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Abstract: In obesity, circulating saturated fatty acids (SFAs) and inflammatory cytokines interfere
with skeletal muscle insulin signaling, leading to whole body insulin resistance. Further, obese
skeletal muscle is characterized by macrophage infiltration and polarization to the inflammatory
M1 phenotype, which is central to the development of local inflammation and insulin resistance.
While skeletal muscle-infiltrated macrophage–myocyte crosstalk is exacerbated by SFA, the effects of
other fatty acids, such as n-3 and n-6 polyunsaturated fatty acids (PUFAs), are less studied. Thus, the
objective of this study was to determine the effects of long-chain n-3 and n-6 PUFAs on macrophage
M1 polarization and subsequent effects on myocyte inflammation and metabolic function compared
to SFA. Using an in vitro model recapitulating obese skeletal muscle cells, differentiated L6 myocytes
were cultured for 24 h with RAW 264.7 macrophage-conditioned media (MCM), followed by insulin
stimulation (100 nM, 20 min). MCM was generated by pre-treating macrophages for 24 h with
100 µM palmitic acid (16:0, PA–control), arachidonic acid (20:4n-6, AA), or docosahexaenoic acid
(22:6n-3, DHA). Next, macrophage cultures were stimulated with a physiological dose (10 ng/mL)
of lipopolysaccharide for an additional 12 h to mimic in vivo obese endotoxin levels. Compared to
PA, both AA and DHA reduced mRNA expression and/or secreted protein levels of markers for
M1 (TNFα, IL-6, iNOS; p < 0.05) and increased those for M2 (IL-10, TGF-β; p < 0.05) macrophage
polarization. In turn, AA- and DHA-derived MCM reduced L6 myocyte-secreted cytokines (TNFα, IL-
6; p < 0.05) and chemokines (MCP-1, MIP-1β; p < 0.05). Only AA-derived MCM increased L6-myocyte
phosphorylation of Akt (p < 0.05), yet this was inconsistent with improved insulin signaling, as only
DHA-derived MCM improved L6 myocyte glucose uptake (p < 0.05). In conclusion, dietary n-3 and
n-6 PUFAs may be a useful strategy to modulate macrophage–myocyte inflammatory crosstalk and
improve myocyte insulin sensitivity in obesity.
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1. Introduction

Obesity is defined by low-grade inflammation that drives the development of chronic
metabolic diseases [1,2]. In skeletal muscle, the primary site of insulin-stimulated glucose
disposal [3,4], the infiltration of certain immune cells and their paracrine interactions
(crosstalk) with myocytes, and the ectopic lipid accumulation characteristic of obesity
as a result of adipose tissue (AT) dysfunction contribute to the development of local
and systemic insulin resistance [4–7]. Mechanistically, inflammatory cytokines and SFA
impair insulin signaling through reduced serine phosphorylation and activation of Akt
as well as increased threonine phosphorylation of the insulin receptor substrate 1 (IRS-
1), resulting in reduced translocation of the glucose transporter type 4 (GLUT4) to the
plasma membrane and reduced glucose uptake [5,8–10]. Hence, inflammation is a potential
target to mitigate the development of skeletal muscle insulin resistance and the ensuing
consequences in obesity.
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M1 macrophages are the hallmark of inflammation and insulin resistance in obesity [11].
Monocytes are recruited to obese skeletal muscle and differentiate into macrophages in
response to increased myocyte production of monocyte chemoattractant 1 (MCP-1), as
demonstrated in experiments of MCP-1 overexpression in myocytes in vitro and in high-fat
diet (HFD)-fed MCP-1 knockout rodent models in vivo [12,13]. Macrophages are polarized
to the M1 phenotype and are activated in response to stimulation with the cytokine inter-
feron (IFN)-γ and toll-like receptor (TLR)4 agonists, including SFA, such as palmitic acid
(16:0; PA), and lipopolysaccharide (LPS), which act to (i) phosphorylate and activate nuclear
transcription factors nuclear factor-κB (NF-κB) and signal transducer and activator of tran-
scription 1 (STAT1), (ii) increase the expression of iNOS, and (iii) stimulate the expression of
inflammatory cytokines, including TNFα and IL-6 [14,15]. M1 macrophage-secreted inflam-
matory cytokines contribute to macrophage–myocyte crosstalk, which further perpetuates
the inflammatory microenvironment within obese skeletal muscle [14].

Macrophage–myocyte inflammatory crosstalk provides a potential target for inter-
vention with anti-inflammatory nutrients, including dietary long-chain polyunsaturated
fatty acids (PUFAs). The n-3 PUFAs, eicosapentaenoic acid (20:5n-3, EPA) and docosa-
hexaenoic acid (22:6n-3, DHA), have well-known anti-inflammatory effects in obesity via
attenuating skeletal muscle inflammation [16–18] and LPS-induced M1 macrophage po-
larization [19,20], with DHA being more potent than EPA in the latter context [19]. The
effects of the n-6 PUFA, arachidonic acid (20:4n-6, AA), are generally considered to be
inflammatory due to the production of AA-derived metabolites from the cyclooxygenase
(COX) pathway [21]. However, controversy exists, as macrophages treated with AA and
its metabolite PGE2 have been shown to inhibit LPS-induced inflammation and promote
expression of markers for the anti-inflammatory M2 polarization [22–24]. While n-6 and n-3
PUFAs have been studied in obese skeletal muscle and macrophages separately, their effect
on macrophage polarization and subsequent myocyte function are unknown. Hence, using
an in vitro model that mimics the obese skeletal muscle inflammatory microenvironment,
the objective of the current study was to determine the effects of the long-chain n-6 PUFA,
AA, and n-3 PUFA, DHA, on macrophage M1 polarization and the subsequent effects on
myocyte inflammation and metabolic function compared to the SFA, PA.

2. Materials and Methods
2.1. Cell Culture and Differentiation

RAW 264.7 murine macrophages (ATCC, American Type Culture Collection (TIB-71),
Manassas, VA, USA) and L6 rat myoblasts (ATCC (CRL-1458)) were grown and passaged
according to the manufacturer’s instructions. In brief, both cell types were maintained
in basic media: Dulbecco’s Modified Eagles Medium (DMEM) containing 4500 mg/L
glucose, 4.0 mM L-glutamine, and 1 mM sodium pyruvate (HyClone, Logan, UT, USA)
and supplemented with 10% (v/v) fetal bovine serum (FBS; low-endotoxin, sterile-filtered,
Millipore-Sigma, Oakville, ON, Canada) and 1% (v/v) penicillin-streptomycin (HyClone)
in a humidified incubator at 37 ◦C in 5% carbon dioxide. RAW 264.7 macrophages were
seeded into 6-well plates at 1 × 106 cells/mL, and on day 2, the media was replaced with
serum-reduced media (0.25% FBS) for 12 h prior to treatment. L6 myoblasts were seeded
into 6-well plates at 4 × 104 cells/mL. At 70–80% confluence, cells were differentiated and
maintained as mature myocytes using differentiation media supplemented with 2% (v/v)
FBS and 1% (v/v) penicillin-streptomycin. Media was changed on days 2, 4, and 6, and
on day 7 the media was replaced with serum-reduced media (0.25% FBS) for 12 h prior to
treatment on day 8.

2.2. RAW 264.7 Macrophage Treatment and Macrophage–Myocyte Co-Culture Conditions

Fatty acids (FA; Cayman Chemical, Ann Arbor, MI, USA) were prepared to equimolar
stock solutions in lab-grade ethanol, and the bovine serum albumin (BSA; endotoxin-
free, FA-free; Millipore-Sigma) stock solution was diluted to 20 µM in serum-reduced
media. Treatments were prepared by complexing 100 µM of palmitic acid (16:0; PA),
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arachidonic acid (20:4n-6; AA), or docosahexaenoic acid (22:6n-3; DHA) with BSA in serum-
free DMEM at a 5:1 molar ratio (i.e., 100 µM FA:20 µM BSA), as previously described [25].
Lipopolysaccharide (LPS) from Escherichia coli 055:B5 (Millipore-Sigma) was dissolved in
serum-deprived media (0% FBS and 1% (v/v) penicillin-streptomycin) and diluted to a
final concentration of 10 ng/mL prior to the addition to treatment media. This LPS dose
recapitulates the circulating levels of LPS reported in obese humans [26] and rodents [27,28].
Macrophages were treated with FA for 24 h followed by stimulation with LPS for 12 h
(i.e., 36 h total). The macrophage cell culture supernatant (macrophage conditioned media,
MCM) was collected, pooled within FA treatments, and stored at −80 ◦C until it was used
to treat L6 myocytes. MCM was thawed and filtered prior to treating L6 myocytes for 24 h.
L6 myocytes were treated with MCM for 24 h followed by serum-deprived media for 3–5 h
prior to stimulation with a maximal dose of insulin (100 nM) for 20 min.

2.3. Cellular Fatty Acid Composition

Total lipids were extracted and processed from 2 × 106 RAW 264.7 macrophages
(n = 4–5/treatment) as described previously [29], with minor modification. FA methyl
esters were separated by gas chromatography using an Agilent 6890N gas chromatograph
(Agilent Technologies, Santa Clara, CA, USA). FA peaks were identified by comparing reten-
tion times of the samples with those of known standards (Nu-Chek-Prep Inc., Elysian, MN,
USA) and analyzed using EZchrom Elite version 3.2.1. software (Agilent Technologies).

2.4. mRNA Expression Analysis

RAW 264.7 macrophages (n = 7/treatment) and L6 myocytes (n = 5–6/treatment)
were lysed after treatment to isolate RNA and protein using the RNA/protein purification
kit as per the manufacturer’s instructions (Norgen Biotek Corp., Thorold, ON, Canada).
cDNA was synthesized using a high-capacity cDNA reverse transcription kit (Applied
Biosystems, Foster City, CA, USA) and real time (RT)-PCR was performed using the
7900HT Fast RT-PCR system (Applied Biosystems), as previously described [30]. Primer
sequences are shown in Table S1 for markers of M1 (iNos, Cd11c) and M2 (Arg-1, Cd206)
macrophage polarization and inflammatory (Tnfα, Il-6, Il1β) and anti-inflammatory (Il10,
Tgfβ) cytokines as well as chemokines (Mcp-1). Results were normalized to the expression
of the housekeeping genes, 18S for RAW 264.7 macrophages and ribosomal protein, large,
P0 (Rplp0) for L6 myocytes, and the relative differences in gene expression between groups
were determined according to the calculation 2(40-Ct).

2.5. Analysis of NF-κB and STAT3 Activation

RAW 264.7 macrophage and L6 myocyte total cellular protein was quantified us-
ing the bicinchoninic assay (Fisher Scientific, Mississauga, ON, Canada), and an equal
amount of protein (10 mg/sample/assay) was utilized for the following InstantOne ELISA
kits (eBioscience, San Diego, CA, USA), according to the manufacturer’s instructions.
Phosphorylated (i.e., activated) NF-κB p65 (S536) and STAT3 (Y701) was measured in
RAW 264.7 macrophages treated with FA for 24 h followed by LPS stimulation for 12 h
(n = 6–7/treatment). Phosphorylated NF-κB p65 was also measured in L6 myocytes follow-
ing treatment with MCM for 24 h (n = 6–8/treatment).

2.6. Secreted Protein Analysis

Supernatant was collected from RAW 264.7 macrophages (n = 7–9/treatment) follow-
ing pre-treatment with FA (24 h) and subsequent LPS stimulation (12 h) for measurement
of secreted cytokines (MCP-1, TNFα, IL-6, and IL-10) using a ProcartaPlex Mouse Basic
kit (eBioscience). The supernatant from L6 myocytes (n = 7–8/treatment) following 24 h
treatment with MCM was collected for measurement of combined macrophage and L6
myocyte secreted cytokines (TNFα, IL-6) and chemokines (MCP-1, MIP-1α, MIP-1β) using
a ProcartaPlex Mouse Basic kit (eBioscience). All secreted proteins were analyzed using the
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Bio-Plex 200 System/Bio-Plex Manager software, Version 6.0 (Bio-Rad, Mississauga, ON,
Canada) according to the manufacturer’s instructions.

2.7. Cellular Protein Analysis

Protein was isolated from L6 myocytes (n = 7–8/treatment) treated with MCM for
24 h followed by stimulation with insulin (100 nM for 20 min) and used to assess the
phosphorylation status of Akt signaling proteins IRS-1 (S636/S639), PTEN (S380), Akt
(S473), GSK-3ab (S21/S9), and mTOR (S2448) using a Bio-Plex Pro Cell Signaling Akt Panel
kit (Bio-Rad), with analysis using the Bio-Plex 200 System/Bio-Plex Manager software,
Version 6.0 (Bio-Rad), according to the manufacturer’s instructions.

2.8. Glucose Uptake Assay

After 24 h treatment with MCM, L6 myocyte 2-deoxyglucose (2-DG) uptake was
measured using a colorimetric Glucose Uptake Assay Kit (Abcam, Eugene, OR, USA),
following the manufacturer’s instructions (n = 7–8/treatment). In brief, L6 myocytes were
serum-reduced for 12 h followed by incubation with 100 mL of Krebs-Ringer-Phosphate-
Hepes (KRPH) buffer containing 2% BSA for 40 min in a humidified incubator at 37 ◦C
with 5% CO2. Cells were then stimulated with 1 µM insulin for 20 min, followed by the
addition of 1 µM glucose analog, 2-DG, for 20 min. Through a series of reactions, 2-DG was
converted to NADPH, leading to the production of an oxidized product that was detected
by optical density (OD) at 412 nm using a spectrophotometer.

2.9. Statistical Analysis

All statistical analyses were performed using the Statistical Analysis System, Uni-
versity Edition (SAS Institute Inc., Cary, NC, USA), with p ≤ 0.05 considered statistically
significant. Normal distribution was confirmed by the Shapiro–Wilk test. Data were
analyzed by one-way ANOVA for the main effect of FA and followed, if justified, by a
least-squared means post hoc test. Replicate experiments were averaged and expressed as
means ± SEM.

3. Results
3.1. RAW 264.7 Fatty Acid Composition

As expected, AA and DHA and, correspondingly, n-6 and n-3 PUFAs were enriched in
their respective treated macrophages compared to PA-treated macrophages (p < 0.0001 and
p < 0.0001, respectively; Table S2). Total PUFAs were increased in macrophages treated with
DHA compared to PA- and AA-treated groups (p < 0.0001 and p = 0.0011, respectively) and
in AA- compared to PA-treated groups (p < 0.0001; Table S2). Interestingly, macrophages
treated with AA and DHA had higher proportions of PA than the PA-treated macrophages
(p = 0.0193 and p = 0.0012, respectively); however, the proportion of palmitoleic acid (18:1),
the downstream metabolite of PA, was increased in PA-treated macrophages compared
to AA- and DHA-treated macrophages (p < 0.0001 and p < 0.0001, respectively; Table S2).
Total SFA was increased in AA compared to PA (p = 0.0328), but there were no differences
between the other FA treatments (p > 0.05; Table S2).

3.2. mRNA Expression in RAW 264.7 Macrophages Treated with FA Followed by Stimulation
with LPS

mRNA expression of M1 (Tnfα, iNos, Cd11c) and M2 (Il-10, Tgfβ, Arg-1, Cd206) po-
larization markers was measured in RAW 264.7 macrophages treated with FA for 24 h
followed by stimulation with LPS for 12 h. Compared to PA and DHA, AA reduced
mRNA expression of Tnfα (p = 0.005 and p = 0.0071, respectively; Figure 1A). AA and
DHA decreased mRNA expression of iNos compared to PA (p < 0.0001 and p < 0.0001,
respectively) but did not differ from each other (p > 0.05; Figure 1A). Further, Cd11c mRNA
expression was higher in DHA-treated macrophages compared to PA and AA (p < 0.0001
and p = 0.0001, respectively), with no differences between AA and PA (p > 0.05; Figure 1A).
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mRNA expression of Il-10 was increased by AA and DHA compared to PA (p < 0.0001 and
p = 0.0004, respectively) and more potently by AA compared to DHA (p = 0.0204; Figure 1B).
Tgfβ mRNA expression was increased by AA and DHA compared to PA (p = 0.0002 and
p < 0.0001, respectively) and more potently by DHA compared to AA (p < 0.0001; Figure 1B).
There was no difference in mRNA expression of Arg-1 between FA treatments (p > 0.05);
however, AA and DHA reduced expression of Cd206 compared to PA (p < 0.0001 and
p < 0.0001, respectively) but did not differ from each other (p > 0.05; Figure 1B).
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Figure 1. mRNA expression for markers of (A) M1 and (B) M2 macrophage polarization in RAW264.7
macrophages treated with 100 µM total FA for 24 h followed by 10 ng/mL LPS for 12 h. Values are
means ± SEM; n = 7/treatment. Data were normalized to 18S mRNA expression and presented as
relative abundance and analyzed by one-way ANOVA for the effect of FA treatment. Means without
a common letter are significantly different, p < 0.05.

3.3. Secreted Protein in RAW 264.7 Macrophages Treated with FA Followed by Stimulation
with LPS

Inflammatory (TNFα, IL-6, MCP-1) and anti-inflammatory (IL-10) cytokines were
measured in the supernatant of RAW 264.7 macrophages following 24 h treatment with FA
and stimulation with LPS for 12 h. AA and DHA similarly reduced secreted TNFα (−12.8%,
p = 0.0001 and −8.5%, p = 0.0086, respectively; Figure 2A), IL-6 (−74.3%, p < 0.0001 and
−81.9%, p < 0.0001; Figure 2A) and MCP-1 (−85.6%, p < 0.0001 and −80.4%, p < 0.0001;
Figure 2B) compared to PA; however, secreted levels of IL-10 did not differ between FA
treatments (p > 0.05; Figure 2A).
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without a common letter are significantly different, p < 0.05.
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3.4. NF-κB p65 and STAT3 Activation in RAW 264.7 Macrophages Treated with FA Followed by
Stimulation with LPS

To determine if changes in inflammatory mediator production corresponded to changes
in the activation of the NF-κB and STAT3 transcription factor complexes, phosphorylated
NF-κB p65 and phosphorylated STAT3 were measured in the RAW 264.7 macrophages
pre-treated with FA for 24 h followed by stimulation with LPS for 12 h. There were no
differences in the ratios of phosphorylated NF-κB p65 (p > 0.05; Figure 3A) or STAT3
(p > 0.05; Figure 3B) between FA treatments.
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3.5. mRNA Expression in L6 Myocytes Treated with MCM Derived from FA- and LPS-Stimulated
RAW 264.7 Macrophages

mRNA expression of inflammatory (Tnfα, Il-6, Il-1β, Mcp-1) and anti-inflammatory
(Il-10) cytokines was measured in L6 myocytes treated for 24 h with MCM derived from
FA- and LPS-treated RAW 264.7 macrophages. There were no differences between MCM
treatments in L6 myocyte mRNA expression of Tnfα, Il-6, Il-1β, or Il-10 (p > 0.05; Figure 4A).
However, AA- and DHA-derived MCM decreased mRNA expression of Mcp-1 in L6
myocytes compared to PA (p < 0.0001 and p < 0.0001, respectively) but did not differ from
each other (p > 0.05; Figure 4B).

Nutrients 2024, 16, x FOR PEER REVIEW 7 of 15 
 

 

3.5. mRNA Expression in L6 Myocytes Treated with MCM Derived from FA- and LPS-
Stimulated RAW 264.7 Macrophages 

mRNA expression of inflammatory (Tnfα, Il-6, Il-1β, Mcp-1) and anti-inflammatory 
(Il-10) cytokines was measured in L6 myocytes treated for 24 h with MCM derived from 
FA- and LPS-treated RAW 264.7 macrophages. There were no differences between MCM 
treatments in L6 myocyte mRNA expression of Tnfα, Il-6, Il-1β, or Il-10 (p > 0.05; Figure 
4A). However, AA- and DHA-derived MCM decreased mRNA expression of Mcp-1 in L6 
myocytes compared to PA (p < 0.0001 and p < 0.0001, respectively) but did not differ from 
each other (p > 0.05; Figure 4B). 

 
Figure 4. mRNA expression of (A) cytokines and (B) chemokines in L6 myotubes treated for 24 h 
with MCM derived from RAW264.7 macrophages treated with 100 µM total FA for 24 h followed by 
10 ng/mL LPS for 12 h. Values are means ± SEM; n = 5–6/treatment. Data were normalized to 18S 
mRNA expression and are presented as relative abundance and analyzed by one-way ANOVA for 
the effect of FA treatment. Means without a common letter are significantly different, p < 0.05. 

3.6. Secreted Proteins from L6 Myocytes Treated for 24 h with MCM Derived from FA- and 
LPS-Treated RAW 264.7 Macrophages 

Secreted inflammatory cytokines (TNFα, IL-6) and chemokines (MCP-1, MIP-1α, 
MIP-1β) were measured in L6 myocytes treated for 24 h with MCM derived from FA- and 
LPS-treated RAW 264.7 macrophages. Compared to PA, AA- and DHA-derived MCM 
similarly reduced L6 myocyte-secreted inflammatory cytokines TNFα (−99.4%, p < 0.0001 
and −86.3%, p < 0.0001, respectively; Figure 5A) and IL-6 (−78.6%, p = 0.0066 and −80.0%, p 
= 0.0058, respectively; Figure 5A) as well as chemokines MCP-1 (−74.4%, p < 0.0001 and 
−74.7%, p < 0.0001, respectively) and MIP-1β (−99.6%, p < 0.0001 and −99.4%, p < 0.0001, 
respectively; Figure 5B). However, only DHA-derived MCM reduced the levels of the se-
creted chemokine, MIP-1α, compared to PA (−24.6%, p = 0.0004), with no difference com-
pared to AA (p > 0.05; Figure 5B). 

Figure 4. mRNA expression of (A) cytokines and (B) chemokines in L6 myotubes treated for 24 h
with MCM derived from RAW264.7 macrophages treated with 100 µM total FA for 24 h followed by
10 ng/mL LPS for 12 h. Values are means ± SEM; n = 5–6/treatment. Data were normalized to 18S
mRNA expression and are presented as relative abundance and analyzed by one-way ANOVA for
the effect of FA treatment. Means without a common letter are significantly different, p < 0.05.
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3.6. Secreted Proteins from L6 Myocytes Treated for 24 h with MCM Derived from FA- and
LPS-Treated RAW 264.7 Macrophages

Secreted inflammatory cytokines (TNFα, IL-6) and chemokines (MCP-1, MIP-1α, MIP-
1β) were measured in L6 myocytes treated for 24 h with MCM derived from FA- and
LPS-treated RAW 264.7 macrophages. Compared to PA, AA- and DHA-derived MCM
similarly reduced L6 myocyte-secreted inflammatory cytokines TNFα (−99.4%, p < 0.0001
and −86.3%, p < 0.0001, respectively; Figure 5A) and IL-6 (−78.6%, p = 0.0066 and −80.0%,
p = 0.0058, respectively; Figure 5A) as well as chemokines MCP-1 (−74.4%, p < 0.0001 and
−74.7%, p < 0.0001, respectively) and MIP-1β (−99.6%, p < 0.0001 and −99.4%, p < 0.0001,
respectively; Figure 5B). However, only DHA-derived MCM reduced the levels of the
secreted chemokine, MIP-1α, compared to PA (−24.6%, p = 0.0004), with no difference
compared to AA (p > 0.05; Figure 5B).
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supernatant from L6 myotubes treated for 24 h with MCM derived from RAW264.7 macrophages
treated with 100 µM total FA for 24 h followed by 10 ng/mL LPS for 12 h. Values are means ± SEM;
n = 7–8/treatment. Data were analyzed by one-way ANOVA for the effect of FA treatment. Means
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3.7. NF-κB p65 Activation in L6 Myocytes Treated with MCM Derived from FA- and LPS-Treated
RAW 264.7 Macrophages

Phosphorylated NF-κB p65 was measured in the L6 myocytes treated for 24 h with
MCM derived from FA- and LPS-treated RAW 264.7 macrophages. Compared to PA-
derived MCM, AA and DHA tended to decrease phosphorylated NF-κB p65; however, the
differences were not significant (p = 0.0761 and p = 0.082, respectively; Figure 6).
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Figure 6. Phosphorylated NF-κB in L6 myotubes treated for 24 h with MCM derived from RAW264.7
macrophages treated with 100 µM total FA for 24 h followed by 10 ng/mL LPS for 12 h. Values
are means ± SEM; n = 6–8/treatment. Data were analyzed by one-way ANOVA. There were no
significant differences, p > 0.05.
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3.8. Phosphorylation of Akt Signaling Pathway Proteins in L6 Myocytes Treated with MCM
Derived from RAW 264.7 Macrophages Stimulated with FA and LPS

Phosphorylation of positive (i.e., activation; Akt, GSK3ab, mTOR; Figure 7A) and
negative (i.e., inactivation; IRS-1, PTEN; Figure 7B) regulators of the insulin signaling
pathway were measured in L6 myocytes treated for 24 h with MCM derived from FA-
and LPS- treated RAW 264.7 macrophages. AA increased phosphorylation of Akt (S473)
compared to PA and DHA (46.6%, p < 0.0058 and 43.6%, p = 0.0082, respectively), which
did not differ from each other (p > 0.05; Figure 7A). There were no differences between
MCM treatment groups in other positive or negative regulators (p > 0.05; Figure 7A,B).
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with MCM derived from RAW264.7 macrophages treated with 100 µM total FA for 24 h followed
by 10 ng/mL LPS for 12 h. Values are means ± SEM; n = 7–8/treatment. Data were analyzed by
one-way ANOVA for the effect of FA treatment. Means without a common letter are significantly
different, p < 0.05.

3.9. Insulin-Stimulated Glucose Uptake in L6 Myocytes Treated with MCM from RAW 264.7
Macrophages Stimulated with FA

Glucose uptake was measured in L6 myocytes treated for 24 h with MCM derived from
FA- and LPS-treated RAW 264.7 macrophages. DHA-derived MCM increased myocyte
glucose uptake by 16.5% compared to PA (p = 0.0417) but not compared to AA (p > 0.05),
and AA did not differ from PA (p > 0.05; Figure 8).
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4. Discussion

Obese skeletal muscle is characterized by the presence of M1 macrophages that con-
tribute to the development of skeletal muscle inflammation and subsequent myocyte
metabolic dysfunction [31]. Using an in vitro indirect co-culture model of myocytes cul-
tured in conditioned media from macrophages stimulated with a physiological dose of
LPS to mimic the obese skeletal muscle inflammatory microenvironment, this was the first
study to investigate macrophage–myocyte interactions as a target for intervention with
PUFA to mitigate skeletal muscle inflammation and ensuing insulin resistance. We provide
evidence that the long-chain PUFA, AA, and DHA promote characteristics of macrophage
polarization to the anti-inflammatory M2 phenotype and subsequently improve markers of
myocyte insulin sensitivity.

In the current study, macrophages pre-treated with the long-chain n-3 PUFA, DHA,
followed by stimulation with LPS had decreased M1 subset markers (iNos mRNA expres-
sion and TNFα, IL-6, and MCP-1 secreted protein) and increased M2 subset markers (Il-10,
Tgfβ, and Cd206 mRNA expression) compared to macrophages pre-treated with PA, an SFA.
Our results are consistent with previous in vitro studies demonstrating that similar or even
lower concentrations (50 µM) of DHA pre-treatment reduced M1 macrophage polarization
markers stimulated by much higher doses of LPS (100 ng/mL) [19,20]. Specifically, DHA
decreased macrophage expression [20] and secretion of TNFα and IL-6 [19] and increased
secreted IL-10 [19] which, in contrast to the current study, was associated with reduced
NF-κB activity [32]. Mechanistically, the anti-inflammatory effects of DHA have been
shown through G coupled protein (GPR)120, wherein GPR120 ligand stimulation promotes
the association of GPR120 with an adaptor protein, b-arrestin2 (barr2) [33]. The GPR120-
barr2 complex is internalized and interferes with the TLR4/NF-κB signaling pathway [33].
Further, DHA has also been shown to disrupt the formation of lipid rafts necessary for
TLR4 signaling, thereby further disrupting NF-κB signaling and activation [34]. Our study
advances knowledge, since we used a physiological dose of LPS. Further study is required
to understand the conditions under which NF-κB activation is altered, but it may be due to
differences in the DHA and LPS doses and timing between studies.

The long-chain n-6 PUFA, AA, also decreased markers of M1 macrophage polariza-
tion (Tnfα and iNos mRNA expression and TNFα, IL-6, and MCP-1 secreted protein) and
increased those of M2 polarization (Il-10, Tgfβ, and Cd206 mRNA expression) compared to
PA in the current study. Interestingly, the anti-inflammatory effects of AA in some measure-
ments were more potent than that of DHA, demonstrated by a greater reduction in Tnfα
and increase in Il-10 mRNA expression compared to PA. These results were unexpected
considering AA is metabolized by cyclooxygenases, lipoxygenases, and cytochrome P450
to generate metabolites that are generally considered inflammatory (e.g., eicosanoids) [35].
Indeed, our research group has shown that AA in the presence of LPS synergistically
promotes inflammation in 3T3-L1 adipocytes by increasing Mcp-1 and Il-6 mRNA expres-
sion and secreted protein [25]. However, controversy exists, as AA-derived lipoxins are
considered anti-inflammatory [36]. In macrophages, AA has been shown to support M2 po-
larization in a peroxisome proliferator-activated receptor (PPAR)-γ-dependent manner [22]
and to reduce LPS-induced macrophage inflammation [35]. One suggested mechanism of
the anti-inflammatory effects of AA independent of its downstream metabolites is the incor-
poration of AA within cellular membranes to improve membrane fluidity, which potentially
modifies cellular signal transduction [37]. Another study also showed that low-dose AA
(40 µM) directly inhibits PA-induced TLR4 signaling (and reduces TNFα and IL-6 produc-
tion) by binding to its co-regulator, myeloid differentiation factor-2 (MD2) [35]. Further,
treating macrophages with a higher dose of AA (250 µM) was shown to similarly counteract
LPS-induced inflammatory cytokine production by disrupting the TLR4/NF-κB signaling
cascade [24]. While previous work suggests TLR4/NF-κB signaling as potential mecha-
nisms underlying the anti-inflammatory effects of AA in LPS-stimulated macrophages,
more work is needed to confirm such mechanisms in our cell culture model and should
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further be verified in vivo. Collectively, our data support a role for both n-3 and n-6 PUFAs
in modulating macrophage polarization towards the anti-inflammatory M2 phenotype.

While dietary n-3 and n-6 PUFAs have been shown to improve markers of skeletal
muscle inflammation and insulin sensitivity [38,39], the current study is the first to ex-
amine the ability of n-3 and n-6 PUFAs to modulate macrophage-secreted cytokines and
subsequently improve myocyte insulin sensitivity. In the current study, while both AA
and DHA reduced macrophage-secreted inflammatory cytokines, only AA MCM increased
myocyte phosphorylated Akt Ser473, a marker of insulin sensitivity, and only DHA MCM
increased myocyte glucose uptake compared to PA MCM. Obesity-associated inflammation
is a suggested causal link to insulin resistance [1,2], as inflammatory cytokines have been
shown to interfere with myocyte insulin signaling [40]. Similar experiments have demon-
strated that purified inflammatory cytokines [8,9] or those derived from palmitate-treated
macrophages [14] or inflammatory T helper 1 (Th1) polarized CD4+ T cells [5] reduce
myocyte insulin sensitivity by reducing phosphorylation of AktSer473, leading to reduced
glucose uptake. Mechanistically, TNFα and MCP-1 impair myocyte insulin signaling by
triggering the IKK/NF-κB [41] and ERK1/2 [42] pathways, respectively, which in turn
reduce AktSer473 phosphorylation and inhibit downstream insulin signaling and reduce
expression of GLUT4. On the other hand, IL-6 is elevated in obesity and with exercise,
and thus, its effects on insulin signaling are controversial [43]. Myocytes treated with IL-6
demonstrate improved insulin signaling and glucose uptake [44,45], while both chron-
ically elevated IL-6 and IL-6 infusion in mice have shown reduced insulin-stimulated
glucose uptake [46]. In contrast to our findings, the n-3 PUFA had no effect on modulat-
ing secreted inflammatory cytokines in conditioned media derived from insulin resistant
3T3-L1 adipocytes or the ex vivo AT of high-fat diet-fed rats, which subsequently led to no
changes in myocyte insulin sensitivity [47,48]. Therefore, our data suggest that n-3 and n-6
PUFA-induced improvement in myocyte insulin sensitivity may be driven, in part, by the
reduction of inflammatory cytokines, confirming that macrophage–myocyte cross-talk is a
promising target for intervention in this context. However, future work should confirm
this as well as investigate other cells and tissues involved in myocyte cross-talk in vivo that
contribute to obesity-induced skeletal muscle insulin resistance.

Myocytes respond to inflammatory stimuli by producing mediators that further per-
petuate the inflammatory microenvironment in obese skeletal muscle [49]. Indeed, secreted
mediators from palmitate-treated macrophages have been shown to increase myocyte
mRNA expression of inflammatory cytokines and chemokines, including Tnfα and Mcp-
1 [14,50]. In the current study, there was a substantial increase in secreted TNFα, IL-6,
and MCP-1 in MCM after being added to L6 myocytes for 24 h. While dietary n-3 PUFAs
have been shown to reduce obese skeletal muscle inflammation [16], this is the first study
to show that n-3 and n-6 PUFA-induced changes in macrophage-derived factors reduced
myocyte inflammation. Specifically, AA and DHA decreased myocyte mRNA expression
of MCP-1 and myocyte-secreted inflammatory cytokines and chemokines (TNFα, IL-6,
MCP-1, and MIP-1β), which corresponded with a trend towards reduced NF-κB phospho-
rylation in L6 myocytes. Like macrophages, myocytes also express TLR4, and therefore,
respond to SFA and LPS by increasing the production of inflammatory cytokines and
chemokines [50,51]. Increased secreted chemokines such as MCP-1 promote the infiltration
of more macrophages, which contributes to a vicious cycle, perpetuating skeletal muscle
inflammation in obesity [12]. Overall, our results suggest that AA- and DHA-induced
reduction in macrophage-secreted cytokines subsequently supports attenuated inflamma-
tion in myocytes to mitigate inflammatory macrophage–myocyte cross-talk and ensuing
myocyte IR.

A key strength of the current study was the utilization of physiological doses of FA and
LPS to mimic obese in vivo conditions in our in vitro co-culture model. In humans, plasma
PUFA levels vary, but 100 µM has been reported for DHA and even higher levels for AA;
thus our dose is appropriate and achievable through diet [52,53]. Similarly, our 10 ng/mL
dose of LPS corresponds to the 5 endotoxin units (EU)/mL reported in obese rodents [27,28]
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and humans [26]. However, our use of cell lines instead of primary cells reduces some of
the physiological relevance. Further, using an indirect co-culture model where RAW 264.7
macrophages and L6 myocytes were cultured individually allowed us to determine the
source of macrophage and myocyte mRNA expression and macrophage-secreted cytokines
that would interact with myocytes in vitro. However, due to the presence of macrophage-
derived cytokines in MCM, we were unable to specify the L6 myocyte-secreted cytokines.
Nonetheless, there was an increase in secreted cytokines after treating L6 myocytes with
MCM, and the differences between treatment groups were maintained. Further, since
macrophages and myocytes are in direct contact in vivo, we may be missing some contact-
dependent effects, as demonstrated previously [50]; hence future studies should explore
the effects of n-6 and n-3 PUFAs in attenuating contact-dependent macrophage–myocyte
crosstalk and the role of myocyte-secreted cytokines in macrophage polarization.

5. Conclusions

In conclusion, our results suggest that the long-chain PUFAs AA and DHA modulate
macrophage polarization and subsequent cross-talk with myocytes, ultimately improving
myocyte insulin signaling and glucose uptake. Collectively, our work supports dietary long-
chain n-3 and n-6 PUFAs as a strategy to mitigate inflammatory and metabolic dysfunction
in obesity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu16132086/s1, Table S1: Primer Sequences; Table S2: RAW264.7
macrophage fatty acid composition.

Author Contributions: Conceptualization, A.L.H., J.M.M. and L.E.R.; data collection, A.L.H., D.M.L.
and J.M.M.; Writing—original draft preparation, A.L.H.; Writing—review and editing, all authors;
Resources/equipment, J.M.M., D.W.L.M. and L.E.R.; Funding acquisition, L.E.R. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by a Discovery Grant from the Natural Sciences and Engineering
Research Council of Canada (NSERC; #05833 awarded to L.E.R.). A.L.H. and D.M.L. were supported
by an NSERC Graduate Scholarship.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article. The data presented in this study
are available upon reasonable request sent to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Kawai, T.; Autieri, M.V.; Scalia, R. Adipose tissue inflammation and metabolic dysfunction in obesity. Am. J. Physiol. Cell Physiol.

2021, 320, C375–C391. [CrossRef] [PubMed]
2. Rohm, T.V.; Meier, D.T.; Olefsky, J.M.; Donath, M.Y. Inflammation in obesity, diabetes, and related disorders. Immunity 2022, 55,

31–55. [CrossRef] [PubMed]
3. DeFronzo, R.A.; Tripathy, D. Skeletal muscle insulin resistance is the primary defect in type 2 diabetes. Diabetes Care 2009, 32

(Suppl. 2), S157–S163. [CrossRef] [PubMed]
4. Boden, G.; Shulman, G.I. Free fatty acids in obesity and type 2 diabetes: Defining their role in the development of insulin

resistance and beta-cell dysfunction. Eur. J. Clin. Investig. 2002, 32 (Suppl. 3), 14–23. [CrossRef] [PubMed]
5. Khan, I.M.; Perrard, X.-Y.; Brunner, G.; Lui, H.; Sparks, L.M.; Smith, S.R.; Wang, X.; Shi, Z.-Z.; Lewis, D.E.; Wu, H.; et al.

Intermuscular and perimuscular fat expansion in obesity correlates with skeletal muscle T cell and macrophage infiltration and
insulin resistance. Int. J. Obes. 2015, 39, 1607–1618. [CrossRef] [PubMed]

6. Longo, M.; Zatterale, F.; Naderi, J.; Parrillo, L.; Formisano, P.; Raciti, G.A.; Beguinot, F.; Miele, C. Adipose tissue dysfunction as
determinant of obesity-associated metabolic complications. Int. J. Mol. Sci. 2019, 20, 2358. [CrossRef] [PubMed]

7. Li, H.; Meng, Y.; He, S.; Tan, X.; Zhang, Y.; Zhang, X.; Wang, L.; Zheng, W. Macrophages, Chronic Inflammation, and Insulin
Resistance. Cells 2022, 11, 3001. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/nu16132086/s1
https://www.mdpi.com/article/10.3390/nu16132086/s1
https://doi.org/10.1152/ajpcell.00379.2020
https://www.ncbi.nlm.nih.gov/pubmed/33356944
https://doi.org/10.1016/j.immuni.2021.12.013
https://www.ncbi.nlm.nih.gov/pubmed/35021057
https://doi.org/10.2337/dc09-S302
https://www.ncbi.nlm.nih.gov/pubmed/19875544
https://doi.org/10.1046/j.1365-2362.32.s3.3.x
https://www.ncbi.nlm.nih.gov/pubmed/12028371
https://doi.org/10.1038/ijo.2015.104
https://www.ncbi.nlm.nih.gov/pubmed/26041698
https://doi.org/10.3390/ijms20092358
https://www.ncbi.nlm.nih.gov/pubmed/31085992
https://doi.org/10.3390/cells11193001
https://www.ncbi.nlm.nih.gov/pubmed/36230963


Nutrients 2024, 16, 2086 12 of 14

8. Austin, R.L.; Rune, A.; Bouzakri, K.; Zierath, J.R.; Krook, A. siRNA-mediated reduction of inhibitor of nuclear factor-κB kinase
prevents tumor necrosis factor-α–induced insulin resistance in human skeletal muscle. Diabetes 2008, 57, 2066–2073. [CrossRef]
[PubMed]

9. Nguyen, M.T.A.; Favelyukis, S.; Nguyen, A.-K.; Reichart, D.; Scott, P.A.; Jenn, A.; Liu-Bryan, R.; Glass, C.K.; Neels, J.G.; Olefsky,
J.M. A subpopulation of macrophages infiltrates hypertrophic adipose tissue and is activated by free fatty acids via toll-like
receptors 2 and 4 and JNK-dependent pathways. J. Biol. Chem. 2007, 282, 35279–35292. [CrossRef]

10. Radin, M.S.; Sinha, S.; Bhatt, B.A.; Dedousis, N.; O’Doherty, R.M. Inhibition or deletion of the lipopolysaccharide receptor Toll-like
receptor-4 confers partial protection against lipid-induced insulin resistance in rodent skeletal muscle. Diabetologia 2008, 51,
336–346. [CrossRef]

11. Osborn, O.; Olefsky, J.M. The cellular and signaling networks linking the immune system and metabolism in disease. Nat. Med.
2012, 18, 363–374. [CrossRef] [PubMed]

12. Patsouris, D.; Cao, J.-J.; Vial, G.; Bravard, A.; Lefai, E.; Durand, A.; Durand, C.; Chauvin, M.-A.; Laugerette, F.; Debard, C.; et al.
Insulin resistance is associated with MCP1-mediated macrophage accumulation in skeletal muscle in mice and humans. PLoS
ONE 2014, 9, e110653. [CrossRef] [PubMed]

13. Fink, L.N.; Costford, S.R.; Lee, Y.S.; Jensen, T.E.; Bilan, P.J.; Oberbach, A.; Blüher, M.; Olefsky, J.M.; Sams, A.; Klip, A. Pro-
inflammatory macrophages increase in skeletal muscle of high fat-fed mice and correlate with metabolic risk markers in humans.
Obesity 2014, 22, 747–757. [CrossRef] [PubMed]

14. Samokhvalov, V.; Bilan, P.J.; Schertzer, J.D.; Antonescu, C.N.; Klip, A. Palmitate- and lipopolysaccharide-activated macrophages
evoke contrasting insulin responses in muscle cells. Am. J. Physiol. Endocrinol. Metab. 2009, 296, E37–E46. [CrossRef] [PubMed]

15. Sica, A.; Mantovani, A. Macrophage plasticity and polarization: In vivo veritas. J. Clin. Investig. 2012, 122, 787–795. [CrossRef]
[PubMed]

16. Figueras, M.; Olivan, M.; Busquets, S.; López-Soriano, F.J.; Argilés, J.M. Effects of eicosapentaenoic acid (EPA) treatment on
insulin sensitivity in an animal model of diabetes: Improvement of the inflammatory status. Obesity 2011, 19, 362–369. [CrossRef]
[PubMed]

17. Chen, S.-C.; Chen, P.-Y.; Wu, Y.-L.; Chen, C.-W.; Chen, H.-W.; Lii, C.-K.; Sun, H.-L.; Liu, K.-L. Long-chain polyunsaturated fatty
acids amend palmitate-induced inflammation and insulin resistance in mouse C2C12 myotubes. Food Funct. 2015, 7, 270–278.
[CrossRef]

18. Capel, F.; Acquaviva, C.; Pitois, E.; Laillet, B.; Rigaudière, J.; Jouve, C.; Pouyet, C.; Gladine, C.; Comte, B.; Saban, C.V.; et al. DHA
at nutritional doses restores insulin sensitivity in skeletal muscle by preventing lipotoxicity and inflammation. J. Nutr. Biochem.
2015, 26, 949–959. [CrossRef]

19. Oliver, E.; McGillicuddy, F.C.; Harford, K.A.; Reynolds, C.M.; Phillips, C.M.; Ferguson, J.F.; Roche, H.M. Docosahexaenoic acid
attenuates macrophage-induced inflammation and improves insulin sensitivity in adipocytes-specific differential effects between
LC n-3 PUFA. J. Nutr. Biochem. 2012, 23, 1192–1200. [CrossRef]

20. Xue, B.; Yang, Z.; Wang, X.; Shi, H. Omega-3 polyunsaturated fatty acids antagonize macrophage inflammation via activation of
AMPK/SIRT1 pathway. PLoS ONE 2012, 7, e45990. [CrossRef]

21. Calder, P.C. Eicosanoids. Essays Biochem. 2020, 64, 423–441. [CrossRef] [PubMed]
22. Xu, M.; Wang, X.; Li, Y.; Geng, X.; Jia, X.; Zhang, L.; Yang, H. Arachidonic acid metabolism controls macrophage alternative

activation through regulating oxidative phosphorylation in PPARγ dependent manner. Front. Immunol. 2021, 12, 618501.
[CrossRef] [PubMed]

23. Miles, E.A.; Allen, E.; Calder, P.C. In vitro effects of eicosanoids derived from different 20-carbon fatty acids on production of
monocyte derived cytokines in human whole blood cultures. Cytokine 2002, 20, 215–223. [CrossRef]

24. Martínez-Micaelo, N.; González-Abuín, N.; Pinent, M.; Ardévol, A.; Blay, M. Dietary fatty acid composition is sensed by the
NLRP3 inflammasome: Omega-3 fatty acid (DHA) prevents NLRP3 activation in human macrophages. Food Funct. 2016, 7,
3480–3487. [CrossRef] [PubMed]

25. Cranmer-Byng, M.M.; Liddle, D.M.; Boer, A.A.D.; Monk, J.M.; Robinson, L.E. Proinflammatory effects of arachidonic acid in a
lipopolysaccharide-induced inflammatory microenvironment in 3T3-L1 adipocytes in vitro. Appl. Physiol. Nutr. Metab. 2015, 40,
142–154. [CrossRef] [PubMed]

26. Creely, S.J.; McTernan, P.G.; Kusminski, C.M.; Fisher, f.f.M.; Silva, N.F.D.; Khanolkar, M.; Evans, M.; Harte, A.L.; Kumar, S.
Lipopolysaccharide activates an innate immune system response in human adipose tissue in obesity and type 2 diabetes. Am. J.
Physiol. Endocrinol. Mol. 2007, 292, E740–E747. [CrossRef]

27. Laugerette, F.; Furet, J.-P.; Debard, C.; Daira, P.; Loizon, E.; Géloën, A.; Soulage, C.O.; Simonet, C.; Lefils-Lacourtablaise, J.;
Bernoud-Hubac, N.; et al. Oil composition of high-fat diet affects metabolic inflammation differently in connection with endotoxin
receptors in mice. Am. J. Physiol. Endocrinol. Mol. 2012, 302, E374–E386. [CrossRef] [PubMed]

28. Cani, P.D.; Neyrinck, A.M.; Fava, F.; Knauf, C.; Burcelin, R.G.; Tuohy, K.M.; Gibson, G.R.; Delzenne, N.M. Selective increases
of bifidobacteria in gut microflora improve high-fat-diet-induced diabetes in mice through a mechanism associated with
endotoxaemia. Diabetologia 2007, 50, 2374–2383. [CrossRef] [PubMed]

29. Folch, J.; Lees, M.; Stanley, G.H.S. A simple method for the isolation and purification of total lipids from animal tissues. J. Biol.
Chem. 1957, 226, 497–509. [CrossRef]

https://doi.org/10.2337/db07-0763
https://www.ncbi.nlm.nih.gov/pubmed/18443205
https://doi.org/10.1074/jbc.M706762200
https://doi.org/10.1007/s00125-007-0861-3
https://doi.org/10.1038/nm.2627
https://www.ncbi.nlm.nih.gov/pubmed/22395709
https://doi.org/10.1371/journal.pone.0110653
https://www.ncbi.nlm.nih.gov/pubmed/25337938
https://doi.org/10.1002/oby.20615
https://www.ncbi.nlm.nih.gov/pubmed/24030890
https://doi.org/10.1152/ajpendo.90667.2008
https://www.ncbi.nlm.nih.gov/pubmed/18840759
https://doi.org/10.1172/JCI59643
https://www.ncbi.nlm.nih.gov/pubmed/22378047
https://doi.org/10.1038/oby.2010.194
https://www.ncbi.nlm.nih.gov/pubmed/20885391
https://doi.org/10.1039/C5FO00704F
https://doi.org/10.1016/j.jnutbio.2015.04.003
https://doi.org/10.1016/j.jnutbio.2011.06.014
https://doi.org/10.1371/journal.pone.0045990
https://doi.org/10.1042/EBC20190083
https://www.ncbi.nlm.nih.gov/pubmed/32808658
https://doi.org/10.3389/fimmu.2021.618501
https://www.ncbi.nlm.nih.gov/pubmed/34149684
https://doi.org/10.1006/cyto.2002.2007
https://doi.org/10.1039/C6FO00477F
https://www.ncbi.nlm.nih.gov/pubmed/27405925
https://doi.org/10.1139/apnm-2014-0022
https://www.ncbi.nlm.nih.gov/pubmed/25641170
https://doi.org/10.1152/ajpendo.00302.2006
https://doi.org/10.1152/ajpendo.00314.2011
https://www.ncbi.nlm.nih.gov/pubmed/22094473
https://doi.org/10.1007/s00125-007-0791-0
https://www.ncbi.nlm.nih.gov/pubmed/17823788
https://doi.org/10.1016/S0021-9258(18)64849-5


Nutrients 2024, 16, 2086 13 of 14

30. De Boer, A.A.; Monk, J.M.; Robinson, L.E. Docosahexaenoic acid decreases pro-inflammatory mediators in an in vitro murine
adipocyte macrophage co-culture model. PLoS ONE 2014, 9, e85037. [CrossRef]

31. Fink, L.N.; Oberbach, A.; Costford, S.R.; Chan, K.L.; Sams, A.; Blüher, M.; Klip, A. Expression of anti-inflammatory macrophage
genes within skeletal muscle correlates with insulin sensitivity in human obesity and type 2 diabetes. Diabetologia 2013, 56,
1623–1628. [CrossRef]

32. Weldon, S.M.; Mullen, A.C.; Loscher, C.E.; Hurley, L.A.; Roche, H.M. Docosahexaenoic acid induces an anti-inflammatory profile
in lipopolysaccharide-stimulated human THP-1 macrophages more effectively than eicosapentaenoic acid. J. Nutr. Biochem. 2007,
18, 250–258. [CrossRef]

33. Oh, D.Y.; Talukdar, S.; Bae, E.J.; Imamura, T.; Morinaga, H.; Fan, W.; Li, P.; Lu, W.J.; Watkins, S.M.; Olefsky, J.M. GPR120 Is an
omega-3 fatty acid receptor mediating potent anti-inflammatory and insulin-sensitizing effects. Cell 2010, 142, 687–698. [CrossRef]

34. Wong, S.W.; Kwon, M.; Choi, A.M.K.; Kim, H.; Nakahira, K.; Hwang, D.H. Fatty acids modulate toll-like receptor 4 activation
through regulation of receptor dimerization and recruitment into lipid rafts in a reactive oxygen species-dependent manner. J.
Biol. Chem. 2009, 284, 27384–27392. [CrossRef] [PubMed]

35. Zhang, Y.; Chen, H.; Zhang, W.; Cai, Y.; Shan, P.; Wu, D.; Zhang, B.; Liu, H.; Khan, Z.A.; Liang, G. Arachidonic acid inhibits
inflammatory responses by binding to myeloid differentiation factor-2 (MD2) and preventing MD2/toll-like receptor 4 signaling
activation. Biochim. Biophys. Acta Mol. Basis Dis. 2020, 1866, 165683. [CrossRef]

36. Innes, J.K.; Calder, P.C. Omega-6 fatty acids and inflammation. Prostaglandins Leukot. Essent. Fat. Acids. 2018, 132, 41–48.
[CrossRef] [PubMed]

37. Calder, P.C.; Bond, J.A.; Harvey, D.J.; Gordon, S.; Newsholme, E.A. Uptake and incorporation of saturated and unsaturated
fatty acids into macrophage lipids and their effect upon macrophage adhesion and phagocytosis. Biochem. J. 1990, 269, 807–814.
[CrossRef] [PubMed]

38. Liu, H.-Q.; Qiu, Y.; Mu, Y.; Zhang, X.-J.; Liu, L.; Hou, X.-H.; Zhang, L.; Xu, X.-N.; Ji, A.-L.; Cao, R.; et al. A high ratio of dietary
n-3/n-6 polyunsaturated fatty acids improves obesity-linked inflammation and insulin resistance through suppressing activation
of TLR4 in SD rats. Nutr. Res. 2013, 33, 849–858. [CrossRef] [PubMed]

39. Lam, Y.Y.; Hatzinikolas, G.; Weir, J.M.; Janovská, A.; McAinch, A.J.; Game, P.; Meikle, P.; Wittert, G. Insulin-stimulated glucose
uptake and pathways regulating energy metabolism in skeletal muscle cells: The effects of subcutaneous and visceral fat, and
long-chain saturated, n-3 and n-6 polyunsaturated fatty acids. Biochim. Biophys. Acta. 2011, 1811, 468–475. [CrossRef]

40. Plomgaard, P.; Bouzakri, K.; Krogh-Madsen, R.; Mittendorfer, B.; Zierath, J.R.; Pedersen, B.K. Tumor necrosis factor-alpha induces
skeletal muscle insulin resistance in healthy human subjects via inhibition of Akt substrate 160 phosphorylation. Diabetes 2005, 54,
2939–2945. [CrossRef]

41. Yaribeygi, H.; Farrokhi, F.R.; Butler, A.E.; Sahebkar, A. Insulin resistance: Review of the underlying molecular mechanisms. J. Cell
Physiol. 2019, 234, 8152–8161. [CrossRef] [PubMed]

42. Sell, H.; Dietze-Schroeder, D.; Kaiser, U.; Eckel, J. Monocyte chemotactic protein-1 is a potential player in the negative cross-talk
between adipose tissue and skeletal muscle. Endocrinology 2006, 147, 2458–2467. [CrossRef] [PubMed]

43. Fischer, C.P. Interleukin-6 in acute exercise and training: What is the biological relevance? Exerc. Immunol. Rev. 2006, 12, 6–33.
[PubMed]

44. Carey, A.L.; Steinberg, G.R.; Macaulay, S.L.; Thomas, W.G.; Holmes, A.G.; Ramm, G.; Prelovsek, O.; Hohnen-Behrens, C.;
Watt, M.J.; James, D.E.; et al. Interleukin-6 increases insulin-stimulated glucose disposal in humans and glucose uptake and fatty
acid oxidation in vitro via AMP-activated protein kinase. Diabetes 2006, 55, 2688–2697. [CrossRef] [PubMed]

45. Weigert, C.; Hennige, A.M.; Lehmann, R.; Brodbeck, K.; Baumgartner, F.; Schaüble, M.; Häring, H.U.; Schleicher, E.D. Direct
cross-talk of interleukin-6 and insulin signal transduction via insulin receptor substrate-1 in skeletal muscle cells. J. Biol. Chem.
2006, 281, 7060–7067. [CrossRef] [PubMed]

46. Kim, H.-J.; Higashimori, T.; Park, S.-Y.; Choi, H.; Dong, J.; Kim, Y.-J.; Noh, H.-L.; Cho, Y.-R.; Cline, G.; Kim, Y.-B.; et al. Differential
effects of IL-6 and -10 on skeletal muscle and liver insulin action. Diabetes 2004, 53, 1060–1067. [CrossRef] [PubMed]

47. Tishinsky, J.M.; De Boer, A.A.; Dyck, D.J.; Robinson, L.E. Modulation of visceral fat adipokine secretion by dietary fatty acids and
ensuing changes in skeletal muscle inflammation. Appl. Physiol. Nutr. Metab. 2014, 39, 28–37. [CrossRef] [PubMed]

48. Pinel, A.; Rigaudière, J.-P.; Jouve, C.; Capel, F. Modulation of insulin resistance and the adipocyte-skeletal muscle cell cross-talk
by LCn-3PUFA. Int. J. Mol. Sci. 2018, 19, 2778. [CrossRef]

49. Reyna, S.M.; Ghosh, S.; Tantiwong, P.; Meka, C.S.R.; Eagan, P.; Jenkinson, C.P.; Cersosimo, E.; DeFronzo, R.A.; Coletta, D.K.;
Sriwijitkamol, A.; et al. Elevated toll-like receptor 4 expression and signaling in muscle from insulin-resistant subjects. Diabetes
2008, 57, 2595–2602. [CrossRef]

50. Varma, V.; Yao-Borengasser, A.; Rasouli, N.; Nolen, G.T.; Phanavanh, B.; Starks, T.; Gurley, C.; Simpson, P.; McGehee, R.E., Jr.;
Kern, P.A.; et al. Muscle inflammatory response and insulin resistance: Synergistic interaction between macrophages and fatty
acids leads to impaired insulin action. Am. J. Physiol. Endocrinol. Mol. 2009, 296, E1300–E1310. [CrossRef]

51. Wu, H.; Ballantyne, C.M. Skeletal muscle inflammation and insulin resistance in obesity. J. Clin. Investig. 2017, 127, 43–54.
[CrossRef] [PubMed]

https://doi.org/10.1371/journal.pone.0085037
https://doi.org/10.1007/s00125-013-2897-x
https://doi.org/10.1016/j.jnutbio.2006.04.003
https://doi.org/10.1016/j.cell.2010.07.041
https://doi.org/10.1074/jbc.M109.044065
https://www.ncbi.nlm.nih.gov/pubmed/19648648
https://doi.org/10.1016/j.bbadis.2020.165683
https://doi.org/10.1016/j.plefa.2018.03.004
https://www.ncbi.nlm.nih.gov/pubmed/29610056
https://doi.org/10.1042/bj2690807
https://www.ncbi.nlm.nih.gov/pubmed/2117922
https://doi.org/10.1016/j.nutres.2013.07.004
https://www.ncbi.nlm.nih.gov/pubmed/24074743
https://doi.org/10.1016/j.bbalip.2011.04.011
https://doi.org/10.2337/diabetes.54.10.2939
https://doi.org/10.1002/jcp.27603
https://www.ncbi.nlm.nih.gov/pubmed/30317615
https://doi.org/10.1210/en.2005-0969
https://www.ncbi.nlm.nih.gov/pubmed/16439461
https://www.ncbi.nlm.nih.gov/pubmed/17201070
https://doi.org/10.2337/db05-1404
https://www.ncbi.nlm.nih.gov/pubmed/17003332
https://doi.org/10.1074/jbc.M509782200
https://www.ncbi.nlm.nih.gov/pubmed/16418171
https://doi.org/10.2337/diabetes.53.4.1060
https://www.ncbi.nlm.nih.gov/pubmed/15047622
https://doi.org/10.1139/apnm-2013-0135
https://www.ncbi.nlm.nih.gov/pubmed/24383504
https://doi.org/10.3390/ijms19092778
https://doi.org/10.2337/db08-0038
https://doi.org/10.1152/ajpendo.90885.2008
https://doi.org/10.1172/JCI88880
https://www.ncbi.nlm.nih.gov/pubmed/28045398


Nutrients 2024, 16, 2086 14 of 14

52. Abdelmagid, S.A.; Clarke, S.E.; Nielsen, D.E.; Badawi, A.; El-Sohemy, A.; Mutch, D.M.; Ma, D.W. Comprehensive profiling of
plasma fatty acid concentrations in young healthy Canadian adults. PLoS ONE 2015, 10, e0116195. [CrossRef] [PubMed]

53. Lust, C.A.C.; Bi, X.; Henry, C.J.; Ma, D.W.L. Development of Fatty Acid Reference Ranges and Relationship with Lipid Biomarkers
in Middle-Aged Healthy Singaporean Men and Women. Nutrients 2021, 13, 435. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1371/journal.pone.0116195
https://www.ncbi.nlm.nih.gov/pubmed/25675440
https://doi.org/10.3390/nu13020435
https://www.ncbi.nlm.nih.gov/pubmed/33572735

	Introduction 
	Materials and Methods 
	Cell Culture and Differentiation 
	RAW 264.7 Macrophage Treatment and Macrophage–Myocyte Co-Culture Conditions 
	Cellular Fatty Acid Composition 
	mRNA Expression Analysis 
	Analysis of NF-B and STAT3 Activation 
	Secreted Protein Analysis 
	Cellular Protein Analysis 
	Glucose Uptake Assay 
	Statistical Analysis 

	Results 
	RAW 264.7 Fatty Acid Composition 
	mRNA Expression in RAW 264.7 Macrophages Treated with FA Followed by Stimulation with LPS 
	Secreted Protein in RAW 264.7 Macrophages Treated with FA Followed by Stimulation with LPS 
	NF-B p65 and STAT3 Activation in RAW 264.7 Macrophages Treated with FA Followed by Stimulation with LPS 
	mRNA Expression in L6 Myocytes Treated with MCM Derived from FA- and LPS-Stimulated RAW 264.7 Macrophages 
	Secreted Proteins from L6 Myocytes Treated for 24 h with MCM Derived from FA- and LPS-Treated RAW 264.7 Macrophages 
	NF-B p65 Activation in L6 Myocytes Treated with MCM Derived from FA- and LPS-Treated RAW 264.7 Macrophages 
	Phosphorylation of Akt Signaling Pathway Proteins in L6 Myocytes Treated with MCM Derived from RAW 264.7 Macrophages Stimulated with FA and LPS 
	Insulin-Stimulated Glucose Uptake in L6 Myocytes Treated with MCM from RAW 264.7 Macrophages Stimulated with FA 

	Discussion 
	Conclusions 
	References

