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Abstract

Macrophages are an important component of muscle where they are involved in complex processes such as repair, regeneration and hypertrophy. We
recently reported that macrophage numbers increase in the muscle of obese patients, suggesting that muscle-resident macrophages could be involved in the
development of muscle insulin resistance that is associated with obesity. Coculture of activated macrophages with human muscle cells impairs insulin signaling
and induces atrophy signaling pathways in the human muscle cells; this is exacerbated by the addition of palmitic acid. In this study, we tested the hypothesis
that docosahexaenoic acid (DHA), a polyunsaturated fatty acid that has anti-inflammatory properties, would have the opposite effect of palmitic acid on muscle–
macrophage cocultures. Surprisingly, DHA did not stimulate insulin signaling in human muscle myotubes that were cocultured with fibroblasts or macrophages.
However, DHA inhibited Fn14, the TNF-like weak inducer of apoptosis receptor that increases the expression of the muscle-specific ubiquitin ligase MuRF-1
(muscle ring-finger protein-1). DHA treatment also increased the apparent molecular mass of MuRF-1 on sodium dodecyl sulfate–polyacrylamide gel
electrophoresis gels, suggesting that DHA causes MuRF-1 to be posttranslationally modified. In conclusion, these results suggest that DHA may have a beneficial
effect on muscle mass in humans by inhibiting the induction of Fn14 by infiltrating macrophages.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

Obesity increases the macrophage content of insulin-responsive
tissues [1]. It is well accepted that adipose tissue from obese
individuals has more macrophages than the adipose tissue of lean
individuals. Moreover, adipose-resident macrophages increase the
concentration of circulating inflammatory cytokines [2–4]. These
proinflammatory cytokines in conjunction with elevated free fatty
acids cause insulin resistance in muscle [5]. However, obesity also
increases the number of tissue-resident macrophages in muscle [6];
Abbreviations: DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid;
DAG, diacylglycerol; FFA, free fatty acid; MuRF-1, muscle ring-finger protein-1;
MafBX, muscle atrophy F-box.
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these macrophages, in close proximity to myoblasts and myofibers, are
in a position to directly affect muscle by secreting various cytokines.
Macrophage–muscle interactions can be studied with coculture
systems. We have shown that activated macrophages alter insulin
signaling pathways in muscle and that this effect is enhanced by the
saturated free fatty acid (FFA) palmitic acid [6]. Furthermore, coculture
withmacrophages induced atrophy signaling inhumanmuscle, and this
was enhanced by palmitic acid [6]. The effects of unsaturated FFAs on
macrophage–myotube interactions are unknown but are likely to be
different than palmitic acid. Therefore, we evaluated the effect of oleic
acid, which is monounsaturated, and docosahexaenoic acid (DHA),
which is polyunsaturated, in this coculture study.

FFAs are an important fuel source for muscle and may become
incorporated into phospholipids subsequently influencing both the
properties of muscle cell membranes and signal transduction pathways
[7]. However, high concentrations of FFA, which occur with obesity,
cause detrimental effects in muscle. Palmitic acid increases inflamma-
tion by stimulating toll receptors [8], and palmitic acid induces the de
novo synthesis of ceramide and diacylglycerol (DAG) [9,10], both of
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which inhibit insulin signaling [8,11,12]. The addition of palmitic acid to
muscle–macrophage cocultures decreases the phosphorylation of the
insulin signaling target Akt inmyotubes [6,13]. In addition to regulating
GLUT4 translocation to the plasma membrane in response to insulin,
Akt also regulates muscle mass, and we found that palmitic acid
treatment increases atrophy signaling in myotubes [6].

In contrast to saturated fatty acids, n-3 fatty acids, which include
DHA (22:6n-3) and eicosapentaenoic acid (20:5n-3), are anti-inflam-
matory [14]. The anti-inflammation mechanism is complex and
involves reducing the n-6 to n-3 ratio, altering transcription, producing
resolvins and stimulating the heterotrimeric G-protein-coupled recep-
tor GPR120 [14,15]. Because DHA is anti-inflammatory, we hypothe-
sized that the addition ofDHA tomuscle–macrophage cocultureswould
enhance myotube insulin signaling and decrease myotube atrophy
signaling. DHA enhances insulin signaling in adipocytes [15], improves
insulin sensitivity in cattle [16] and abrogates the effect of high-fat
feeding on insulin sensitivity in rats and mice [15,17]. Finally, there is
limited evidence that n-3 fatty acids are protective against muscle
atrophy since they protect muscle from cytokines in cell culture studies
[18] and preserve muscle mass in rats [19].

In this study, we examined the effects of n-3 fatty acids on
myotube insulin and atrophy signaling in macrophage–myotube
cocultures. We found that DHA did not increase stimulation of Akt
phosphorylation by insulin or protect against the dramatic reduction
in phosphoserine 473 Akt (pAkt) levels that occurs when myotubes
are cocultured with macrophages. Interestingly, Fn14, which is a
newly discovered regulator of the muscle-specific ubiquitin ligase
MuRF-1, was induced in myotubes by macrophage coculture, and
DHA treatment reduced Fn14 protein levels. Finally, MuRF-1 is likely
posttranslationally modified in response to DHA treatment. Thus,
DHA supplementation may have a beneficial effect on human muscle
mass by inhibiting Fn14 induction by macrophages.

2. Materials and methods

2.1. Human subjects and muscle biopsies

Healthy, sedentary, nondiabetic human subjects were recruited by local adver-
tisement. All subjects recruited signed informed consent forms under protocols that
were approved by the institutional review board at the University of Arkansas for
Medical Sciences. Muscle biopsy specimens from six subjects were included in this
study. Muscle biopsies were obtained from vastus lateralis muscle under local
anesthesia. Subjects in this group were between 22 and 52 years old; their body
mass index was between 23 and 40 kg/m2; none of the subjects were taking anti-
inflammatory medications.

2.2. Isolation and culture of myoblasts from human muscle biopsies

Myoblasts were isolated from the biopsied tissue as described previously [6].
Myoblasts that were 90% or greater MyoD positive and that were at passages between 4
and 5 were used in the experiments. When the cells were 90% confluent, they were
induced to differentiate into myotubes by culturing in alpha minimum essential
medium (Invitrogen, Carlsbad, CA, USA) containing 5 mM glutamine, 1× penicillin/
streptomycin and 2% fetal bovine serum (FBS) for 48 to 72 h.

2.3. Myotube–fibroblast and myotube–macrophage cocultures

THP-1 cells, a human monocyte cell line, were maintained in RPMI medium with
10% FBS and 1% penicillin/streptomycin. Differentiated macrophages were obtained by
plating THP-1 monocytes at 1.4×107 cells/100-mm culture dish in Macrophage-SFM
(Invitrogen) with 1% penicillin/streptomycin and 250 nM phorbol ester (12-O-
tetradecanoylphorbol-13-acetate; Sigma-Aldrich, St. Louis, MO, USA) for 72 h. MRC-5
cells, a human fibroblast cell line, were grown in Dulbecco's modified Eagle's medium,
1 g/L glucose (Mediatech, Manassas, VA, USA) containing 10% FBS and 1× penicillin/
streptomycin. Differentiated myotubes were cultured alone, cocultured with THP-1
macrophages, or as a control, cocultured with MRC-5 fibroblasts. For cocultures, the
TPA-differentiated THP-1 macrophages were gently scraped, counted using trypan
blue, plated at 1.8–2.0×105 cells on inserts and allowed to settle and adhere in 6-well
plates for 12 h prior to starting the coculture. Thus, the macrophages were plated at
20% to 25% of the confluent numbers of myoblasts (7–9×105); this is similar to the
macrophage to myotube ratio observed in the muscle from obese subjects [6].
Differentiated myotubes were cocultured with inserts containing either THP-1
macrophages, MRC fibroblasts or no cells. The coculture medium contained either
0.2 mM palmitic acid, 0.2 mM oleic acid, 0.2 mM DHA or ethanol (vehicle control).
Palmitic acid, oleic acid or DHA (Sigma-Aldrich) was first conjugated with fatty acid-
free bovine serum albumin (BSA;MP Biochemicals, Irvine, CA, USA) in a ratio of 2.5:1 as
follows. Each fatty acid was dissolved in ethanol and mixed with 20% fatty acid-free
BSA (MP Biomedicals, Solon, OH, USA), which was dissolved in alpha minimum
essential medium. The fatty acid was then conjugated to BSA at 45°C for 20 min.
Ethanol was used as a vehicle control. The final concentration of ethanol was less than
0.5%. The coculture experiments were performed for 24 h in duplicate. Following
coculture, the cells from the inserts and plate wells were collected with either RNA lysis
buffer or cell lysis buffer.

2.4. Total RNA isolation and real-time reverse transcriptase polymerase chain reaction

Total RNA from differentiated myotubes, THP-1 macrophages and MRC-5
fibroblasts was obtained using the RNAqueous kit (Ambion Inc., Austin, TX, USA)
according to the manufacturer's instructions. The quantity and quality of the isolated
RNA were determined with an Agilent 2100 Bioanalyzer (Palo Alto, CA, USA).
Complement DNA was prepared, and levels of muscle atrophy F-box (MafBX) and
MyoD were determined using real-time reverse transcriptase polymerase chain
reaction (RT-PCR) as described earlier [6].

2.5. Immunoblot analysis

Cell lysates were prepared by adding M-PER (Thermo Fisher Scientific, Waltham,
MA, USA) containing both protease and phosphatase inhibitors to the wells, scraping
the cells and then centrifuging the total lysate to remove cellular debris. Thirty
micrograms of lysate was resolved on a 10% gel, transferred to nitrocellulose and
immunoblotted as follows. The membranes were blocked in tris buffered saline
containing tween and casein (TBST-C) [20 mM Tris (pH 8.0), 150 mM NaCl, 0.1%
Tween-20, 1% casein (technical grade; Sigma)]. Membranes were incubated with
primary antibody for 1 h, washed three times with TBST, incubated with IRDye 800CW
secondary antibodies (LI-COR Biosciences, Lincoln, NE, USA), washed three times with
TBST and then quantified using an Odyssey imaging system (LI-COR Biosciences). Actin
was used as a loading control. When necessary, membranes were stripped with 0.2 M
glycine (pH 2.5), 0.05% Tween-20 at 80°C for 30 min. The membranes were then
blocked and probed with the appropriate secondary antibody to confirm stripping.
Integrated intensities of the bands were determined with Odyssey Software (LI-COR
Biosciences). The data were normalized by dividing by the integrated intensity of the
load control (actin or Akt). Antibodies against Fn14 (4403), pAkt Ser473 (4051) and
Akt (9272) were from Cell Signaling (Danvers, MA, USA), antibodies against MuRF-1
(MP3401) were from ECM Biosciences (Versailles, KY, USA) and antibodies against actin
(A1978) were from Sigma.

2.6. Phosphatase treatment

Lysates from either control or DHA-treated myotubes were dialyzed for 1 in ice-
cold phosphatase buffer [50 mM Hepes (pH 7.4), 100 mM NaCl, 0.5% Triton X-100,
protease inhibitors (EMD, Gibbstown, NJ, USA) and 2 mM dithiothreitol (DTT)]. Thirty
micrograms of lysate was then dephosphorylated in a 20 μl reaction containing 2 μl
(800 units) λ-phosphatase (NEB, Danvers, MA, USA) and 1 mM MnCl2. The
reaction was incubated at 30°C for 30 min, resolved on a 10% sodium dodecyl sulfate–
polyacrylamide gel electrophoresis gel, transferred to nitrocellulose and analyzed by
immunoblotting as described above.

2.7. Measurement of myotube DAG and ceramide

Quantification of DAG and ceramide content in lipid extracts from myotubes was
performed as previously reported [20], with some modifications. Briefly, lipids were
extracted frommyotubes and DAG and ceramide phosphorylated in the lipid extract by
the addition of DAG–kinase and 5 μCi [32P] ATP. DAG and ceramide were separated by
thin-layer chromatography. The silica plates were then exposed to autoradiograph
film, DAG and ceramide located and scraped into separate scintillation vials. DAG and
ceramide concentrations were calculated as nanomoles/mg protein based on known
standards run on the same plate.

2.8. Statistical analysis

Ratios were treated as continuous variables and described with means and
standard errors for FFA treatment and coculture cell type. Analysis of the means plots
indicated that the no cell coculture control behaved similarly to coculture with
fibroblasts. Therefore, for all analyses, the no cell coculture was removed as a
treatment. Two-way analyses of variance were used to investigate the main effects of
coculture type, lipid type and the interaction of cell coculture type and lipid type on
means ratios. When the data suggested potential interactions between lipid and cell
coculture type (P≤.25), comparisons were made using post hoc tests to investigate
the effect of lipid on the fibroblast and macrophage coculture types. SAS, version 9.2,
was used for all statistical tests, and P values less than .05 were considered
statistically significant.



Fig. 1. Effect of macrophage coculture and FFAs on human muscle insulin signaling
pathways. (A) Human myotubes were cocultured for 24 h with the indicated cells (on
inserts) and 0.2 mM palmitic acid (P), or oleic acid (O), or DHA (D) or ethanol vehicle
control (C); the FFAswere added as BSA conjugates. The cocultures were then stimulated
with 0 or 10 nM insulin for 20 min; then the inserts were removed, and the myotubes
were harvested and immunoblotted for phospho-S473 Akt (pAkt), Akt or actin as
described in “Materials andmethods.” A representative cell line is shown. (B) The pAkt to
Akt ratio (au: arbitrary units) of all six muscle cell lines was quantified, and statistical
analysis of the data was performed using two-way ANOVA as described in “Materials and
methods.” Shaded boxes represent cells treated with 0 nM insulin, and open boxes
represent cells treated with 10 nM insulin. The data are represented as means±S.E.
(n=6); †compare baseline (0 nM insulin) control to either palmitic acid or DHA treatment
(Pb.05); ⁎compare baseline macrophage coculture to fibroblast coculture (Pb.05). (C)
Means plots of the myotube pAkt to Akt ratio (au: or arbitrary units) by lipid treatment,
cell type (fibroblasts: open circles; macrophages: closed squares) and insulin treatment
(0 nM insulin: solid line; 10 nM insulin: dashed line) are shown. Insulin treatment
significantly increased the myotube pAkt to Akt ratio in all coculture conditions
(Pb.0001). (D, E) DAG and ceramide levels were determined as described in “Materials
and methods.” *Compare control to palmitic acid treatment (Pb.05).
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3. Results

3.1. Effect of macrophage coculture and FFAs on human muscle insulin
signaling pathways

We showed previously that palmitic acid and macrophages act
synergistically to blunt insulin signaling in muscle cells [6]. To explore
this further, the effects of palmitic acid were compared with oleic acid
and DHA for their ability to alter insulin signaling pathways in human
myotubes. DHA has anti-inflammatory effects on many immune cell
types including macrophages; therefore, it was hypothesized that
DHA would have the opposite effect of palmitic acid in the coculture
system. Myotubes from six different subjects were cultured alone,
with human fibroblasts (on inserts), or with differentiated (prior to
coculture) THP-1 human macrophages (on inserts) in medium
containing ethanol (vehicle control), or palmitic acid, or oleic acid
or DHA as indicated (Fig. 1A). After 24 h, the cultures were stimulated
with 0 or 10 nM insulin for 20 min, and then one set of myotubes was
analyzed by immunoblotting and another set was analyzed by real-
time RT-PCR (see below). There were no significant differences
between myotubes cocultured with fibroblasts or cultured alone;
therefore, culture alone data are not shown.

Insulin signaling was measured by immunoblotting pAkt and total
Akt and then by determining the pAkt to Akt ratio. The results of a
representative cell line are shown in Fig. 1A, and the average pAkt toAkt
ratio of the six human myotube lines is shown in Fig. 1B. Macrophage
coculture reduced baseline (nonstimulated) pAkt levels in myotubes
(Pb.0001) as previously observed [6], and thiswas not reversed byDHA
(Fig. 1). Palmitic acid reduced the baseline pAkt levels in myotubes
cocultured with fibroblasts (P=.002), and surprisingly, DHA had the
same effect (P=.0095), whereas oleic acid had no effect. Means plots
were generated to analyze the pAkt to Akt ratio as a function of FFA
treatment, insulin treatment and cocultured cell type (Fig. 1C). Insulin
treatment caused an increase in the pAkt to Akt ratio in all coculture
conditions (Pb.0001). Furthermore, this analysis revealed that insulin
uniformly increased the ratio from the baseline level (Fig. 1C),
indicating that themagnitude of the stimulation of Akt phosphorylation
was unaffected by either FFA treatment or cocultured cell type. Finally,
the FFA treatments of the myotube–macrophage cocultures did not
significantly change thepAkt toAkt ratio. Thus, themajor effect of either
macrophage coculture or the FFAs palmitic acid and DHA is to reduce
the baseline pAkt levels in human myotubes. Furthermore, DHA does
not protect myotubes from the adverse effect that macrophage
coculture has on pAkt levels, nor does DHA enhance myotube Akt
phosphorylation in response to insulin.

Palmitic acid has been reported to inhibit insulin signaling;
therefore, the observation that palmitic acid did not have an
inhibitory effect on myotube insulin signaling was surprising. In
order to ensure that we had induced metabolic dysfunction, we
measured DAG and ceramide in the myotubes. The addition of
palmitic acid to the cocultures resulted in statistically significant
increases in the levels of DAG in the myotubes that were cocultured
with either fibroblasts or macrophages (Pb.0001; Fig. 1D). The
addition of palmitic acid to the cocultures also resulted in statistically
significant increases in the levels of ceramide in the myotubes that
were cocultured with either fibroblasts (Pb.0001) or macrophages
(P=.0259; Fig. 1E). Thus, the myotube lines used in this study were
resistant to the effects of these lipids with respect to insulin signaling
(Fig. 1C). We also examined the effect of DHA on cytokine signaling in
order to gain insight as to why DHA did not reverse the effect of
macrophages on pAkt levels. As previously reported, macrophage
coculture significantly increased the level of interleukin-6 in the
culture medium (Pb.0001); however, this was not inhibited by DHA
(data not shown). The lack of effect of DHA on insulin signaling and
interleukin-6 levels and the reduction in baseline pAkt led us to
explore atrophy signaling, which we previously demonstrated to be
affected by macrophage coculture and palmitic acid [6].

3.2. Effect of macrophage coculture on human muscle
atrophy-inducing signaling

In addition to insulin signaling, Akt integrates numerous signals
that regulate muscle mass. When active, Akt phosphorylates forkhead
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box class O (FOXO) transcription factors, preventing their transloca-
tion to the nucleus where they up-regulate the expression of the
ubiquitin ligases MuRF-1 and MAFbx [21,22]. Macrophage coculture
increased myotube MAFbx messenger RNA (mRNA) levels (Pb.0001;
Fig. 2A), and this was consistent with the reduction in myotube pAkt
levels caused by macrophage coculture (Fig. 1); however, MuRF-1
mRNA was not increased (data not shown). Interestingly, the mRNA
levels of MyoD, a transcription factor that controls muscle-specific
genes, correlated with myotube pAkt levels, decreasing as a result of
macrophage coculture (Pb.0001; Fig. 2B). Other pathways in addition
to the Akt pathway regulate ubiquitin ligase expression, including the
TNF-like weak inducer of apoptosis (TWEAK)–Fn14 system that
regulates MuRF-1 [23]. Fn14 protein expression was increased by
macrophage coculture (P=.005; Fig. 3B); however, this did not result
in increased MuRF-1 protein after 24 h of coculture (Fig. 4B).
Fig. 3. Effect of macrophage coculture and FFA on Fn14. (A) Human myotubes were
cocultured as in Fig. 1. The protein lysates were analyzed by immunoblotting with
antibodies against Fn14 and actin. (B) The Fn14 and actin levels were quantified as
described in “Materials and methods,” and the Fn14 to actin ratio is represented in
arbitrary units (au). Statistical analysis of the data was performed using two-way
ANOVA as described in “Materials and methods.” The data are represented as means±
S.E. (n=6); †compare control to DHA treatment (Pb.05); ⁎compare macrophage
coculture to fibroblast coculture (Pb.05).
3.3. Effect of FFAs on human muscle atrophy-inducing signaling

FFAs influenced both Fn14 and ubiquitin ligase expression in
myotubes. Palmitic acid increased MAFbx mRNA in myotubes
cocultured with fibroblasts (P=.0042) or macrophages (P=.0003),
but neither oleic acid nor DHA had an effect (Fig. 2A). DHA treatment
reduced myotube Fn14 protein levels (P=.007) in both fibroblast and
macrophage cocultures; furthermore, Fn14 levels did not become
elevated in myotubes cocultured with macrophages and treated with
DHA (Fig. 3, compare macrophage coculture lanes C and D). MuRF-1
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Fig. 2. Effect of macrophage coculture and FFA on human muscle atrophy signaling.
Human myotubes were cocultured as in Fig. 1. Total RNA was prepared and analyzed
by real-time RT-PCR as described in “Materials and methods.” The mRNA level of the
indicated gene was normalized to the level of 18S RNA, and the ratio is represented
in arbitrary units (au). Statistical analysis of the data was performed using two-way
ANOVA as described in “Materials and methods.” (A) MAFbx to 18S ratio: the data are
represented as means±S.E. (n=6); †compare control to palmitic acid treatment
(Pb.05); ⁎compare macrophage coculture to fibroblast coculture (Pb.05). (B) MyoD to
18S ratio: the data are represented as means±S.E. (n=6); †compare control to
palmitic acid treatment (Pb.05); ⁎compare macrophage coculture to fibroblast
coculture (Pb.05).
protein levels were also affected by DHA treatment; however, there
was a large variance in the baseline expression of MuRF-1 in the six
cell lines (Fig. 4A). Therefore, we normalized MuRf-1 expression to
the level in control (no FFA treatment) myotubes cocultured with
fibroblasts. Four of the six myotube lines treated with DHA (Fig. 4A;
lines 45, 47, 34 and 46) had reduced MuRF-1 protein levels
independent of cocultured cell (Fig. 4). Although there was a trend
toward reduction of MuRF-1 by DHA, it did not reach statistical
significance. These results suggest that DHA may have a protective
effect on muscle mass by reducing both Fn14 signaling and the
ubiquitin ligase MuRF-1 in some individuals.

3.4. Posttranslational modification of MuRF-1

Interestingly, the electrophoretic mobility of MuRF-1 was reduced
in all six of the muscle lines when DHA was added (Fig. 4A). This
observation suggests the possibility that DHA treatment causes
posttranslational modification of MuRF-1 that may make it more
susceptible to degradation and explain the reduction in MuRF-1
protein levels by DHA treatment. Since it is known that phosphory-
lation may target proteins for proteasomal degradation [24], we
determined whether phosphorylation of MuRF-1 caused the reduced
mobility of MuRF-1. The addition of λ-protein phosphatase, which
can dephosphorylate phosphoserine, threonine and tyrosine, did not
increase the migration of MuRF-1 from DHA-treated myotubes.
However, this treatment reduced the phosphorylation of Akt serine
473 (pAkt) and slightly increased the mobility of Akt, suggesting that
dephosphorylation of the lysate was effective (Fig. 4C). Thus, the
reduced mobility of MuRF-1 induced by DHA treatment is likely not
due to phosphorylation. Identifying this posttranslational modifica-
tion of MuRF-1 will be the subject of future studies.

4. Discussion

Obesity causes an increase in macrophage infiltration into tissues
that are the targets of insulin signaling including adipose, liver and
muscle (reviewed in Olefsky and Glass [1]). We reported that
macrophage coculture with human myotubes blunts insulin signaling
and augments atrophy signaling pathways, and these effects are

image of Fig. 2
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exacerbated by palmitic acid, a saturated FFA that is inflammatory [6].
In this study, the same coculture system was used to compare the
effect of unsaturated FFAs, oleic acid and DHA to that of palmitic acid
on insulin and atrophy signaling pathways in myotubes. Macrophage
coculture dramatically decreased myotube pAkt levels, and DHA did
not protect against this. The major effects of either palmitic acid or
DHA were to reduce baseline pAkt levels, and there was no effect of
either macrophages or FFAs on the relative increase in pAkt due to
insulin stimulation. This is surprising, given that ceramide and DAG
levels were increased. Atrophy signaling pathways were induced by
both macrophage coculture and palmitic acid, which increased
MAFbx mRNA levels and Fn14 protein levels. The addition of DHA
reduced Fn14 protein levels in a statistically significant manner, and
there was a trend to reduce MuRF-1 protein levels. Finally, DHA
treatment likely induced a posttranslational modification of MuRF-1
suggesting a possible mechanism to target MuRF-1 for degradation.
Thus, DHA may have a beneficial effect on human muscle mass by
reducing MuRF-1 ubiquitin ligase levels.
Fig. 4. Effect of DHA treatment on MuRF-1. (A) Human myotubes were cocultured as in
Fig. 1. The protein lysates were analyzed by immunoblotting for MuRF-1 or actin (not
shown) as a load control. (B) The MuRF-1 and actin levels were quantified as described
in “Materials and methods.” The MuRF-1 to actin ratio was normalized to the control–
fibroblast level, which was set to 100%. (C) Phosphatase treatment was used to
determine whether the apparent increase in the mass of MuRF-1 was due to
phosphorylation of MuRF-1. Thirty micrograms of protein lysate from control or
DHA-treated muscle was treated with λ-phosphatase as indicated. The lysate was then
run on 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis gels; the gels
were transferred to nitrocellulose and immunoblotted with MuRF-1, actin phospho-
S473 Akt or Akt as indicated. The data are representative of an experiment repeated
three times.
Suppression of baseline pAkt levels by DHA was unexpected, but
its mechanism is likely to be different than palmitic acid. DHA has
been shown to increase phosphatase and tensin homolog (PTEN)
levels [25] and inhibit phosphatidylinositol 3-kinase (PI3K) [26], both
of which could reduce pAkt levels. Alternatively, in adipocytes, DHA
increases pAkt levels by a pathway that involves the heterotrimeric G-
protein-coupled receptor GPR120 [15]. However, in mice, this
receptor is specifically expressed in cell types that include adipocytes
and macrophages, but not muscle [15]. Thus, DHA treatment either
increases or decreases pAkt depending on the cell type. The precise
mechanism that is induced by DHA treatment to regulate pAkt levels
in human myotubes remains to be elucidated.

Although reducing baseline pAkt, palmitic acid treatment did not
reduce the magnitude of the stimulation of pAkt levels in response
to insulin. Whereas FFAs are known to induce insulin resistance in
humans [5], there have been reports that cultured myotubes can be
resistant to palmitic acid treatment. Bikman and colleagues reported
that pooled myotubes from obese individuals were not inhibited by
a 16-h pretreatment with 0.45 mM palmitic acid, a higher
concentration than used in this study [27]. Alternatively, Thrush
and colleagues, using isolated muscle preparations, found that
muscle from lean but not obese humans was resistant to the effects
of 2 mM palmitic acid [28]. We confirmed that palmitic acid
increased DAG and ceramide levels. However, further investigation
will be necessary to determine the mechanism for resistance to
palmitic acid treatment.

Because of the remarkable reduction in pAkt in myotubes
cocultured with macrophages and our previous work [6], we also
evaluated atrophy signaling. Macrophages are required for many
aspects of muscle biology such as repair [29] and hypertrophy
responses [30]. Depending on their activation state, macrophages
have dramatically different effects on muscle including damage
[31], induction of atrophy signaling [6], modulation of insulin
signaling [6,13] and supporting satellite cell proliferation and
repair [29,32,33]. Both M1 and M2 macrophages are found in
human muscle, with M2 primarily responding to hypertrophic
stimuli from resistance training [34]. We hypothesize that obesity
results in increased abundance of classically activated macrophages
in muscle and that this contributes to insulin resistance. The THP-1
monocytes used in this study were activated by phorbol 12-
myristate 13-acetate (PMA) treatment, which induces a classical
activation state that is inflammatory and induces atrophy signaling
[6]. Coculture with these macrophages results in a dramatic
reduction of pAkt, which would be predicted to induce both
MAFbx and MuRF-1 since activation of Akt can dominantly repress
both of these ubiquitin ligases [35]. Furthermore, macrophage
coculture also increased Fn14. Fn14 is a receptor for TWEAK, and
Fn14–TWEAK signaling is thought to play a role in tissue repair
[36]. In muscle, Fn14 is induced after denervation; whereas
TWEAK remains constant, indicating an “inside-out” signaling
mechanism in which receptor levels are critical [23]. Furthermore,
the analysis of TWEAK–Tg and TWEAK–null mice suggests that
TWEAK–Fn14 signaling induces atrophy in mice by inducing
MuRF-1 and that disruption of TWEAK–Fn14 signaling could have
beneficial effects on muscle mass [23,37]. The observation in this
study that macrophage coculture induces Fn14 suggests that
MuRF-1 should increase. Whereas MAFbx mRNA was induced by
macrophage coculture at 24 h, MuRF-1 mRNA was not induced.
This suggests that the kinetics of induction of MAFbx and MuRF-1
in myotubes in response to macrophage coculture are different.
This could be due to a differential response to the pAkt-FOXO
pathway and the Fn14–TWEAK pathway, both of which are
induced by macrophage coculture.

Omega-3 fatty acids such as DHA are anti-inflammatory and use
multiple biochemical mechanisms to down-regulate inflammatory

image of Fig. 4
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signaling pathways in cells [15,38]. Although the macrophages used
in this study were activated toward an inflammatory state, the effect
that they had on human muscle pAkt could not be disrupted by DHA
treatment. However, the atrophy-inducing signaling by macrophage
coculture could be disrupted by DHA since Fn14was not up-regulated
by macrophage coculture in the presence of DHA. Furthermore, DHA
treatment reduced MuRF-1 protein levels in the majority of the cell
lines tested. Atrophy occurs with aging and certain diseases such as
cancer and diabetes [39]. There have been reports that fish oil
supplementation protects against weight loss in cancer [40,41] and
that reduced plasma omega-3 fatty acid levels are associated with
muscle loss [42]. Finally, omega-3 fatty acid supplementation was
shown to increase grip strength in the elderly, suggesting that fish oil
supplementation preserves muscle mass in humans [43]. Thus, the
ability of DHA to inhibit Fn14 signaling by reducing Fn14 protein
levels and the ability of DHA to reduce MuRF-1 protein levels suggest
that DHA treatment induces multiple mechanisms of lowering
MuRF-1 protein levels and that DHA dietary supplementation may
preserve muscle mass in humans.

Finally, DHA treatment caused a decrease in the mobility of
MuRF-1, suggesting that MuRF-1 is posttranslationally modified in
myotubes. Since MuRF-1 protein levels tended to be reduced by DHA
treatment and since phosphorylation is the first step in directing a
number of proteins to the ubiquitin–proteasome degradation path-
way, we determined whether phosphorylation caused the decrease in
the mobility of Murf-1. Dephosphorylation of the protein extract with
λ-phosphatase did not increase the electrophoretic mobility of
MuRF-1 but was effective since pAkt was dephosphorylated (Fig. 4).
Thus, phosphorylation is not responsible for the reduced electropho-
retic mobility of MuRF-1 observed in response to DHA treatment. The
modification may be acylation, perhaps by DHA itself, although
palmitic acid and oleic acid treatment did not affect MuRF-1
electrophoretic mobility. Thus, the identity of the posttranslational
modification and whether it causes MuRF-1 to be a substrate for
ubiquitin ligases remain to be determined.
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