 591-608.

16.	Podgórska M, Diakowska D, Pietraszek‑Gremplewicz K, et al. 
(2019): Evaluation of apelin and apelin receptor level in 
the primary tumor and serum of colorectal cancer patients.  
J Clin Med 8: 1513.

17.	Xin Q, Cheng B, Pan Y, et al. (2015): Neuroprotective effects 
of apelin-13 on experimental ischemic stroke through sup-
pression of inflammation. Peptides 63: 55-62.

18.	Cui J, Ren Z, Zou W, Jiang Y (2017): miR-497 accelerates 
oxidized low-density lipoprotein-induced lipid accumulation 
in macrophages by repressing the expression of apelin. Cell 
Biol Int 41: 1012-1019.

19.	Massague J (2012): TGFb signaling in context. Nat Rev Mol 
Cell Biol 13: 616-630.

20.	Cao W, Peters JH, Nieman D, et al. (2015): Macrophage 
subtype predicts lymph node metastasis in oesophageal ad-
enocarcinoma and promotes cancer cell invasion in vitro. Br  
J Cancer 113: 738-746.

21.	Barbera-Guillem E, Nyhus JK, Wolford CC, et al. (2022): 
Vascular endothelial growth factor secretion by tumor-infil-
trating macrophages essentially supports tumor angiogenesis, 
and IgG immune complexes potentiate the process. Cancer 
Res 62: 7042-7049.

22.	Qian BZ, Li J, Zhang H, et al. (2011): CCL2 recruits inflam-
matory monocytes to facilitate breast- tumour metastasis.  
Nature 475: 222-225.

23.	Allavena P, Chieppa M, Monti P, Piemonti L (2004): From 
pattern recognition receptor to regulator of homeostasis: 
the double-faced macrophage mannose receptor. Crit Rev 
Immunol 24: 179-192.

24.	Saiki H, Hayashi Y, Yoshii S, et al. (2023): The apelin‑apelin 
receptor signaling pathway in fibroblasts is involved in tumor 
growth via p53 expression of cancer cells. Int J Oncol 63: 139.


