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A B S T R A C T

Polyunsaturated fatty acids (PUFAs) are essential dietary components. They are not only used for energy, but
also act as signaling molecules. The delta-6 desaturase (D6D) enzyme, encoded by the FADS2 gene, is one of two
rate limiting enzymes that convert the PUFA precursors – α-linolenic (n-3) and linoleic acid (n-6) to their re-
spective metabolites. Alterations in the D6D enzyme activity alters fatty acid profiles and are associated with
metabolic and inflammatory diseases including cardiovascular disease and type 2 diabetes. Omega-3 PUFAs,
specifically its constituent fatty acids DHA and EPA, are known for their anti-inflammatory ability and are also
beneficial in the prevention of skeletal muscle wasting, however the mechanism for muscle preservation is not
well understood. Moreover, little is known of the effects of altering the n-6/n-3 ratio in the context of a high-fat
diet, which is known to downregulate protein synthesis. Twenty C57BL6 male mice were fed a high-fat lard
(HFL, 45% fat (mostly lard), 35% carbohydrate and 20% protein, n-6:n-3 PUFA, 13:1) diet for 6 weeks. Mice
were then divided into 4 groups (n = 5 per group): HFL– , high-fat oil– (HFO, 45% fat (mostly Menhaden oil),
35% carbohydrate and 20% protein, n-6:n-3 PUFA, 1:3), HFL+ (HFL diet plus an orally administered FADS2
inhibitor, 100 mg/kg/day), and HFO+ (HFO diet plus an orally administered FADS2 inhibitor, 100 mg/kg/day).
After 2 weeks on their respective diets and treatments, animals were sacrificed and gastrocnemius muscle
harvested. Protein turnover signaling were analyzed via Western Blot. 4-EBP1 and ribosomal protein S6 ex-
pression were measured. A two-way ANOVA revealed no significant change in the phosphorylation of both
4EBP-1 and ribosomal protein S6 with diet or inhibitor. There was a significant reduction in STAT3 phos-
phorylation with the inhibition of FADS2 (p = 0.03). Additionally, we measured markers of protein degradation
through levels of FOXO phosphorylation, ubiquitin, and LC3B expression; there was a trend towards increased
phosphorylation of FOXO (p = 0.08) and ubiquitinated proteins (p = 0.05) with FADS2 inhibition. LC3B ex-
pression, a marker of autophagy, was significantly higher in the HFL plus FADS2 inhibition group from all other
comparisons. Lastly, we analyzed activation of mitochondrial biogenesis which is closely linked with protein
synthesis through PGC1-α and Cytochrome-C expression, however no significant differences were associated
with either marker across all groups. Collectively, these data suggest that the protective effects of muscle mass by
omega-3 fatty acids are from inhibition of protein degradation. Our aim was to determine the role of PUFA
metabolites, DHA and EPA, in skeletal muscle protein turnover and assess the effects of n-3s independently. We
observed that by inhibiting the FADS2 enzyme, the protective effect of n-3s on protein synthesis and pro-
liferation was lost; concomitantly, protein degradation was increased with FADS2 inhibition regardless of diet.

1. Introduction

The World Health Organization estimates global obesity to have
almost doubled to 1.4 billion over the past three decades; concurrently,
metabolic and inflammatory disorders such as CVD, diabetes, and sar-
copenic obesity are rising. Skeletal muscle mass is involved in nu-
merous metabolic functions, with key roles in whole-body protein

metabolism and energy expenditure [1]. Therefore, maintenance of
muscle mass is key as an imbalance in protein turnover relates to in-
creased morbidity and disease [2]. Recent evidence has shown poly-
unsaturated fatty acids (PUFAs), specifically eicosapentaenoic acid
(EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3), to have
beneficial effects on skeletal muscle protein turnover [3–9,18,34].
PUFAs are essential dietary components, as they are not endogenously
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produced by humans. Other than a source of energy, these long-chain
fatty acids are the structural components of cell membranes, act as
signaling molecules, and regulate enzyme activity, transcription of
genes, and membrane fluidity [2,10–12]. The delta-6 desaturase (D6D)
enzyme, encoded by the FADS2 gene, is one of two rate limiting en-
zymes that convert the PUFA precursors – α-linolenic (ALA, 18:3n-3)
and linoleic acid (LA, 18:2n-6) to their respective metabolites, EPA/
DHA and arachidonic acid (AA, 20:4n-6). Alterations in the D6D en-
zyme activity alters fatty acid profiles and are associated with meta-
bolic and inflammatory diseases [2,13,14]. A study observing a D6D
knockout mouse fed one of four isocaloric diets with differing fat
sources (corn oil (LA-enriched), arachidonic acid single cell oil (AA-
enriched), flaxseed oil (ALA-enriched), or menhaden fish oil (EPA/
DHA) enriched) found the beneficial effects of PUFAs to be both in-
dependent of and dependent upon their conversion [15].

Omega-3 PUFAs, specifically EPA and DHA, are known for their
anti-inflammatory, anti-cachectic, anti-catabolic, and anabolic proper-
ties [7,8,10,16,17]; G. I. [18,19]. EPA, DHA, and AA are all precursors
of eicosanoids and docosanoids regulating inflammatory and immune
response, yet AA has more of a pro-inflammatory effect while EPA and
DHA exert anti-inflammatory responses [13,14]. Preservation of lean
muscle mass has been attributed to this anti-inflammatory response in
post-operative cancer patients supplementing enteral nutrition with
EPA [8]. Both in vitro and in vivo studies report n-3 and EPA to sup-
press pro-inflammatory cytokine production via inhibition of TNF-α in
models of arthritis and muscle atrophy [6,10,17]. The mechanism be-
hind omega-3 PUFAs preventing muscle wasting and preserving muscle
mass is less understood. This anti-catabolic response is thought to be
mediated by the Akt/FOXO, NF-kB, and ubiquitin proteasome system
(UPS) pathways; while the anabolic response is associated with upre-
gulation of the mTOR-p70s6k signaling pathway [3,4,6,20,21]. Yet
these effects have not been determined in a high-fat diet which has been
shown to decrease protein synthesis by activation of the unfolded
protein response and disruption of endoplasmic reticulum homeostasis
[22]. Recent evidence points to the manipulation of the n-6/n-3 ratio
relative to the total amount of PUFAs to be crucial in affecting meta-
bolic and physiological functioning. The westernized diet has a typical
ratio of approximately 20:1 n-6/n-3; this relatively high intake of n-6 to
n-3 may exacerbate an already pro-inflammatory state in the context of
disease [2,13]. Further, diet-induced obesity has been shown to alter
protein synthesis in a murine model [23]. Additionally, the D6D en-
zyme has a preference for n-3 metabolism but high levels of n-6 can
shift its preference toward n-6 conversion [2,14,24]. To our knowledge,
our study is novel in that it is the first to assess the effects of FADS2
enzyme inhibition on muscle protein turnover with omega-3 supple-
mentation.

Because the FADS2, or D6D, enzyme metabolizes n-6 and n-3
PUFAs, we sought to inhibit this process and analyze the effect of
downstream metabolites on protein turnover, as well as assess the effect
of omega-3s independently and determine its mechanistic effect. Our
aim was to determine the role of PUFA metabolites in skeletal muscle
protein synthesis, in the presence or absence of FADS2 activity in
C57BL6 mice fed a high-fat diet. We hypothesized that by inhibiting the
FADS2 enzyme and supplementing with fish oil (menhaden oil), there
would be an increase in skeletal muscle anabolic response via upregu-
lation of the mTOR pathway and/or downregulation of Akt/FOXO and
ubiquitin proteasome atrophy pathways.

2. Materials and methods

2.1. Animals and experimental design

C57BL/6 male mice were purchased from Envigo. All animals were
kept on a 12:12-h light-dark cycle. Animals had ad libitum access to
food and water during the course of the study. Mice were fed a high-fat
lard (HFL, 45% fat (mostly lard), 35% carbohydrate and 20% protein,

n-6:n-3 PUFA, 13:1) diet for 6 weeks. Mice were then divided into 2
groups (n= 10 per group). One group remained on the HFL diet, while
the other group was fed a diet high in n-3 PUFAs (HFO, 45% fat (mostly
Menhaden oil), 35% carbohydrate and 20% protein, n-6:n-3 PUFA,
1:3). The complete diet composition is listed below in Table 1. Each
group was further subdivided with half of the animals receiving an
orally administered FADS2 inhibitor (HFO/HFL+, n=5/group, at
100mg/kg/day) and half not receiving inhibitor (HFO/HFL−, n=5/
group). After 2 weeks on their respective diets and treatments, animals
were sacrificed and gastrocnemius muscle harvested. All animals were
fasted for 5 h before euthanasia. Animals were anesthetized with iso-
flurane and underwent cervical dislocation. Tissues were removed,
weighed, and frozen in liquid nitrogen. Tissues were then stored at
−80 °C until further analysis. All animal experimentation was approved
by the University of Memphis’ Institutional Animal Care and Use
Committee.

Western Blot Analysis. Western blot analysis was performed as pre-
viously described in Ref. [25] The gastrocnemius muscle was homo-
genized in Mueller buffer and protein concentration was measured
using the Bradford method [26]. Homogenates were loaded on 10–12%
SDS-polyacrylamide gels, ran, and transferred overnight to poly-
vinylidene difluoride membranes. Primary antibodies for phosphory-
lated (P)-, 4EBP1, 4EBP1, P-STAT3, STAT3, P-FOXO, FOXO, Ubiquitin,
LC3B, Cytochrome-C (Cell Signaling), and PGC-1α (ABCAM) were in-
cubated 1:2,000 for 24 h in -4 degrees Celsius. Secondary antibodies
were used at a concentration of 1:5,000 and were incubated for 1–2 h at
room temperature. Enhanced chemiluminescence was used to visualize
the antibody-antigen interactions and was developed using a Chemidoc
system. Blots were analyzed by measuring the integrated optical density
of each band using ImageJ software. All Western blots were normalized
to Tubulin or the non-phosphorylated control.

Statistical Analysis. All data are represented as means ± SE. A
Student t-test was used to determine systemic and baseline differences
between HFO- and HFL- treated mice. A two-way ANOVA was used to
determine the effects of diet and inhibitor. Bonferroni post hoc analysis
was used to examine interactions. Significance was set at p≤ 0.05.

Table 1
Composition of high-fat lard and high omega-3 diets.

HFL HFO

Ingredient g g
Lard 177.5
Menhaden Oil, ARBP-F 177.5
Soybean Oil 25 25
Total 202.5 202.5

Saturated (g) 60.2 59.8
Monounsaturated (g) 67.7 41.3
Polyunsaturated (g) 62.8 88.5

Saturated (%) 31.6 31.5
Monounsaturated (%) 35.5 21.8
Polyunsaturated (%) 32.9 46.7

C16, Palmitic 36.8 35.2
C18, Stearic 19.8 6.6
C18:1, Oleic 64.1 22.8
C18:2, Linoleic 56.2 16.1
C18:3, Linolenic, n3 4.2 4.3
C20, Arachidic 0.4 0.3
C20:4, Arachidonic, n6 0.5 0.0
C20:5, Eicosapentaenoic, n3 0.0 23.3
C22:6, Docosahexaenoic, n3 0.0 29.0

n6 (g) 57.0 17.9
n3 (g) 4.4 66.6
n6/n3 ratio 13.1 0.3
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3. Results

3.1. Muscle mass

Gastrocnemius muscles, a mixed population of both slow oxidative
and fast glycolytic fibers, were measured at the time of sacrifice and
mean weights of each group are presented in Fig. 1. There was a sig-
nificant effect of the FADS2 inhibitor for decreased gastrocnemius
weight in mice fed either diet, p= 0.008. These data suggest that in-
hibition of FADS2 suppresses muscle size independently of supple-
mentation with EPA and DHA.

3.2. Muscle inflammation

To examine the effect of FADS2 inhibition on markers of in-
flammation, STAT3 phosphorylation was measured. Skeletal muscle
STAT3 phosphorylation in the gastrocnemius was decreased with the
inhibition of FADS2 (p=0.03); however, this effect is primarily due to
the decrease in STAT3 phosphorylation in the omega-3 supplemented
group with FADS2 inhibition, p= 0.05 (Fig. 2A).

3.3. Protein turnover

We next examined markers of protein synthesis to determine if fatty
acid composition of the diet with or without the FADS2 enzyme in-
hibition regulated muscle protein turnover. The phosphorylation of
both 4EBP-1 and ribosomal protein S6, downstream targets of mTOR,
was unaltered with diet or inhibitor (Fig. 3A–B). Although not sig-
nificant there was a moderate effect of the inhibitor (Cohen's d= 0.78)
to decrease the phosphorylation of S6 in the HFO group (Fig. 3B).

Markers of protein degradation were measured through levels of
FOXO phosphorylation, Ubiquitin, and LC3B expression. FOXO can
regulate both proteasomal degradation as well as autophagic degrada-
tion. There was a trend towards increased phosphorylation of FOXO
with FADS2 inhibition, p= 0.08 (Fig. 4A). As a marker of proteasomal
degradation protein ubiquitination was measured. There was a trend of
increased ubiquitinated proteins with the FADS2 inhibition, p= 0.05
(Fig. 4B). To examine autophagy, LC3B expression was measured. LC3B
expression was significantly higher in the HFL plus FADS2 inhibition
group from all other comparisons (Fig. 4C). These data suggest a po-
tential role for FADS2 in the regulation of protein degradation processes
in muscle.

3.4. Mitochondrial biogenesis

We measured markers of mitochondrial biogenesis which is closely

linked to protein synthesis. There was no difference in both
Cytochrome-C and PGC-1α expression with FADS2 inhibition or diet
(Fig. 5A–B). This data suggests that switching from a high fat diet high
in omega-6 fatty acids to a high fat diet high in omega 3 fatty acids with
or without FADS2 inhibition does not alter signaling for mitochondrial
biogenesis after two weeks.

4. Discussion

The beneficial effects of n-3s on skeletal muscle protein turnover are
well-known throughout the scientific literature. Studies have shown
either supplementing with n-3s or altering the n-6/n-3 ratio to alleviate
muscle atrophy, maintain and increase protein synthesis, and inhibit
inflammatory markers. However, little is known of these effects within
the context of a high-fat diet, which is known to alter protein synthesis.
The Westernized diet, high in n-6 to n-3s, is linked to inflammation and
chronic disease; n-6s are associated with the production of pro-in-
flammatory mediators and therefore exacerbate a state of chronic in-
flammation and contribute to metabolic inflexibility. Additionally,
studies have shown that altering the delta-6 desaturase enzyme alters
fatty-acid profiles and is associated with metabolic and inflammatory
diseases. Therefore, we sought to inhibit the rate-limiting D6D enzyme
and observe the effect of downstream metabolites on protein turnover
in a high-fat diet. Our aim was to determine the role of PUFA meta-
bolites, DHA and EPA, in skeletal muscle protein turnover and assess
the effects of n-3s independently. We observed that by inhibiting the
FADS2 enzyme, the protective effect of n-3s on protein synthesis and
proliferation was lost; concomitantly, protein degradation was in-
creased with the FADS2 inhibitor regardless of diet.

Other studies have shown that n-3s have a protective and anabolic
effect on skeletal muscle mass in both healthy and diseased states
[3,7,8,18,27,34]. Our results are consistent with the consensus of n-3s
increasing lean muscle mass. We have shown that by inhibiting the
FADS2 enzyme, there was a significant reduction in gastrocnemius
weight in the HFL-fed mice compared to the HFO-fed mice without the

Fig. 1. Gastrocnemius mass to tibia length ratio in mice fed a high fat diet
(HFL) with FADS2 inhibition and omega-3 supplementation (HFO). All data are
presented as mean ± SEM, n = 5/group. Significance was set at p < 0.05.
*signifies a main effect of FADS2 inhibitor. +signifies a difference from HFO
minus.

Fig. 2. Inflammation in gastrocnemius of mice fed a high fat diet (HFL) with
FADS2 inhibition and omega-3 supplementation (HFO). A) Ratio of phos-
phorylated to total STAT3 protein. B) Representative western blot images. All
data are presented as mean ± SEM, n = 5/group. Significance was set at
p < 0.05. *signifies a main effect of FADS2 inhibitor. +signifies a difference
from HFO minus.
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inhibitor (Fig. 1). This data supports body composition findings of an
increased fat-free mass change in the HFO – group compared to all
other groups (data not shown). Providing the end products EPA/DHA
with FADS2 enzyme inhibition was not sufficient to produce the same
robust anabolic effect as seen in both diets without the inhibitor. This
suggests that the protective effects of skeletal muscle mass are depen-
dent either upon an intermediate metabolite in the downstream meta-
bolism of LA or a combination of metabolites in both LA and EPA/DHA
metabolism. According to a study by Palmer et al., arachidonic acid and
its upstream derivative dihomo-gamma-linolenic acid (DGLA) stimu-
lated protein synthesis with no effect of EPA and DHA independently
[28]. It is known that DGLA is a precursor of eicosanoids and

prostaglandins which exert anti-inflammatory and antiproliferative
properties in altered cell processes [29,30]. Determining DGLAs role in
protein turnover, however, warrants further investigation.

It is well-known that STAT3 upregulates transcriptional control of
several genes controlling cellular growth and apoptosis [31]. The ac-
tivation of STAT3 in skeletal muscle signals differently in a variety of
muscle cell types including myofibers, and satellite cells. The chronic
activation of STAT3 has been associated with altered growth, while
ligand-dependent activation is associated with cell differentiation and
growth [32]. STAT3 phosphorylation can be associated with both de-
gradation and cell proliferation. In myofibers, STAT3 activation pro-
motes muscle wasting by inducing MuRF1 and Atrogin 1 expression via
upregulation of Myostatin and C/EBPδ or by increasing Caspase 3 ex-
pression. Both mechanisms stimulate Ubiquitin Proteasome System
activity leading to degradation. However, in muscle stem cells, STAT3
is required for proper myogenic differentiation, yet the mechanism is
less understood [33]. Skeletal muscle growth and hypertrophy are de-
pendent upon satellite cell proliferation. Recently, Sun et al. found the
cytokine LIF acting on the JAK1-STAT1-STAT3 pathway to regulate
myogenic differentiation and proliferation in an injury-induced muscle
regeneration model [35]. Studies assessing the JAK/STAT pathway in
conjunction with omega-3s are necessary for further investigation. In
our study, inhibition of the FADS2 enzyme significantly decreased
STAT3 phosphorylation; however, when the FADS2 enzyme was not
inhibited in the HFO diet, STAT3 was significantly upregulated. Our
data suggests n-3s indeed have an effect on STAT3 phosphorylation.
Taken together with our findings of an anabolic response in the HFO –
diet by increased gastrocnemius weight(Figs. 1 and 2), STAT3 activa-
tion in this study seems to be associated with cell growth and pro-
liferation. There is some evidence in the literature of crosstalk between
STAT3 and the mTOR pathway. Studies have shown that mTOR phos-
phorylates STAT3 at Ser727 which enhances STAT3 transcriptional
activity [33,35,36]. However further research in this area is necessary
to understand underlying mechanisms.

A well-established mechanism of cell proliferation and protein
synthesis lies in the phosphorylation of P13K-Akt and downstream
targets 4E-BP1 and S6K1 [37,38]. The anabolic response from n-3s
occurs through mechanisms involved in protein synthesis, including
upregulation of the Akt-mTOR-p70S6k pathway. In healthy human
models, Smith et al. has shown an 8-week supplementation of EPA/
DHA to increase mTOR and p70s6k phosphorylation in muscle biopsies
during a hyperinsuliemic-hyperaminoacidemic clamp– however found
no effect of Akt [27]. Another study found bovine feed enriched with
menhaden oil induced greater activation of the Akt-mTOR-S6K1 sig-
naling pathway in the fed steady-state [3]. In our study, protein
synthesis signaling was not altered by diet or FADS2 enzyme inhibition.
It is well established that a high-fat diet can reduce protein synthesis via
disruption of endoplasmic reticulum (ER) homeostasis and activation of
the unfolded protein response (UPR). Deldicque et al. showed that
administration of palmitic acid to C2C12 muscle cells decreased S6K1
phosphorylation with increased UPR. Additionally, mice on a 20-week
high-fat diet (46% fat), comparable to our diet composition, exhibited
ER stress with reductions in mTOR pathway activity [22]. While our
results did not show a role for omega-3 or FADS2 on protein synthesis,
we do provide evidence that n-3s may have an effect on skeletal muscle
protein degradation.

Generally, protein degradation and protein synthesis have an in-
verse relationship. In skeletal muscle degradation, the ubiquitin pro-
teasome system and autophagy lysosome systems are activated in
catabolic conditions, and further modulate one another to balance
protein turnover [39]. Regardless of the catabolic condition, atrogenes
are upregulated in these pathways. Several studies have found the IGF1-
AKT-FOXO signaling pathway to suppress protein degradation while
increasing synthesis [40]. A high-fat diet is one factor promoting me-
tabolic inflexibility by altering protein synthesis, yet its mechanism
remains elusive [23]. However, PUFAs have been found to modulate

Fig. 3. Protein synthesis signaling in gastrocnemius of mice fed a high fat diet
(HFL) with FADS2 inhibition and omega-3 supplementation (HFO). A) Ratio of
phosphorylated to total 4EBP1 protein. B) Ratio of phosphorylated to total ri-
bosomal protein S6 C) Representative western blot images. All data are pre-
sented as mean ± SEM, n=5/group. Significance was set at p < 0.05.
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Akt/FOXO signaling. You et al. found dietary fish oil (compared to corn
oil) increased activation of Akt-p70S6 kinase proteins and suppressed
gene expression of muscle-specific E3 ubiquitin ligases, Muscle atrophy
F-box and muscle RING finger 1, in soleus muscle atrophy [41]. Other
studies assessing the protective effects of dietary fish-oil/EPA on models
of muscle atrophy have shown activation of Akt to upregulate protein
synthesis or downregulate autophagy markers (via inhibition of FOXO)
[4,6].

In our study, there was a trend of increased FOXO3a phosphoryla-
tion and ubiquitinated proteins with the FADS2 inhibitor.
Concomitantly, FADS2 inhibition also significantly increased LC3B ex-
pression in the HFL diet compared to all groups (Fig. 4). In various
models of catabolic conditions– cancer, sepsis, starvation, and arthritis–
studies have found EPA supplementation to downregulate the activa-
tion of the UPS pathway thus attenuating degradation [5,10,19,21].
However, the exact mechanism remains unknown. Here we have in-
hibited downstream metabolism to assess the independent effects of
EPA/DHA and arachidonic acid on protein degradation. We have de-
monstrated that EPA/DHA independently does not suppress degrada-
tion through the UPS, but depends on downstream intermediate me-
tabolites of n-3 and n-6 fatty acids while autophagic degradation is
suppressed by EPA/DHA independently of FADS2. Recently, the Atg1
homologue, Unc-51-like kinase 1 (ULK1) has been found to regulate
autophagy via interaction with mTOR and its downstream targets
4EBP-1 and ribosomal protein S6. Under nutrient sufficiency, mTOR
prevents ULK1 activation; whereas, when mTOR is inhibited, ULK1 is
activated and phosphorylates Atg13 and FIP200 to continue autophagy
processes [42,43]. Additional evidence has shown ULK1 regulates au-
tophagy protease ATG4B affecting downstream LC3B [44,45]. Further
studies are necessary to determine how ULK1 affects the mTOR
pathway in skeletal muscle turnover and the direct effects of n-3 and n-

6 intermediates on the regulation of autophagy.
To our knowledge, we are the first to investigate the effects of

FADS2 enzyme inhibition on protein turnover with omega-3 supple-
mentation. We have shown that by inhibiting the FADS2 enzyme, and
thus downstream PUFA metabolism, there is a decrease in gastro-
cnemius weight. Interestingly, with FADS2 enzyme inhibition with or
without omega-3 supplementation, there was no change in protein
synthesis. With the enzyme inhibition there were significant reductions
in protein degradation. With FADS2 inhibition, there was a trend to-
wards increased ubiquitinated proteins; whereas, this effect was re-
duced without enzyme inhibition. There was a significant increase in
LC3B expression, a marker of autophagy, with FADS2 inhibition, and
this effect was completely reversed without the inhibitor. However, we
found no significant effect of diet or inhibitor on phosphorylation of
FOXO. Limitations to our study include a small sample size and short
duration of treatment, which could have caused a lack of robust results.
Studies have shown that more than 2-weeks of omega-3 supplementa-
tion is needed to see significant effects on protein turnover (H. J.
[9,46]. Therefore, we speculate that the protective effects of muscle
mass by omega-3 fatty acids are from inhibition of protein degradation;
however, further research is needed to determine the mechanistic effect
of PUFA metabolites on protein turnover.
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