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ABSTRACT 

Background and Aims: The chronic inflammatory process in the adipose tissue during obesity suggests 

constant polarization of classically activated macrophages (M1) and low polarization of alternately 

activated ones (M2). Since irisin has anti-inflammatory and antidiabetogenic properties our aim is to 

evaluate its effects on macrophage polarization in mice subjected to high fat diet. Methods and Results: 

C57Bl/6 mice were fed a high fat diet for 30 weeks. Bone marrow derived macrophages (BMDM) were 

isolated and incubated with 50 nM of irisin. Cellular phenotype, nitrite production, arginase-1 expression 

and cell viability were analyzed. Irisin was able to increase F480+CD206+ and F480+CD301+ cell number, 

and arginase1 expression. Irisin was not able to induce nitrite production and did not affect cell viability. 

Conclusion: Irisin was able to elicit an M2-like profile in macrophages in mice subjected to high fat diet, 

suggesting an anti-inflammatory action of this cytokine with potential therapeutic use in the control of 

imflammation during obesity. 

Keywords: Obesity; Irisin; Macrophage. 

 

 

RESUMO 

Introdução e Objetivos: O processo inflamatório crônico no tecido adipose durante a obesidade sugere uma 

polarização constante de macrófagos classicamente ativados (M1) e baixa polarização dos alternativamente 

ativados (M2). Como a irisina possui um potencial antiinflamatório e propriedades antidiabetogênicas, 

nosso objetivo foi avaliar seus efeitos na polarização de macrófagos em camundongos submetidos à dieta 

hiperlipídica. Métodos: camundongos C57Bl/6 foram alimentados com dieta hiperlipídica por 30 semanas. 

Macrófagos derivados de medula (BMDM) foram isolados e incubados com 50 nM de irisina. O fenótipo 

celular, a produção de nitrito, a expressão de arginase-1 e a viabilidade celular foram analisados. A irisina 

foi capaz de aumentar o número de células F480+CD206+ e F480+CD301+ e a expressão de arginase-1. A 

irisina não induziu a produção de nitrito e não afetou a viabilidade celular. Conclusão: A irisina foi capaz 

de promover um perfil M2 em macrófagos de camundongos submetidos à dieta hiperlipídica, sugerindo 

uma ação antiinflamatória desta citocina com potencial terapêutico no controle da inflamação na obesidade. 

Palavras-chave: Obesidade; Irisina; Macrófago. 
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INTRODUCTION  

Obesity is described as a multifactorial disease characterized by expansion of 

adipose tissue involving genetic and environmental factors related to the imbalance 

between caloric intake and energy expenditure (Spiegelman & Flier, 2001). It is a major 

risk factor for other diseases, such as insulin resistance and type 2 diabetes mellitus, 

cardiovascular diseases and some types of cancer (Shimobayashi et al., 2018). It is 

considered a low-grade chronic inflammation (Liu et al., 2014) with the presence of 

crown-shaped aggregates of macrophages in the adipose tissue and higher levels of 

circulating inflammatory cytokines (De Heredia et al., 2012).  

It is already known that there is an increase in the number of M1 macrophages 

(classically activated) in the adipose tissue. On the other hand, in lean healthy subjects, 

the number of M2 macrophages (alternatively activated) predominates. 

M1 macrophages are generally stimulated by T-helper 1 (Th1) type of cytokine 

and have high levels of proinflammatory cytokines secretion and nitric oxide (NO) 

production. Meanwhile, M2 macrophages have an immunosuppressive role and are 

associated with tissue remodeling and inflammation resolution, involving high 

phagocytic capacity and arginase-1 (Arg1) and PPAR-γ expression (Biswas & 

Mantovani, 2010; Castoldi et al., 2016).  

It is already known that physical activity can reduce inflammation in lean and 

obese subjects (Han et al., 2019; Phillips et al., 2017) and proposed mechanisms to 

achieve this effect are: 1) increased release of anti-inflammatory myokines by contracting 

muscles (Gleeson et al., 2011) and 2) switch from M1 to M2 macrophage profile, 

decreasing the levels of pro-inflammatory cytokines (Bobinski et al., 2018; Gleeson et 

al., 2011; Kawanishi et al., 2010; Leung et al., 2016). 

In 2012, a protein named irisin was described, released through clivation of the 

myokine named FNDC5 (Fibronectin type III domain-containing protein 5) and 

stimulated by physical activity, PGC1α and PPAR-γ (Boström et al., 2012). It is a peptide 

able to increase UCP-1 and mitochondria levels in white adipose tissue, inducing 

thermogenesis and browning of adipose tissue (Boström et al., 2012; Moreno-Navarrete 

et al., 2013).  

Irisin is also able to modulate chronic inflammatory processes in different 

systemic diseases (Mazur-Bialy, 2017; Shao et al., 2017), suggesting a potential anti-

inflammatory role. One of the mechanisms involved in irisin’s anti-inflammatory 

functions is inducing M2-type macrophage polarization (Slate-Romano et al., 2022). 
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It has already been described that irisin alleviates acute lung injury (ALI) induced 

by LPS via modulating M1/M2 polarization of macrophage (Tu et al., 2023).  

Due to the anti-inflammatory and antidiabetogenic properties of irisin our aim is 

to evaluate its effects on macrophage polarization in animals subjected to high fat diet. 

 

MATERIALS AND METHODS 

Animal care 

This study followed the Principles of Laboratory Animal Care published by US 

National Institute of Health (NIH publication, 1985) and was approved by the State 

University of Rio de Janeiro Committee for Animal Experimentation (number 23/2016).  

Recently weaned male C57BL/6 mice (n=6) were used in the experiments and housed in 

ventilated microisolator cages under controlled conditions of light (12:12 hours light/dark 

cycle) and temperature (21.0±1.0°C) with chow and water provided ad libitum. 

 

Experimental design 

Immediately after the weaning period animals were fed a high fat diet with 62% 

of energy derived from fat for 30 weeks. Body weight was measured weekly. 

Bone marrow cells were then extracted, differentiated into macrophages and then 

incubated with 50 nM of irisin (IRI) (described below). Their phenotype, nitrite 

production, arginase-1 expression, and cell viability were analyzed. 

 

Preparation of differentiation medium (LCM Differentiation Medium) 

Cells of fibroblastic origin L929 were maintained in culture (5% CO2 at 37ºC) in 

medium bottle (75 cm²; Corning®) until they reached confluence. When confluent, the 

entire content of the bottle was passed to a large bottle (150 cm²) with 25 ml Dulbeco’s 

modified essential medium (DMEM) (Gibco Invitrogen Corporation®) containing 10% 

fetal bovine serum (FBS). Upon reaching confluence, the medium was exchanged for 50 

mL DMEM + 10% FBS. After 7 days in culture, the cell supernatant was collected, 

filtered on 0.2 µM polyethersulfone membrane (GVS® Filter Technology) and stored in 

the freezer at -80ºC until use. 

 

Preparation of Bone Marrow Derived Macrophages (BMDM) 

After 30 weeks with high fat diet, animals were euthanized in a carbon dioxide 

(CO2) chamber and had their hind legs removed for femur and tibia isolation. In a sterile 
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environment, skin and muscles surrounding the bones were removed with the help of 

tweezers. Bones were washed in sterile PBS, inserted into conic polystyrene tubes and 

centrifuged at 400 x g for 5 min to remove bone marrow cells. Cells were then 

resuspended and cultivated in DMEM medium containing 15% LCM (differentiation 

medium). All surgical materials were sterilized.  

Cells were kept at 37ºC at 5% CO2 atmosphere for 7 days for macrophage 

differentiation, when they were removed from the bottles, plated either in 96-well or 24-

well plates and left in a CO2 incubator for 90 min for adhesion.  

For MTT assay, BMDM were plated in 96-well plates at a density of 2x105 cells 

per well. For flow cytometry and nitrite production, BMDM were plated in 24-well plates 

at a density of 1x106 cells per well. 

 

Bone Marrow Derived Macrophage Polarization 

For BMDM polarization, half of the differentiation medium was removed and 

replace by specific polarization medium. For M1 differentiation, BMDM were stimulated 

with LPS (1 µg/ml) and IFN-γ (1000 ng/ml) for 72 hours. For M2 differentiation, BMDM 

were stimulated with IL-4 (20 ng/ml) for 72 hours. 

For irisin treatment, BMDM were maintained for 48 h with DMEM medium 

containing 15% LCM. Then, half of the differentiation medium was removed and 

replaced by DMEM supplemented with 10% SFB and 50 nM of irisin for the next 24 h.  

Macrophages without any stimulation were used as control (M0).  

 

Flow Cytometry 

BMDM cells (1x106 cells/mL) were resuspended with flow cytometry buffer 2% 

bovine serum albumin, 5% fetal bovine serum and 0.1% sodium azide), incubated for 30 

min and then labeled with anti-F4/80-APC and anti-CD206-PE or anti-CD301-PE 

antibodies for 30 min in the dark. An isotype control antibody was used as negative 

control. 

 

Nitrite Measurement (NO production) 

Nitrite release was determined by accumulation of a stable nitrite end-product in 

cell-free culture supernatants using a modified Griess reaction method. After 8-h 

incubation at 37°C, samples were made to react with Griess reagent (1% sulphanylamide 

in 5% phosphoric acid, 0.1% naphtylethylenediamine) at room temperature for 10 min. 
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Thereafter, nitrite concentration was measured by absorbance at 346 nm, referring to the 

standard curve of sodium nitrite (dissolved in culture medium solution) within a 

concentration range. 

 

BMDM Protein Extraction  

Cells were detached from 24-weel plates with a cell scraper in 300 µl of RIPA 

buffer, respectively [1M Tris-HCl (pH 7.4); 1M NaCl; 0.5M Na4P2O7; 0.5M NaVO3; 

200mM PMSF; 1% SDS; protease inhibitor (PI 11836170001; Sigma-Aldrich, St. Louis, 

MO, USA); Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA). Cells suspension was 

then centrifuged at 3000 x g for 10 min at 4°C.  Total protein content was determined by 

Pierce BCA Protein Assay Kit (ThermoScientific, Rockford, IL, USA). 

 

Immunoblotting assay and arginase-1 expression 

50 µg of protein were subjected to electrophoresis (10% SDS-PAGE) and 

transferred to PVDF membranes that were blocked with 5% non-fat dry milk and probed 

with mouse monoclonal anti-arginase-1 (1:1000, R&D Systems, Minneapolis, MN, USA) 

or mouse monoclonal anti-beta-actin (1:10000; R&D Systems, Minneapolis, MN, USA) 

overnight at 4°C. After extensive washings in TBS-Tween, PVDF membranes were 

incubated for 2 h at room temperature with horseradish peroxidase-conjugated secondary 

antibody at concentration 1:10,000 and developed with ECL system.  

Immunoreactive proteins were visualized using ECL system (BIO-RAD, 

California, USA) in ChemiDoc XRS+ image acquisition system (BIO-RAD, California, 

USA). Densitometric quantification of detected bands was performed with Image Lab 

Software version 6.1 (BIO-RAD, California, USA). 

 

Cellular Viability 

A modified MTT [3–(4,5‐dimethylthiazol‐2‐yl)−2,5‐diphenyltetrazolium 

bromide] assay was used to quantify the effect of irisin on macrophage viability. This 

method measures mitochondrial function as described previously (Simões et al., 2010). 

Briefly, macrophages (2x105 cells/well) were incubated with or without irisin for 48 h. 

Cell culture supernatant was removed and cells washed with PBS.  

Each well had the addition of 50 mg of MTT diluted in PBS. After 4 h incubation 

at 37°C in the dark, the supernatant was removed, and the formazan crystals formed by 

reduction of MTT were solubilized in isopropyl alcohol for 30 min at 37°C. The reading 



CLIUM.ORG | 42 

 

was made in the ENVISION® reader, at 540nm. Cell viability was assessed and 

expressed as percentages of absorbance with respect to control (M0). 

 

Statistical Analysis 

For statistical analysis, GraphPad Prism 8.4.2 was used. All data are presented as 

mean ± SEM. One-way analysis of variance (ANOVA) followed by Tukey post hoc test 

was used for all analysis. The significance level was set at p <0.05. 

 

RESULTS 

 Irisin induces M2 polarization in HFD macrophages 

As demonstrated in Figure 1, we observed that BMDM from mice feed with HFD 

shows an M1 profile, with low levels of F4-80+CD206+ and F4-80+CD301+ cells, both 

M2 markers.  LPS + IFN-γ incubation was also able to polarize macrophages into M1 

profile, as demonstrated by low levels of F4-80+CD206+ and F4-80+CD301+ cells. 

Figure 1 shows that intereukin-4 (IL-4)-treated macrophage population express 

higher levels of F4-80+CD206+ and F4-80+CD301+ cells than in M0 and M1, suggesting 

that IL-4 treatment was able to promote polarization of M0 macrophages towards a M2 

profile.  

Interestingly, irisin treatment induces a higher amount of F4-80+CD206+ and F4-

80+CD301+ cells in comparison to M0 and M1 groups, similarly to M2 group. However, 

F4-80+CD301+ cell number was lower than in M2 group, suggesting that irisin shifts M1 

profile to a M2 phenotype in BMDM from HFD mice. 

  

Figure 1. Irisin induces M2 polarization in HFD macrophages. 

 

In A: F4-80+CD206+ cells relative to BMDM from HFD mice (M0). In B: F4-80+CD301+ cells relative to 

BMDM from HFD mice (M0). Values are presented as mean±SEM (n=6). * differs from M0 (*p<0.05; 
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**p<0.01; ****p<0.0001); # differs from M1 (#p<0.05; ##p<0.01; ####p<0.0001); $ differs from M2 

($p<0.05). Source: Authors (2023). 

 

Irisin do not induces NO production by BMDM from HFD mice 

In Figure 2 we can see that M1 macrophages, when compared to all other groups, 

presented higher production of nitrite, a marked characteristic of this phenotype. M2 

macrophages and macrophages treated with irisin have low nitrite production, suggesting 

that irisin induces a M2 phenotype in BMDM from HFD mice.  

 

Figure 2. Irisin do not induces NO production by BMDM from HFD mice. 

 

Values are presented as mean±SEM (n=6). * differs from M0 (****p<0.0001); # differs from M1 

(####p<0.0001). Source: Authors (2023). 

 

Irisin induces arginase-1 expression in BMDM from HFD mice 

As observer in Figure 3, we show that M0 and M1 macrophages express low levels 

of arginase-1, an M2 marker. Interestingly, irisin induces arginase-1 overexpression on 

macrophages at levels statiscally similar to M2 macrophages, suggesting that irisin 

induces M2 profile in BMDM from HFD mice.  
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Figure 3. Irisin induces arginase-1 expression in BMDM from HFD mice. 

 

Values are presented as mean±SEM (n=6). * differs from M0 (*p<0.05); # differs from M1 (#p<0.05). 

Source: Authors (2023). 

 

Irisin doest not alters BMDM viability 

Although there is an increase of approximately 20% in cell viability of M2 and 

IRI related to M0 and M1, we did not oberve significant differences between groups 

(Figure 4), suggesting that irisin can modulate BMDM phenotype without alters cell 

viability. 

 

Figure 4. Cell viability after irisin treatment. 

 

Values are presented as mean±SEM (n=6). Source: Authors (2023). 

 

DISCUSSION 

It is already known that exercise has anti-inflammatory effects and can protect 

against development of chronic diseases if practiced in a regular manner. Possible 

mechanisms to explain these findings are: 1) reduction of visceral fat mass; 2) increased 

production and release of anti-inflammatory cytokines from contracting skeletal muscle; 

and 3) reduced expression of Toll-like receptors (TLRs) on monocytes and macrophages 

(Gleeson et al., 2011). 
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Monocytes and macrophages are cell populations characterized by diversity and 

plasticity, modulated by local microenvironment. Macrophages residing in or migrating 

to different tissues have distinct phenotypes and cell surface markers. The most often-

used terms in macrophage phenotyping based on genetic expression are M1 and M2 

macrophages. These populations are stimulated by different conditions: TLR stimulation, 

bacterial infection, and IFN-γ are potent M1 stimulators, while IL-4 and IL-13 stimulate 

M2 macrophages (Murray & Wynn, 2011). 

M1 macrophages are considered inflammatory, characterized by expression of 

high levels of proinflammatory cytokines, promotion of Th1 response and high 

production of reactive nitrogen intermediates to enhance antimicrobial activity. They 

have high expression of inducible nitric oxide synthase (iNOS), an enzyme that catalyzes 

the conversion of arginine and oxygen to NO and citrulline and its most potent inducer is 

a combination of TLR agonist, such as LPS and IFN-γ (Murray & Wynn, 2011).  

In contrast, M2 macrophages are considered anti-inflammatory and are involved 

in promotion of tissue remodeling, immunoregulatory functions and parasite 

containment. M2 activation by IL-4 is associated with upregulation of mannose receptor 

CD206 (Bisgaard et al., 2016; Müller et al., 2017; Stein et al., 1992; Ye et al., 2020; Zhu 

et al., 2017), macrophage galactose-binding lectin CD301 (Huang et al., 2016; Van den 

Bossche et al., 2016) and arginase-1 (Sica & Mantovani, 2012; Ye et al., 2020).  

Arginase-1 expression is often used to provide evidence for M2 polarization in 

BMDM after IL-4 stimulation (Murray & Wynn, 2011).  It is responsible for the inhibition 

of iNOS and, thus, NO production. In M1 macrophages, NO production is highly 

activated, while in M2 macrophages, arginase-1 synthesis is induced (Maloney et al., 

2015; Yang & Ming, 2014). 

A switch from M1 to M2 profile in mice adipose tissue (Bobinski et al., 2018; 

Gleeson et al., 2011) and inhibition of monocyte and macrophage infiltration into adipose 

tissue (Gleeson et al., 2011), decreasing the levels of pro-inflammatory cytokines, can be 

promoted by physical exercise, showing an anti-inflammatory effect of this practice. 

Exercise training is able to induce the release of several myokines, some of which 

are able to induce browning of white adipose tissue, a process that is correlated with an 

improvement of metabolic changes during obesity, such as insulin resistance (Niranjan et 

al., 2019). Among these myokines is irisin, a molecule induced not only by physical 

activity but also by cold exposure (Vitali et al., 2012). Browning of white adipose tissue 

stimulates lipolytic actions, reduction of preadipocyte synthesis and increase in 
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expression of mitochondrial uncoupling protein 1 (UCP-1), involved in dissipation of 

energy through generation of heat (Mazur-Bialy, 2017). 

Irisin has also a role in reduction of NF-κB expression, a transcription factor 

highly associated to induction of several proinflammatory molecules, such as TNF-α, IL-

6 and MCP-1 (Arhire et al., 2019), being proposed to be an immunomodulator cytokine. 

Therefore, the present study aimed to relate obesity and macrophage polarization by irisin 

as a tool to reduce inflammation through immunomodulation.  

A study of Mazur Bialy and co-workers (2017) have shown that RAW 264.7 cells 

exhibit M2 profile after irisin stimulation. The present work was also able to show that in 

high-fat fed animals irisin was able to induce a profile similar to M2 in naive BMDM, 

suggesting a role for this cytokine in the regulation of inflammation.  

We could observe an approximate 6-fold increase in arginase 1 expression in 

macrophages stimulated with IL-4 (although not statistically significant) and a higher and 

statistically significant increase after irisin treatment. Our hypothesis is that irisin, as IL4, 

can stimulates M2 profile in macrophages from HF animals through an increase in 

arginase levels that probably inhibits NO production in these cells.   

Reactive nitrogen intermediates are produced by M1 macrophages and are 

important molecules in their anti-tumor and anti-microbial activities (Padgett & Pruett, 

1992). They are derived from L-arginine and produce nitrite and nitrate ions as stable and 

easily measured breakdown products. Therefore, nitrite may be used to indicate reactive 

nitrogen intermediates production (Padgett & Pruett, 1992). We have observed an 

increase in nitrite production by M1 macrophages, but not by M2 or irisin stimulated 

macrophages.  

We were also able to show that irisin treatment did not reduce cell viability, as 

already show in the literature (Mazur-Bialy et al., 2018). However, there is a possibility 

that MTT reduction can have interference of metabolism during different cellular phases, 

altering its reliability (Pozzolini et al., 2003).  

It was recently showed by Ye et al (2020) that irisin was able to increase cell 

viability in RAW264.7 murine lineage in a dose-dependent manner. Indeed, our results 

show that there is an increase of 20% in cell viability in after irisin treatment when 

compared to macrophages without stimuli (M0). However, we did not observe statistical 

difference between these groups.  

Taken together, our results indicate that irisin is able to induce a M2-like profile 

in BMDM from high fat fed animals. We suggest that irisin is a potential 
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immunomodulator and its administration may be able to reduce the chronic inflammation 

observed during obesity. 
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