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Abstract: Elevated blood free fatty acids (FFAs), as seen in obesity, impair insulin action leading to
insulin resistance and Type 2 diabetes mellitus. Several serine/threonine kinases including JNK,
mTOR, and p70 S6K cause serine phosphorylation of the insulin receptor substrate (IRS) and have
been implicated in insulin resistance. Activation of AMP-activated protein kinase (AMPK) increases
glucose uptake, and in recent years, AMPK has been viewed as an important target to counteract
insulin resistance. We reported previously that carnosic acid (CA) found in rosemary extract (RE)
and RE increased glucose uptake and activated AMPK in muscle cells. In the present study, we
examined the effects of CA on palmitate-induced insulin-resistant L6 myotubes and 3T3L1 adipocytes.
Exposure of cells to palmitate reduced the insulin-stimulated glucose uptake, GLUT4 transporter
levels on the plasma membrane, and Akt activation. Importantly, CA attenuated the deleterious effect
of palmitate and restored the insulin-stimulated glucose uptake, the activation of Akt, and GLUT4
levels. Additionally, CA markedly attenuated the palmitate-induced phosphorylation/activation
of JNK, mTOR, and p70S6K and activated AMPK. Our data indicate that CA has the potential to
counteract the palmitate-induced muscle and fat cell insulin resistance.

Keywords: muscle cells; 3T3 L1 adipocytes; insulin resistance; free fatty acid; carnosic acid; IRS-1;
JNK; mTOR; p70S6K; GLUT4; AMPK

1. Introduction

Insulin is a key player in maintaining blood glucose homeostasis. An increase in post-
prandial blood glucose levels results in insulin release by the pancreatic β cells. Through
circulation insulin quickly reaches its target tissues, namely skeletal muscle, adipose, and
liver tissue. Insulin inhibits endogenous glucose production in the liver while in skeletal
muscle and adipose tissue, promotes the transport, utilization, and storage of glucose [1,2].
The result of insulin’s actions is to maintain the plasma glucose levels within a physiological
range of 4–7 millimolar (mM).

Insulin acts on its target tissues, including muscle and fat cells, by binding first
to its receptor. This initiates a series of cascades including tyrosine phosphorylation of
the receptor and insulin receptor substrate (IRS-1), and downstream activation of the
phosphatidylinositol-3 kinase (PI3K)/protein kinase B/Akt signaling axis resulting in glu-
cose transporter (GLUT4) translocation from an intracellular pool to the plasma membrane
and increased glucose uptake [1,2]. Impairments in the IRS-1-PI3K-Akt cascade contribute
to insulin resistance and type 2 diabetes mellitus (T2DM) [1–5].
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Insulin resistance and T2DM are strongly correlated with increased plasma lipid levels
and obesity. In vitro studies have shown that exposure of muscle and fat cells/adipocytes
to free fatty acids (FFA) such as palmitate, results in insulin resistance [6,7]. Additionally,
evidence from in vivo animal studies has shown that lipid infusion [8,9], or increased
plasma lipid levels by high-fat feeding, results in muscle and fat insulin resistance [8,10–12].
Evidence indicates that serine phosphorylation of IRS-1 leads to impaired insulin signaling
and contributes to insulin resistance [13–15]. Signaling molecules such as c-Jun N-terminal
kinase (JNK) [16,17], inhibitor of kappa B (IκB) kinase (IKK) [18], mammalian target of
rapamycin (mTOR) [19,20], ribosomal protein S6 kinase (p70 S6K) [21–23], glycogen syn-
thase kinase 3 (GSK3) [24], and protein kinase C (PKCs) [25,26] are involved in the serine
phosphorylation of IRS-1 [12].

Adenosine monophosphate (AMP)-activated protein kinase (AMPK) is a serine/
threonine kinase and a cellular energy sensor [27–31] that is activated by a reduced
ATP/AMP ratio and/or via phosphorylation by its upstream kinases, liver kinase B1
(LKB1), calmodulin-dependent protein kinase (CaMKKs), and transforming growth factor-
β (TGF-β)-activated kinase 1 (TAK1) [32,33]. Skeletal muscle AMPK is activated by muscle
contraction/exercise [30], several antidiabetic drugs such as metformin [27], thiazolidine-
diones [34], and by naturally derived compounds/polyphenols such as resveratrol [35]
and naringenin [36], resulting in increased glucose uptake. AMPK activators have been
recognized, in recent years, as promising pharmacological interventions for the prevention
and treatment of insulin resistance and T2DM [28,29,37–39].

According to the International Diabetes Federation (IDF) and the World Health Orga-
nization estimates, T2DM is a disease on the rise [40,41], posing a troublesome economic
burden to health care systems globally. Although different strategies for the treatment of
insulin resistance and T2DM currently exist, they are often lacking in efficacy and exhibit
rare but potential life-threatening side-effects such as lactic acidosis, pancreatic cancer,
pancreatitis, and a substantial decrease in quality of life [42]. Therefore, there is an urgent
need for new preventative measures and targeted therapies. Chemicals/compounds found
in plants/herbs have attracted attention, in recent years, for their use as nutraceuticals for
preventing and treating insulin resistance and T2DM.

Rosemary (Rosmarinus officinalis L.) is an aromatic plant native to the Mediterranean
region reported to exhibit potent antioxidant [43,44], anticancer [45,46], and antidiabetic
properties [44,47–52]. Rosemary extract (RE) contains multiple classes of polyphenols
including flavonoids, phenolic acids, and phenolic terpenes [51]. Carnosic acid (CA),
carnosol (COH), and rosmarinic acid (RA) are the polyphenols found in the highest quantity
in RE and their production is influenced by growth conditions such as water availability,
soil quality, and sunlight exposure.

Previous studies by our group showed that the treatment of L6 muscle cells with
RE [53] and CA [54] significantly increased glucose uptake and RE attenuated the palmitate-
induced insulin resistance in L6 muscle cells [52]. Most importantly, CA robustly increased
AMPK phosphorylation/activation in healthy muscle cells [54].

Studies have shown that the administration of CA or RE containing CA decreased
plasma glucose levels in streptozotocin-induced diabetic rats [47,48,50,55], alloxan-induced
diabetic rabbits [44], as well as genetic [49,55] and dietary [56–60] animal models of obesity
and insulin resistance, indicating that the RE-derived polyphenols have the potential to
be used as therapeutics against insulin resistance and T2DM. Other studies showed that
treatment with CA attenuated the TNF-α-induced insulin resistance and nuclear kappa
B (NF-κB)-mediated inflammation in 3T3-L1 adipocytes [61] and markedly suppressed
adipogenesis in 3T3-L1 preadipocytes [62]. However, the effect of CA alone on palmitate-
induced insulin-resistant muscle cells and adipocytes has never been investigated.

In the present study, we focused on CA and examined its potential to counteract the
palmitate-induced insulin resistance in muscle and fat cells.
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2. Materials and Methods
2.1. Materials

Fetal bovine serum (FBS), dimethyl sulfoxide (DMSO), palmitate, bovine serum albu-
min (BSA), carnosic acid, cytochalasin B, glutamine, 3-Isobutyl-1-methylxanthine (IBMX),
dexamethasone, rosiglitazone, and anti-c-myc polyclonal antibody (CAT C3956) were pur-
chased from Sigma Life Sciences (St. Louis, MO, USA). Materials for cell culture and trypan
blue solution 0.4% were purchased from GIBCO Life Technologies (Burlington, ON, USA).
Phospho—and total ACC (CAT 2661 and 3662, respectively), AMPK (CAT 2531 and 2532,
respectively), Akt (CAT 9271 and 9272, respectively), JNK (CAT 9251 and 9252, respec-
tively), mTOR (CAT 2971 and 2972, respectively), p70S6K (CAT 9205 and 9202, respectively)
IRS-1 (CAT 2381, 2388, and 2382, respectively), and HRP-conjugated anti-rabbit antibodies
(CAT 7074) were purchased from New England BioLabs (NEB) (Mississauga, ON, Canada).
Phospho-IRS-1 Tyr612 (CAT 44-816G) was purchased from Invitrogen (Burlington, ON,
Canada). Insulin (Humulin R) was from Eli Lilly (Indianapolis, IN, USA). Luminol En-
hancer reagents, polyvinylidene difluoride (PVDF) membrane, reagents for electrophoresis,
and Bradford protein assay reagent were purchased from BioRad (Hercules, CA, USA).
[3H]-2-deoxy-D-glucose was purchased from PerkinElmer (Boston, MA, USA).

2.2. Preparation of Palmitate Stock Solution

Palmitate stock was prepared by the conjugation of palmitic acid with fatty acid-
free BSA as previously described by us [52,63] and others [6]. Briefly, palmitic acid was
dissolved in 0.1 N NaOH and was diluted in a previously pre-warmed (45–50 ◦C) BSA
solution 9.7% (w/v). This process gave a stock solution of 8 mM palmitate with a final
molar ratio of free palmitate/BSA of 6:1. The stock of palmitate was kept at −80 ◦C in
small 1.5 mL Eppendorf tube aliquots.

2.3. Cell Culture, Treatment, and Glucose Uptake

For this study, we used L6 rat skeletal muscle cells (wild-type), GLUT4myc overex-
pressing L6 rat skeletal muscle cells, and 3T3-L1 adipocytes. Myoblasts were grown and dif-
ferentiated into myotubes, as previously established by our lab and other groups [35,52,64].
Briefly, L6 muscle cells were grown in α-Minimum Essential Medium (MEM) media con-
taining 2% (v/v) FBS until fully differentiated. Fully differentiated myotubes were used in
all experiments. 3T3-L1 adipocytes were grown and propagated in Dulbecco’s Modified
Eagle Medium (DMEM) containing 10% (v/v) FBS and 2 mM glutamine (basal media).
After confluence was reached (approximately 4 days after seeding), the cells were exposed
to differentiation induction DMEM medium (containing 0.5 mM IBMX, 0.25 µM dexametha-
sone, 1 µg/mL insulin, and 2 µM rosiglitazone) for 4 days followed by exposure to a second
differentiation medium (DMEM containing 1 µg/mL insulin) for 4 days. All treatments
were performed using serum-free media. The fully differentiated myotubes and 3T3L1
adipocytes were treated with 0.2 mM palmitate in the presence or absence of 2 µM CA for
16 h followed by treatment with 100 nM insulin for 30 min. After treatment, the cells were
washed with HEPES-buffered saline (HBS) and exposed to HBS containing 10 µM [3H]-2-
deoxy-D-glucose for 10 min to measure glucose uptake, as previously described [35,65]. At
the end of the assay, the cells were washed with 0.9% NaCl solution (saline) and lysed using
0.05 N NaOH. The lysates were collected in scintillation vials containing scintillation fluid
and their radioactivity was measured using a liquid scintillation β-counter (PerkinElmer).

2.4. GLUT4myc Translocation Assay

GLUT4myc overexpressing L6 myoblasts were seeded in 24-well plates grown until
confluency and differentiated. After treatment, the cells were rinsed with ice-cold PBS and
fixed with 3% paraformaldehyde (fixative) containing PBS for 10 min at 4 ◦C and placed on a
rocker. The cells were then rinsed and incubated with 1% glycine containing PBS for 10 min
at 4 ◦C followed by incubation with a blocking buffer of 10% goat serum containing-PBS for
15 min. The cells were then incubated with a blocking buffer containing primary anti-myc
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antibodies (1:500) for 1 h at 4 ◦C followed by thorough washing with PBS and incubation
with HRP-conjugated donkey anti-mouse IgG-containing secondary antibody suspended
in a blocking buffer (1:1000) for 45 min at 4 ◦C. Finally, the cells were rinsed with PBS
and incubated with the O-phenylenediamine dihydrochloride (OPD) reagent for 30 min at
room temperature and protected from light. The reaction was then stopped by the addition
of 3 N HCl solution in each well. The supernatant was collected, and the absorbance was
measured at 492 nm using a plate reader (Synergy HT, BioTek Instruments, Winooski, VT,
USA). The color intensity is directly proportional to the GLUT4myc transporter levels
present on the plasma membrane.

2.5. Immunoprecipitation of IRS-1

Whole-cell lysates (200 µg) were incubated with IRS-1 antibody (at a 1:50 volume ratio)
and conjugated to SureBeadsTM Protein G Magnetic beads (Biorad; Hercules, CA, USA) for
1 h at room temperature followed by microcentrifugation and three washes with PBS + 0.1%
Tween 20. Protein was eluted with a glycine (20 mM, pH 2.0) solution for 5 min at room
temperature and neutralized with PBS (1 M, pH 7.4) at 10% eluent volume. A 3× SDS
sample buffer was added to eluted protein and boiled for 5 min.

2.6. Immunoblotting

Following treatment, the cells were rinsed with ice-cold PBS and lysed using ice-cold
lysis buffer containing 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM ethylene
glycol-bis β-aminoethyl ether/egtazic acid (EGTA), 150 mM NaCI, 1% Triton X-100, 20 mM
Tris (PH 7.5), 1mM sodium orthovanadate (Na3VO4), 1 µg/mL leupeptin, 2.5 mM sodium
pyrophosphate, 1 mM p-glycerolphosphate, and 1 mM phenylmethylsulfonyl fluoride
(PMSF). The lysates were collected in 1.5 mL Eppendorf tubes, 5% β-mercaptoethanol
containing 3× SDS buffer was added, and the tubes were placed in boiling water for
5 min. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used
to separate proteins (samples of 20 µg), determined using the Bradford assay [66], followed
by a transfer of the proteins to the PVDF membrane. The membranes were exposed to
blocking buffer 5% (w/v) dry milk powder in Tris-buffered saline for 1 h, followed by
overnight exposure at 4 ◦C to the primary antibody. The next day, the membrane was
exposed to a blocking buffer containing secondary HRP-conjugated anti-rabbit antibody for
1 h followed by exposure to LumiGLOW reagents. The western blot bands were visualized
using FluroChem software (Thermo Fisher, Waltham, MA, USA) and analyzed using ImageJ
(imagej.nih.gov, accessed on January 2019–October 2021).

2.7. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software 5.3 manufactured
from Graphpad Software Inc. (La Jolla, CA, USA). The data from 3–7 experiments were
pooled and presented as mean ± standard error (SE). Analysis of variance (ANOVA)
followed by Tukey’s post hoc test for multiple comparisons, was used for statistical analysis.

3. Results
3.1. Carnosic Acid Restores the Insulin-Stimulated Glucose Uptake in Palmitate-Treated Muscle
Cells and 3T3-L1 Adipocytes

The effects of the free fatty acid palmitate in the absence or the presence of CA on the
insulin-stimulated glucose uptake were examined. Acute stimulation of L6 myotubes with
insulin (100 nM, 30 min) significantly increased glucose uptake (I: 201 ± 1.21% of control,
p < 0.0001, Figure 1A). Exposure of the cells to palmitate (0.2 mM, 16 h) did not have any
effect on the basal glucose uptake (P: 105 ± 2.4% of control, Figure 1A) but significantly
blunted the insulin-stimulated glucose uptake (P+I: 119 ± 13.2% of control, p < 0.0001),
indicating insulin resistance. Most importantly in palmitate-treated cells, exposure to CA
(2 µM) resulted in significant restoration of insulin-stimulated glucose uptake (CA+P+I:
179 ± 10.5% of control p < 0.0001, Figure 1A). These data indicate that the negative effect
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imposed by palmitate treatment on insulin responsiveness is abolished in the presence
of CA. CA treatment alone significantly increased the basal (CA: 253 ± 19.8% of control,
p < 0.01 vs. control) and the insulin-stimulated glucose uptake (CA+I: 269 ± 13.2% of
control, p < 0.001 vs. control, p < 0.05 vs. insulin, Figure 1A insert).
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Figure 1. Carnosic acid restores the insulin-stimulated glucose uptake in palmitate treated skeletal
muscle (A) and fat cells (B). Fully differentiated L6 myotubes (A) and 3T3-L1 adipocytes (B) were
treated with 0.2 mM palmitate (P) for 16 h in the absence or the presence of 2 µM carnosic acid
(CA) followed by stimulation without or with 100 nM insulin (I) for 30 min and [3H]-2-deoxy-
D-glucose uptake measurements. The results are the mean ± standard error (SE) of four to six
independent experiments, expressed as percent of control (* p < 0.05, ** p < 0.01, *** p < 0.001 vs.
control, ### p < 0.001, ## p < 0.01, # p < 0.05 as indicated).
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Acute stimulation of fully differentiated 3T3-L1 adipocytes with insulin (100 nM,
30 min) resulted in a significant increase in glucose uptake (I: 151 ± 9.70% of control, p < 0.01,
Figure 1B). Palmitate abolished the insulin-stimulated glucose uptake (P+I: 102 ± 9.90%
of control, p < 0.01) while treatment with CA improved the insulin response (CA+P+I:
139 ± 7.61% of control, p < 0.01, Figure 1B). Treatment with CA significantly increased the
basal (CA: 152 ± 4.5% of control, p < 0.001) but not the insulin-stimulated glucose uptake
(CA+I: 166 ± 2.4% of control, p < 0.001, Figure 1B insert).

3.2. Carnosic Acid Restores the Insulin-Stimulated GLUT4 Translocation in Palmitate Treated
Myotubes

The increase in muscle glucose uptake seen with acute insulin stimulation is due
to the translocation of the GLUT4 glucose transporter from an intracellular pool to the
plasma membrane. To examine the effects of our treatment on GLUT4, we used L6 cells that
overexpress a myc-labeled GLUT4 glucose transporter. Acute stimulation of GLUT4myc
overexpressing L6 myotubes with insulin (100 nM, 30 min) resulted in a significant increase
in GLUT4 plasma membrane levels (I: 188.7 ± 10.8% of control, p < 0.01, Figure 2). Palmitate
significantly reduced the acute insulin-mediated increase in GLUT4 plasma membrane
levels, indicating insulin resistance (P+I: 135.2 ± 5.8% of control, p < 0.05, Figure 2); this
response was restored in the presence of CA (CA+P+I: 194.4 ± 11.4% of control, p < 0.05,
Figure 2). Treatment with CA alone did not affect basal (CA: 109.4 ± 3.4% of control,
p < 0.05) or insulin-stimulated GLUT4 plasma membrane levels (CA+I: 196.2 ± 7.9% of
control) (Figure 2 insert), as seen previously [54].
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Figure 2. Effects of palmitate and carnosic acid on GLUT4 translocation in skeletal muscle cells.
GLUT4myc overexpressing L6 myotubes were treated without (control, C) or with 0.2 mM palmitate
(P) for 16 h in the absence or the presence of 2 µM carnosic acid (CA) followed by washing, as
indicated in the methods, and acute stimulation with 100 nM insulin for 30 min (I). After treatment,
plasma membrane GLUT4 glucose transporter levels were measured. Results are the mean ± SE of
three independent experiments performed in triplicate (** p < 0.01, *** p < 0.001 vs. control, # p < 0.05
as indicated).

3.3. Carnosic Acid Restores the Insulin-Stimulated Akt Phosphorylation in Palmitate
Treated Myotubes

Next, we investigated the effect of palmitate and CA treatment on insulin stimulated
Akt phosphorylation and expression. Treatment of L6 myotubes with insulin resulted
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in a significant increase in Akt (Ser473 residue) phosphorylation (I: 381.5 ± 58.76% of
control, p = 0.0008, Figure 3A,B). Treatment of the cells with palmitate reduced the insulin-
stimulated Akt phosphorylation (P+I: 138.1 ± 26.9% of control, p = 0.009, Figure 3A,B).
However, in the presence of CA, the decline in the insulin-stimulated Akt phosphorylation
seen with palmitate was completely prevented (CA+P+I: 335.6 ± 26.3% of control, p < 0.01,
Figure 3A,B). Palmitate alone did not have a significant effect on the basal Akt phosphory-
lation (P: 77.8 ± 11.6% of control, Figure 3A,B). The total levels of Akt were not significantly
affected by any of the treatments (I: 104.3 ± 12.2, P: 92.4 ± 4.8, P+I: 86.1 ± 4.02, CA+P+I:
85.3 ± 6.9% of control, Figure 3A).
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Figure 3. Effects of palmitate and carnosic acid on skeletal muscle cell Akt expression and phos-
phorylation/activation. Fully differentiated L6 myotubes were treated without (control, C) or with
0.2 mM palmitate (P) for 16 h in the absence or the presence of 2 µM carnosic acid (CA) followed
by stimulation without or with 100 nM insulin (I) for 30 min. After treatment, the cells were lysed,
and SDS-PAGE was performed, followed by immunoblotting with specific antibodies that recognize
phosphorylated (Ser473), total Akt, or β-actin. Representative immunoblots are shown (A). The
densitometry of the bands was measured and expressed in arbitrary units (B). The data are the mean
± SE of three to five separate experiments (*** p < 0.001 vs. control, ## p < 0.01 as indicated).

3.4. Carnosic Acid Prevents the Palmitate-Induced Serine Phosphorylation of IRS-1 in
L6 Myotubes

Increased serine phosphorylation of IRS-1 is linked to insulin resistance [15,67–69]
and for this reason, we examined IRS-1. Exposure of the cells to palmitate (0.2 mM,
16 h) significantly increased IRS-1 phosphorylation at residue Ser307 and Ser636/639 (P:
136.8 ± 5.24% and 138.4 ± 9.32% of control, respectively, both p < 0.01, Figure 4A,B) and
treatment with CA completely abolished the palmitate-induced Ser307 and Ser636/639
phosphorylation of IRS-1 (CA+P: 107.8 ± 2.64% of control, p < 0.01, and 103.1 ± 8.67% of
control, p < 0.05, respectively, Figure 4A,B). CA alone did not affect Ser307 and Ser636/639
phosphorylation of IRS-1 (CA: 95.5 ± 7.00% of control, and 100.8 ± 11.57% of control,
respectively, Figure 4A,B). Moreover, the total levels of IRS-1 were not significantly changed
by any treatment (P: 106.3 ± 3.18%, CA: 101.5 ± 0.93%, CA+P: 102.3 ± 1.03% of control,
Figure 4A).

3.5. Carnosic Acid Prevents the Palmitate-Induced Phosphorylation of C-Jun N-Terminal Kinase
(JNK) in L6 Myotubes

Following the evidence that exposure to palmitate increases the phosphorylation of
serine residues of IRS-1, we examined the signaling molecules that may be involved. JNK is
a serine/threonine kinase shown to increase serine phosphorylation of IRS-1 and is involved
in insulin resistance [70,71]. We hypothesized that the levels of JNK phosphorylation
and/or expression would be increased by palmitate. Indeed, exposure of the cells to
palmitate (0.2 mM, 16 h) significantly increased JNK phosphorylation (P: 149.9 ± 2.29% of
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control, p < 0.0001, Figure 5A,B) and treatment with CA completely abolished the palmitate-
induced phosphorylation of JNK (CA+P: 62.73 ± 7.34% of control, p < 0.001, Figure 5A,B).
CA alone significantly reduced the phosphorylation of JNK (CA: 68.95 ± 1.06% of control,
p < 0.0001, Figure 5A,B). The total levels of JNK were not significantly changed by any
treatment (P: 104 ± 5.32%, CA: 90 ± 13.3%, CA+P: 122 ± 17.9% of control, Figure 5).
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Figure 4. Effects of palmitate and carnosic acid on serine phosphorylation and expression of skeletal
muscle cell IRS-l. Fully differentiated myotubes were treated without (control, C) or with 0.2 mM
palmitate (P) for 16 h in the absence or presence of 2 µM carnosic acid (CA). After treatment,
the cells were lysed, and IRS-1 immunoprecipitation was performed, followed by SDS-PAGE and
immunoblotting with specific antibodies that recognize phosphorylated Ser307, Ser636/639, or total
IRS-1. Representative immunoblots are shown (A). The densitometry of the bands was measured and
expressed in arbitrary units (B). The data is the mean ± SE of three separate experiments. (** p < 0.01
vs. control, # p < 0.05, ## p < 0.01 vs. palmitate alone).
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Thr389 phosphorylation (P: 166 ± 14.39% of control and 141.3 ± 2.8% of control respectively, 
both p < 0.01, Figure 6A,B). Treatment with CA had no effect on the basal mTOR phos-
phorylation (CA: 74.89 ± 11.02% of control, p < 0.001, Figure 6A,B) and completely abol-
ished the palmitate-induced phosphorylation of mTOR (CA+P: 91.47 ± 11.65% of control, 
p = 0.001, Figure 6A,B). Similarly, treatment with CA significantly reduced the palmitate-
induced phosphorylation of p70S6K (CA+P: 104.9 ± 2.9% of control, p < 0.05, Figure 6A,B). 
The total levels of mTOR and p70S6K were not significantly changed by any treatment (P: 

Figure 5. Effects of palmitate and carnosic acid on JNK expression and phosphorylation in skeletal-
muscle cells. Fully differentiated L6 myotubes were treated without (control, C) or with 0.2 mM
palmitate (P) for 16 h in the absence or the presence of 2 µM carnosic acid (CA). After treatment,
the cells were lysed, and SDS-PAGE was performed, followed by immunoblotting with specific
antibodies that recognize phosphorylated Thr183/Tyr185 or total JNK. Representative immunoblots
are shown (A). The densitometry of the bands was measured and expressed in arbitrary units (B). The
data are the mean ± SE of three separate experiments (* p < 0.05, *** p < 0.001 vs. control, ### p < 0.001
vs. palmitate alone).
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3.6. Carnosic Acid Prevents the Palmitate-Induced Phosphorylation of mTOR and p70S6K in
L6 Myotubes

Additional kinases implicated in serine phosphorylation of IRS-1 are mTOR and
p70S6K, and we examined the effects of palmitate and CA on these kinases. Exposure of the
cells to 0.2 mM palmitate for 16 h significantly increased mTOR Ser2448 and p70S6K Thr389

phosphorylation (P: 166 ± 14.39% of control and 141.3 ± 2.8% of control respectively, both
p < 0.01, Figure 6A,B). Treatment with CA had no effect on the basal mTOR phosphorylation
(CA: 74.89 ± 11.02% of control, p < 0.001, Figure 6A,B) and completely abolished the
palmitate-induced phosphorylation of mTOR (CA+P: 91.47 ± 11.65% of control, p = 0.001,
Figure 6A,B). Similarly, treatment with CA significantly reduced the palmitate-induced
phosphorylation of p70S6K (CA+P: 104.9 ± 2.9% of control, p < 0.05, Figure 6A,B). The total
levels of mTOR and p70S6K were not significantly changed by any treatment (P: 93 ± 8.36%
and 101 ± 10.2%, CA: 102 ± 8.43% and 86.7 ± 4.8%, CA+P: 109 ± 13.8% and 95 ± 8.5% of
control, respectively, Figure 6A,B).
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The activity of mTOR is influenced by the raptor (regulatory-associated protein) of
the mammalian target of rapamycin (mTOR). Phosphorylation of raptor on Ser792 inhibits
mTOR [72–74]. We examined both phosphorylated (Ser792) and total raptor. Treatment
with CA alone (CA: 169% of control) or in the presence of palmitate (CA+P: 239% of P)
increased raptor phosphorylation (Figure 6C).

3.7. Carnosic Acid Increases the Phosphorylation of AMPK and ACC in the Presence of Palmitate
in L6 Myotubes

Previous studies by our group showed that rosemary extract and rosemary extract
polyphenols acutely increased glucose uptake and phosphorylated/activated AMPK in
L6 muscle cells [52–54,75,76]. Here we investigated the prolonged effect of CA on AMPK
and its downstream target ACC under basal and elevated FFA conditions. Treatment with
2 µM CA increased the phosphorylation of AMPK and ACC (CA: 145.2 ± 11.01% and
145.8 ± 2.01% of control, respectively, Figure 7A,B). Most importantly, CA increased the
phosphorylation of AMPK (CA+P: 151.6 ± 12.7% of control, p < 0.05) and ACC (CA+P:
144.8 ± 14.01% of control, p < 0.05), even in the presence of palmitate (Figure 7A,B). Treat-
ment with palmitate alone had no significant effect on the phosphorylation of AMPK and
ACC (P: 109% and 82% of control, respectively, Figure 7A,B). Furthermore, the total levels
of AMPK or ACC were not affected by any treatment (P: 92% and 107%, CA: 92% and 104%,
CA+P: 90% and 99% of control, respectively, Figure 7).
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Figure 7. Effects of palmitate and carnosic acid on AMPK and ACC expression and phosphorylation
in skeletal muscle cells. Fully differentiated myotubes were treated without (control, C) or with
0.2 mM palmitate (P) for 16 h in the absence or the presence of 2 µM carnosic acid (CA). After
treatment, the cells were lysed, and SDS-PAGE was performed, followed by immunoblotting with
specific antibodies that recognize phosphorylated Thr172, total AMPK, phosphorylated Ser79, or total
ACC. Representative immunoblots are shown (A). The densitometry of the bands was measured and
expressed in arbitrary units (B). The data is the mean ± SE of three separate experiments. (** p < 0.01,
*** p < 0.001 vs. control, # p < 0.05 vs. palmitate alone).
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3.8. Carnosic Acid Prevents the Effects of Palmitate in 3T3-L1 Adipocytes

Similar to the experiments we conducted in L6 myotubes, we examined the effect of
CA on signaling molecules in palmitate-treated 3T3-L1 adipocytes. Treatment of 3T3-L1
adipocytes with insulin resulted in a significant increase in Akt (Ser473 residue) phosphory-
lation (I: 225.5 ± 33.16% of control, p = 0.0387, Figure 8A) and this response was abolished in
the presence of palmitate (P+I: 73.35 ± 43.77% of control, p = 0.0155, Figure 8A). However,
in the presence of CA, the decline in the insulin stimulated Akt phosphorylation seen
with palmitate was completely prevented (CA+P+I: 272.8 ± 42.01% of control, p < 0.01,
Figure 8A). Palmitate alone did not have a significant effect on the basal Akt phosphory-
lation. The total levels of Akt were not significantly affected by any of the treatments (I:
108.6 ± 11.19%, P: 114 ± 11.66%, P+I: 102.7 ± 11.75%, CA+P+I: 103.9 ± 13.31% of control,
Figure 8A).

Exposure of the cells to palmitate (0.4 mM, 16 h) significantly increased serine phos-
phorylation of IRS-1 (P: 151 ± 18.89% of control, p < 0.01, Figure 8B) and treatment with CA
abolished this palmitate-induced effect (CA+P: 54.75 ± 9.56% of control, p < 0.01, Figure 8B).
CA alone did not affect the phosphorylation of IRS-1, and the total levels of IRS-1 were not
significantly changed by any treatment.

Exposure of the cells to palmitate significantly increased JNK (P: 205.2 ± 21.34% of
control, p < 0.05, Figure 9A), mTOR (P: 209.2 ± 20.5% of control, p = 0.002, Figure 9B), and
p70S6K (P: 259.4 ± 24.33% of control, p < 0.0001, Figure 9C) phosphorylation. Treatment
with CA completely abolished the palmitate-induced phosphorylation of JNK (CA+P:
87.25 ± 29.20% of control, p < 0.05, Figure 9A), mTOR (CA+P: 97.41 ± 26.22% of control,
p = 0.0016, Figure 9B), and p70S6K (CA+P: 98.96 ± 3.252% of control, p < 0.0001, Figure 9C).
Treatment with CA alone did not have an effect on the basal JNK (CA: 110.1 ± 12.78% of
control, p < 0.0001, Figure 9A), mTOR (CA: 110.7 ± 9.618% of control, p = 0.97, Figure 9B),
or p70S6K (CA: 124.8 ± 5.623% of control, p < 0.0001, Figure 9C) phosphorylation. The total
levels of JNK (Figure 9A), mTOR (Figure 9B), and p70S6K (Figure 9C) were not significantly
changed by any treatment.

We also investigated the effect of CA on adipocyte AMPK and ACC. We performed a
dose-response experiment; to the best of our knowledge, such experiments with CA were
not previously performed in adipocytes. Treatment of 3T3-L1 adipocytes with 2, 10, or
20 µM CA for 16 h resulted in a dose-dependent increase in the phosphorylation/activation
of AMPK (CA 2 µM: 140.3 ± 12.77%, CA 10 µM: 263.2 ± 41.12%, CA 20 µM: 410.2 ± 97.98%,
Figure 10A) and ACC (CA 2 µM: 141.3 ± 11.42%, CA 10 µM: 229.8 ± 13.58%, CA 20 µM:
240 ± 33.64% of control, Figure 10B). Importantly, CA (20 µM) increased the phosphoryla-
tion of AMPK (CA+P: 425.9 ± 141.6% of control, p < 0.05) and ACC (CA+P: 253.5 ± 42.07%
of control, p < 0.01), even in the presence of palmitate (Figure 10A,B). Treatment with
palmitate alone had no significant effect on the phosphorylation of AMPK or ACC (P:
143 ± 28.91% and 128.2 ± 35.05% of control, respectively, Figure 10A,B). Furthermore,
the total levels of AMPK or ACC were not affected by any treatment (P: 85.70 ± 13.17%
and 107.6 ± 37.61%, CA: 79.05 ± 12.58% and 133.8 ± 33.31%, CA+P: 82.30 ± 18.34% and
102.8 ± 17.29% of control, respectively, Figure 10A,B).
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Figure 8. Effects of palmitate and carnosic acid on Akt expression and phosphorylation/activation
and serine phosphorylation and expression of IRS-l in adipocytes. Fully differentiated 3T3-L1
adipocytes were treated without (control, C) or with 0.4 mM palmitate (P) for 16 h in the absence or
the presence of 20 µM carnosic acid (CA) followed by stimulation without or with 100 nM insulin
(I) for 30 min. After treatment, the cells were lysed, and SDS-PAGE was performed, followed by
immunoblotting with specific antibodies that recognize phosphorylated Ser473 or total Akt (A) and
Ser307 or total IRS-1 (B). Representative immunoblots are shown. The densitometry of the bands was
measured and expressed in arbitrary units. The data are the mean ± SE of four separate experiments
(* p < 0.05, ** p < 0.01 vs. control, # p < 0.05, ## p < 0.01 as indicated).
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Figure 9. Effects of palmitate and carnosic acid on JNK, mTOR, and p70S6K expression and phos-
phorylation in adipocytes. Fully differentiated adipocytes were treated without (control, C) or with 
0.4 mM palmitate (P) for 16 h in the absence or the presence of 20 μM carnosic acid (CA). After 
treatment, the cells were lysed, and SDS-PAGE was performed, followed by immunoblotting with 
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Figure 9. Effects of palmitate and carnosic acid on JNK, mTOR, and p70S6K expression and phos-
phorylation in adipocytes. Fully differentiated adipocytes were treated without (control, C) or with
0.4 mM palmitate (P) for 16 h in the absence or the presence of 20 µM carnosic acid (CA). After treat-
ment, the cells were lysed, and SDS-PAGE was performed, followed by immunoblotting with specific
antibodies that recognize phosphorylated Thr183/Tyr185 or total JNK (A), phosphorylated Ser2448 or
total mTOR (B), and phosphorylated Thr389, or total p70S6K (C). Representative immunoblots are
shown. The densitometry of the bands was measured and expressed in arbitrary units. The data are
the mean ± SE of four separate experiments (* p < 0.05, ** p < 0.01, *** p < 0.001 vs. control, # p < 0.05,
## p < 0.01, ### p < 0.001 vs. palmitate alone).
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Figure 10. Effects of palmitate and carnosic acid on AMPK expression and phosphorylation in
adipocytes. Fully differentiated adipocytes were treated without (control, C) or with 0.4 mM palmitate
(P) for 16 h in the absence or the presence of 20 µM carnosic acid (CA). After treatment, the cells were
lysed, and SDS-PAGE was performed, followed by immunoblotting with specific antibodies that
recognize phosphorylated Thr172 or total AMPK and Ser79 or total ACC. Representative immunoblots
are shown (A). The densitometry of the bands was measured and expressed in arbitrary units
(* p < 0.05 vs. control, # p < 0.05 vs. palmitate alone). (B) The data is the mean ± SE of three separate
experiments. (* p < 0.05, ** p < 0.01 vs. control, ## p < 0.01 vs. palmitate alone).
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4. Discussion

Elevated FFAs and obesity are major risk factors for the development of insulin
resistance and T2DM [4,12], a disease on the rise, affecting millions of people globally.
Finding compounds with the potential to counteract insulin resistance will provide huge
benefits worldwide.

In the present study, we found that exposure of L6 myotubes to palmitate, to mimic
the in vivo elevated plasma FFA levels seen in obesity, significantly decreased the insulin-
stimulated glucose uptake and reduced the plasma membrane levels of the glucose trans-
porter GLUT4, indicating the induction of insulin resistance. In agreement with these
data, previous studies by our group and others found that the exposure of skeletal muscle
cells to similar concentrations of palmitate induced insulin resistance [6,63,77–79]. Im-
portantly, we found that in the presence of CA, the palmitate-induced insulin resistance
was prevented, and the insulin-stimulated glucose uptake and GLUT4 plasma membrane
levels were restored to levels comparable to the response seen with insulin alone. In addi-
tion, palmitate-induced adipocyte insulin resistance was prevented in the presence of CA.
These findings are the first to show that CA can counteract the palmitate-induced muscle
and adipocyte insulin resistance. CA alone increased glucose uptake in L6 muscle cells
(Figure 1A insert) without affecting GLUT4 plasma membrane levels (Figure 2 insert) in
agreement with the previous finding by our group [54], indicating that at the basal level,
CA may influence the intrinsic activity of plasma membrane glucose transporters.

Furthermore, we found that exposure of the cells to palmitate significantly attenuated
the insulin-stimulated phosphorylation of Akt in L6 and 3T3-L1 cells. These data agree with
other in vitro studies using L6 [63,80], C2C12 [81] cells, and 3T3-L1 adipocytes [82], as well
as in vivo studies that showed an attenuation of the insulin-stimulated phosphorylation of
Akt in the soleus muscle isolated from animals fed a high-fat diet [83]. Interestingly, in our
study, in the presence of CA, the insulin-stimulated phosphorylation of Akt was restored,
suggesting that CA has the potential to counteract the deleterious effects of palmitate.
These effects are similar to metformin, which has been shown to counteract the effects of
palmitate and restore insulin-stimulated Akt phosphorylation in L6 muscle cells [84].

Exposure of L6 muscle cells and 3T3-L1 adipocytes to palmitate significantly increased
the phosphorylation of JNK in agreement with other studies in L6 [85], C2C12 [86] muscle
cells, 3T3-L1 adipocytes [82], and in muscle tissue from animals fed a high-fat diet [70,87].
Our data show that treatment with CA prevented the palmitate-induced phosphorylation
of JNK. These data are in agreement with a study that showed that treatment of L6 muscle
cells and muscles obtained from ob/ob mice with quercetin, a polyphenol from the flavonoid
group, significantly attenuated the palmitate-induced phosphorylation of JNK [85]. In
addition, exposure of L6 and 3T3-L1 adipocytes to palmitate significantly increased the
phosphorylation of mTOR and p70S6K, and treatment with CA abolished these palmitate
effects. Although increased mTOR phosphorylation by palmitate has been reported pre-
viously in L6 [52,64,85], C2C12 cells [88,89], 3T3-L1 adipocytes [90] and in muscle tissue
from animals fed a high-fat diet [85,88,89], our study is the first to show that CA has the
potential to block these effects. Our data show an effect of CA similar to metformin [89]
and rapamycin [91].

We also investigated the phosphorylated and total levels of AMPK, ACC, and raptor.
Previously, we found that treatment of L6 myotubes with RE [52,53] and the RE polyphe-
nols CA [54], RA [75], and carnosol [76] significantly increased the phosphorylation of
AMPK. In the present study, we found that palmitate (0.2 mM; 16 h) had no effect on AMPK
or ACC. Treatment with CA increased the phosphorylation of AMPK and its downstream
target ACC even in the presence of palmitate. The effect of CA is similar to metformin,
which has been shown to phosphorylate/activate AMPK in the presence of palmitate in
C2C12 and L6 muscle cells [84,89]. Several studies have indicated that activation of AMPK
significantly lowers the activity of mTOR and its downstream effector p70 S6K [30,37,91,92]
and, therefore, the inhibition of mTOR phosphorylation by CA treatment seen in our study
may be mediated by AMPK activation. To elucidate the mechanistic link between AMPK
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activation and mTOR inhibition by CA we examined raptor. Raptor is a constitutively
binding protein of mTOR complex 1 (mTORC1) and plays a role in regulating mTOR
activity. Importantly, activated AMPK directly phosphorylates raptor on Ser722/792 [72],
leading to inhibition of mTOR activity. Treatment with CA increased AMPK phosphory-
lation/activation and increased raptor phosphorylation, suggesting that the inhibition of
mTOR phosphorylation/activation is mediated by AMPK activation. Future studies using
strategies to inhibit AMPK such as using small interference RNA (siRNA) techniques or an
inhibitor of AMPK (Compound C) should be performed to explore this further.

A limited number of studies have also examined the anti-diabetic effects of CA in vivo.
The administration of RE enriched with CA significantly ameliorated the high-fat diet-
induced obesity and insulin resistance in mice [59]. The administration of RE enriched
with CA in obese rats resulted in a significant reduction of circulating plasma TNFα
and interleukin-1α (IL-1α) levels indicating anti-inflammatory effects of CA [92]. Dietary
supplementation of RE enriched with CA resulted in body weight and fat reduction [93]
and inhibition of hepatic steatosis [58]. In another study, co-administration of diabetic
rats with CA and RA reduced fasting plasma glucose, total cholesterol, and triglyceride
levels and attenuated the formation of malondialdehyde (a marker of oxidative stress) and
pro-inflammatory cytokine protein levels [94]. A major complication of diabetes mellitus,
diabetic nephropathy, was attenuated in mice administered CA, with reduced albuminuria,
and improved kidney function [95]. These studies demonstrate that the RE polyphenol
CA exhibits antihyperglycemic and anti-diabetic properties in vivo. However, there are
currently no studies that elucidate the mechanism involved in the effects of CA. The present
study found that CA activated AMPK, reduced the palmitate-induced phosphorylation of
mTOR, p70S6K, and JNK, and restored the insulin stimulated Akt phosphorylation, plasma
membrane GLUT4 levels, and glucose uptake.

5. Conclusions

According to the International Diabetes Federation, the prevalence of T2DM is con-
stantly increasing and is expected to affect 420 million people worldwide by the year
2040 [40]. Insulin resistance and T2DM increase the risk of cardiovascular disease and
cancer [96,97]. Therefore, new strategies to aid in the prevention and management of T2DM
will provide huge benefits to our society. Increased levels of FFA mediate insulin resistance
in muscle and fat cells. In the present study, exposure of muscle and fat cells to the FFA
palmitate, to mimic the elevated FFA levels seen in obesity, induced insulin resistance.
Palmitate increased serine phosphorylation of IRS-1 and the phosphorylation/activation of
JNK, mTOR, and p70S6K, while the insulin-stimulated Akt phosphorylation and the insulin-
stimulated glucose uptake and GLUT4 translocation were significantly reduced. Impor-
tantly, these effects of palmitate were attenuated by CA and the insulin-stimulated glucose
uptake was restored (Figure 11). In addition, CA increased the phosphorylation/activation
of the energy sensor AMPK and increased phosphorylation of its downstream targets ACC
and raptor. Our study is the first to show that CA has the potential to counteract the
palmitate-induced muscle and fat cell insulin resistance and further studies are required to
explore its anti-diabetic properties and to elucidate the exact cellular mechanisms involved.
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Figure 11. Carnosic acid counteracted the free fatty acid (FFA; palmitate)-induced muscle and fat 
cell insulin resistance. Carnosic acid prevented the palmitate-induced phosphorylation/activation 
of JNK, mTOR, and p70S6K, while the activation of AMPK and phosphorylation of ACC was in-
creased. Under elevated free fatty acid conditions, carnosic acid restored the insulin stimulated Akt 
phosphorylation/activation, GLUT4 plasma membrane translocation, and glucose uptake. Created 
with BioRender.com. Green and red arrows represent the findings of the present study. Black and 
brown arrows represent established common knowledge. 
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44. Bakirel, T.; Bakirel, U.; Keleş, O.U.; Ulgen, S.G.; Yardibi, H. In Vivo Assessment of Antidiabetic and Antioxidant Activities of
Rosemary (Rosmarinus officinalis) in Alloxan-Diabetic Rabbits. J. Ethnopharmacol. 2008, 116, 64–73. [CrossRef] [PubMed]

45. Moore, J.; Yousef, M.; Tsiani, E. Anticancer Effects of Rosemary (Rosmarinus officinalis L.) Extract and Rosemary Extract Polyphenols.
Nutrients 2016, 8, 731. [CrossRef]

46. Jaglanian, A.; Tsiani, E. Rosemary Extract Inhibits Proliferation, Survival, Akt, and MTOR Signaling in Triple-Negative Breast
Cancer Cells. Int. J. Mol. Sci. 2020, 21, 810. [CrossRef]

47. Emam, M. Comparative Evaluation of Antidiabetic Activity of Rosmarinus officinalis L. and Chamomile Recutita in Streptozotocin
Induced Diabetic Rats. Agric. Biol. J. N. Am. 2012, 3, 247–252. [CrossRef]

48. Ramadan, K.S.; Khalil, O.A.; Danial, E.N.; Alnahdi, H.S.; Ayaz, N.O. Hypoglycemic and Hepatoprotective Activity of Rosmarinus
officinalis Extract in Diabetic Rats. J. Physiol. Biochem. 2013, 69, 779–783. [CrossRef] [PubMed]

49. Romo Vaquero, M.; Yáñez-Gascón, M.-J.; García Villalba, R.; Larrosa, M.; Fromentin, E.; Ibarra, A.; Roller, M.; Tomás-Barberán,
F.; Espín de Gea, J.C.; García-Conesa, M.-T. Inhibition of Gastric Lipase as a Mechanism for Body Weight and Plasma Lipids
Reduction in Zucker Rats Fed a Rosemary Extract Rich in Carnosic Acid. PLoS ONE 2012, 7, e39773. [CrossRef]

50. Runtuwene, J.; Cheng, K.-C.; Asakawa, A.; Amitani, H.; Amitani, M.; Morinaga, A.; Takimoto, Y.; Kairupan, B.H.R.; Inui, A.
Rosmarinic Acid Ameliorates Hyperglycemia and Insulin Sensitivity in Diabetic Rats, Potentially by Modulating the Expression
of PEPCK and GLUT4. Drug Des. Devel. Ther. 2016, 10, 2193–2202. [CrossRef]

51. Naimi, M.; Vlavcheski, F.; Shamshoum, H.; Tsiani, E. Rosemary Extract as a Potential Anti-Hyperglycemic Agent: Current
Evidence and Future Perspectives. Nutrients 2017, 9, 968. [CrossRef]

52. Vlavcheski, F.; Tsiani, E. Attenuation of Free Fatty Acid-Induced Muscle Insulin Resistance by Rosemary Extract. Nutrients 2018,
10, 1623. [CrossRef]

53. Naimi, M.; Tsakiridis, T.; Stamatatos, T.C.; Alexandropoulos, D.I.; Tsiani, E. Increased Skeletal Muscle Glucose Uptake by
Rosemary Extract through AMPK Activation. Appl. Physiol. Nutr. Metab. Physiol. Appl. Nutr. Metab. 2015, 40, 407–413. [CrossRef]

54. Naimi, M.; Vlavcheski, F.; Murphy, B.; Hudlicky, T.; Tsiani, E. Carnosic Acid as a Component of Rosemary Extract Stimulates
Skeletal Muscle Cell Glucose Uptake via AMPK Activation. Clin. Exp. Pharmacol. Physiol. 2017, 44, 94–102. [CrossRef]

55. Xia, G.; Wang, X.; Sun, H.; Qin, Y.; Fu, M. Carnosic Acid (CA) Attenuates Collagen-Induced Arthritis in Db/Db Mice via
Inflammation Suppression by Regulating ROS-Dependent P38 Pathway. Free Radic. Biol. Med. 2017, 108, 418–432. [CrossRef]

56. Ibarra, A.; Cases, J.; Roller, M.; Chiralt-Boix, A.; Coussaert, A.; Ripoll, C. Carnosic Acid-Rich Rosemary (Rosmarinus officinalis L.)
Leaf Extract Limits Weight Gain and Improves Cholesterol Levels and Glycaemia in Mice on a High-Fat Diet. Br. J. Nutr. 2011,
106, 1182–1189. [CrossRef] [PubMed]

57. Afonso, M.S.; de O Silva, A.M.; Carvalho, E.B.; Rivelli, D.P.; Barros, S.B.; Rogero, M.M.; Lottenberg, A.M.; Torres, R.P.; Mancini-
Filho, J. Phenolic Compounds from Rosemary (Rosmarinus officinalis L.) Attenuate Oxidative Stress and Reduce Blood Cholesterol
Concentrations in Diet-Induced Hypercholesterolemic Rats. Nutr. Metab. 2013, 10, 19. [CrossRef] [PubMed]

http://doi.org/10.1073/pnas.0604708103
http://doi.org/10.1074/jbc.M604399200
http://www.ncbi.nlm.nih.gov/pubmed/16835226
http://doi.org/10.1074/jbc.M202489200
http://www.ncbi.nlm.nih.gov/pubmed/11994296
http://doi.org/10.1016/j.bbrc.2008.06.104
http://www.ncbi.nlm.nih.gov/pubmed/18601907
http://doi.org/10.1016/j.bbrc.2010.06.048
http://www.ncbi.nlm.nih.gov/pubmed/20558145
http://doi.org/10.1101/gad.17420111
http://www.ncbi.nlm.nih.gov/pubmed/21937710
http://doi.org/10.2337/db13-0368
http://doi.org/10.2174/1573399811666150615150235
http://www.ncbi.nlm.nih.gov/pubmed/26844571
http://doi.org/10.1016/j.diabres.2018.02.023
http://doi.org/10.1186/s40842-016-0039-3
http://www.ncbi.nlm.nih.gov/pubmed/28702255
http://doi.org/10.3389/fendo.2017.00006
http://www.ncbi.nlm.nih.gov/pubmed/28167928
http://doi.org/10.3892/or.17.6.1525
http://www.ncbi.nlm.nih.gov/pubmed/17487414
http://doi.org/10.1016/j.jep.2007.10.039
http://www.ncbi.nlm.nih.gov/pubmed/18063331
http://doi.org/10.3390/nu8110731
http://doi.org/10.3390/ijms21030810
http://doi.org/10.5251/abjna.2012.3.6.247.252
http://doi.org/10.1007/s13105-013-0253-8
http://www.ncbi.nlm.nih.gov/pubmed/23625639
http://doi.org/10.1371/journal.pone.0039773
http://doi.org/10.2147/DDDT.S108539
http://doi.org/10.3390/nu9090968
http://doi.org/10.3390/nu10111623
http://doi.org/10.1139/apnm-2014-0430
http://doi.org/10.1111/1440-1681.12674
http://doi.org/10.1016/j.freeradbiomed.2017.03.023
http://doi.org/10.1017/S0007114511001620
http://www.ncbi.nlm.nih.gov/pubmed/21676274
http://doi.org/10.1186/1743-7075-10-19
http://www.ncbi.nlm.nih.gov/pubmed/23374457


Cells 2022, 11, 167 20 of 21

58. Park, M.-Y.; Mun, S.T. Dietary Carnosic Acid Suppresses Hepatic Steatosis Formation via Regulation of Hepatic Fatty Acid
Metabolism in High-Fat Diet-Fed Mice. Nutr. Res. Pract. 2013, 7, 294–301. [CrossRef]

59. Zhao, Y.; Sedighi, R.; Wang, P.; Chen, H.; Zhu, Y.; Sang, S. Carnosic Acid as a Major Bioactive Component in Rosemary Extract
Ameliorates High-Fat-Diet-Induced Obesity and Metabolic Syndrome in Mice. J. Agric. Food Chem. 2015, 63, 4843–4852. [CrossRef]
[PubMed]

60. Song, H.-M.; Li, X.; Liu, Y.-Y.; Lu, W.-P.; Cui, Z.-H.; Zhou, L.; Yao, D.; Zhang, H.-M. Carnosic Acid Protects Mice from High-Fat
Diet-Induced NAFLD by Regulating MARCKS. Int. J. Mol. Med. 2018, 42, 193–207. [CrossRef]

61. Tsai, C.-W.; Liu, K.-L.; Lin, Y.-R.; Kuo, W.-C. The Mechanisms of Carnosic Acid Attenuates Tumor Necrosis Factor-α-Mediated
Inflammation and Insulin Resistance in 3T3-L1 Adipocytes. Mol. Nutr. Food Res. 2014, 58, 654–664. [CrossRef]

62. Gaya, M.; Repetto, V.; Toneatto, J.; Anesini, C.; Piwien-Pilipuk, G.; Moreno, S. Antiadipogenic Effect of Carnosic Acid, a
Natural Compound Present in Rosmarinus officinalis, Is Exerted through the C/EBPs and PPARγ Pathways at the Onset of the
Differentiation Program. Biochim. Biophys. Acta—Gen. Subj. 2013, 1830, 3796–3806. [CrossRef]

63. Den Hartogh, D.J.; Vlavcheski, F.; Giacca, A.; Tsiani, E. Attenuation of Free Fatty Acid (FFA)-Induced Skeletal Muscle Cell Insulin
Resistance by Resveratrol Is Linked to Activation of AMPK and Inhibition of MTOR and P70 S6K. Int. J. Mol. Sci. 2020, 21, 4900.
[CrossRef] [PubMed]

64. Vlavcheski, F.; Den Hartogh, D.J.; Giacca, A.; Tsiani, E. Amelioration of High-Insulin-Induced Skeletal Muscle Cell Insulin
Resistance by Resveratrol Is Linked to Activation of AMPK and Restoration of GLUT4 Translocation. Nutrients 2020, 12, 914.
[CrossRef] [PubMed]

65. Somwar, R.; Sweeney, G.; Ramlal, T.; Klip, A. Stimulation of Glucose and Amino Acid Transport and Activation of the Insulin
Signaling Pathways by Insulin Lispro in L6 Skeletal Muscle Cells. Clin. Ther. 1998, 20, 125–140. [CrossRef]

66. Bradford, M.M. A Rapid and Sensitive Method for the Quantitation of Microgram Quantities of Protein Utilizing the Principle of
Protein-Dye Binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

67. Yu, C.; Chen, Y.; Cline, G.W.; Zhang, D.; Zong, H.; Wang, Y.; Bergeron, R.; Kim, J.K.; Cushman, S.W.; Cooney, G.J.; et al. Mechanism
by Which Fatty Acids Inhibit Insulin Activation of Insulin Receptor Substrate-1 (IRS-1)-Associated Phosphatidylinositol 3-Kinase
Activity in Muscle. J. Biol. Chem. 2002, 277, 50230–50236. [CrossRef]

68. Le Marchand-Brustel, Y.; Gual, P.; Grémeaux, T.; Gonzalez, T.; Barrès, R.; Tanti, J.-F. Fatty Acid-Induced Insulin Resistance: Role
of Insulin Receptor Substrate 1 Serine Phosphorylation in the Retroregulation of Insulin Signalling. Biochem. Soc. Trans. 2003, 31,
1152–1156. [CrossRef]

69. Gao, Z.; Zhang, X.; Zuberi, A.; Hwang, D.; Quon, M.J.; Lefevre, M.; Ye, J. Inhibition of Insulin Sensitivity by Free Fatty Acids
Requires Activation of Multiple Serine Kinases in 3T3-L1 Adipocytes. Mol. Endocrinol. Baltim. Md 2004, 18, 2024–2034. [CrossRef]

70. Prada, P.O.; Zecchin, H.G.; Gasparetti, A.L.; Torsoni, M.A.; Ueno, M.; Hirata, A.E.; Corezola do Amaral, M.E.; Höer, N.F.;
Boschero, A.C.; Saad, M.J.A. Western Diet Modulates Insulin Signaling, c-Jun N-Terminal Kinase Activity, and Insulin Receptor
Substrate-1ser307 Phosphorylation in a Tissue-Specific Fashion. Endocrinology 2005, 146, 1576–1587. [CrossRef]

71. Solinas, G.; Naugler, W.; Galimi, F.; Lee, M.-S.; Karin, M. Saturated Fatty Acids Inhibit Induction of Insulin Gene Transcription by
JNK-Mediated Phosphorylation of Insulin-Receptor Substrates. Proc. Natl. Acad. Sci. USA 2006, 103, 16454–16459. [CrossRef]
[PubMed]

72. Gwinn, D.M.; Shackelford, D.B.; Egan, D.F.; Mihaylova, M.M.; Mery, A.; Vasquez, D.S.; Turk, B.E.; Shaw, R.J. AMPK Phosphoryla-
tion of Raptor Mediates a Metabolic Checkpoint. Mol. Cell 2008, 30, 214–226. [CrossRef] [PubMed]

73. Rosner, M.; Siegel, N.; Valli, A.; Fuchs, C.; Hengstschläger, M. MTOR Phosphorylated at S2448 Binds to Raptor and Rictor. Amino
Acids 2010, 38, 223–228. [CrossRef] [PubMed]

74. Watanabe, R.; Wei, L.; Huang, J. MTOR Signaling, Function, Novel Inhibitors, and Therapeutic Targets. J. Nucl. Med. Off. Publ.
Soc. Nucl. Med. 2011, 52, 497–500. [CrossRef]

75. Vlavcheski, F.; Naimi, M.; Murphy, B.; Hudlicky, T.; Tsiani, E. Rosmarinic Acid, a Rosemary Extract Polyphenol, Increases Skeletal
Muscle Cell Glucose Uptake and Activates AMPK. Mol. Basel Switz. 2017, 22, 1669. [CrossRef]

76. Vlavcheski, F.; Baron, D.; Vlachogiannis, I.A.; MacPherson, R.E.K.; Tsiani, E. Carnosol Increases Skeletal Muscle Cell Glucose
Uptake via AMPK-Dependent GLUT4 Glucose Transporter Translocation. Int. J. Mol. Sci. 2018, 19, 1321. [CrossRef]

77. Perdomo, G.; Commerford, S.R.; Richard, A.-M.T.; Adams, S.H.; Corkey, B.E.; O’Doherty, R.M.; Brown, N.F. Increased Beta-
Oxidation in Muscle Cells Enhances Insulin-Stimulated Glucose Metabolism and Protects against Fatty Acid-Induced Insulin
Resistance despite Intramyocellular Lipid Accumulation. J. Biol. Chem. 2004, 279, 27177–27186. [CrossRef]

78. Lang, C.H. Elevated Plasma Free Fatty Acids Decrease Basal Protein Synthesis, but Not the Anabolic Effect of Leucine, in Skeletal
Muscle. Am. J. Physiol. Endocrinol. Metab. 2006, 291, E666–E674. [CrossRef]

79. Dimopoulos, N.; Watson, M.; Sakamoto, K.; Hundal, H.S. Differential Effects of Palmitate and Palmitoleate on Insulin Action and
Glucose Utilization in Rat L6 Skeletal Muscle Cells. Biochem. J. 2006, 399, 473–481. [CrossRef]

80. Powell, D.J.; Turban, S.; Gray, A.; Hajduch, E.; Hundal, H.S. Intracellular Ceramide Synthesis and Protein Kinase Czeta Activation
Play an Essential Role in Palmitate-Induced Insulin Resistance in Rat L6 Skeletal Muscle Cells. Biochem. J. 2004, 382, 619–629.
[CrossRef]

81. Capel, F.; Cheraiti, N.; Acquaviva, C.; Hénique, C.; Bertrand-Michel, J.; Vianey-Saban, C.; Prip-Buus, C.; Morio, B. Oleate
Dose-Dependently Regulates Palmitate Metabolism and Insulin Signaling in C2C12 Myotubes. Biochim. Biophys. Acta 2016, 1861,
2000–2010. [CrossRef] [PubMed]

http://doi.org/10.4162/nrp.2013.7.4.294
http://doi.org/10.1021/acs.jafc.5b01246
http://www.ncbi.nlm.nih.gov/pubmed/25929334
http://doi.org/10.3892/ijmm.2018.3593
http://doi.org/10.1002/mnfr.201300356
http://doi.org/10.1016/j.bbagen.2013.03.021
http://doi.org/10.3390/ijms21144900
http://www.ncbi.nlm.nih.gov/pubmed/32664532
http://doi.org/10.3390/nu12040914
http://www.ncbi.nlm.nih.gov/pubmed/32230718
http://doi.org/10.1016/S0149-2918(98)80040-4
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.1074/jbc.M200958200
http://doi.org/10.1042/bst0311152
http://doi.org/10.1210/me.2003-0383
http://doi.org/10.1210/en.2004-0767
http://doi.org/10.1073/pnas.0607626103
http://www.ncbi.nlm.nih.gov/pubmed/17050683
http://doi.org/10.1016/j.molcel.2008.03.003
http://www.ncbi.nlm.nih.gov/pubmed/18439900
http://doi.org/10.1007/s00726-008-0230-7
http://www.ncbi.nlm.nih.gov/pubmed/19145465
http://doi.org/10.2967/jnumed.111.089623
http://doi.org/10.3390/molecules22101669
http://doi.org/10.3390/ijms19051321
http://doi.org/10.1074/jbc.M403566200
http://doi.org/10.1152/ajpendo.00065.2006
http://doi.org/10.1042/BJ20060244
http://doi.org/10.1042/BJ20040139
http://doi.org/10.1016/j.bbalip.2016.10.002
http://www.ncbi.nlm.nih.gov/pubmed/27725263


Cells 2022, 11, 167 21 of 21

82. Guo, W.; Wong, S.; Xie, W.; Lei, T.; Luo, Z. Palmitate Modulates Intracellular Signaling, Induces Endoplasmic Reticulum Stress,
and Causes Apoptosis in Mouse 3T3-L1 and Rat Primary Preadipocytes. Am. J. Physiol.-Endocrinol. Metab. 2007, 293, E576–E586.
[CrossRef] [PubMed]

83. Jung, T.W.; Kim, H.-C.; Abd El-Aty, A.M.; Jeong, J.H. Protectin DX Ameliorates Palmitate- or High-Fat Diet-Induced Insulin
Resistance and Inflammation through an AMPK-PPARα-Dependent Pathway in Mice. Sci. Rep. 2017, 7, 1397. [CrossRef]
[PubMed]

84. Wu, W.; Tang, S.; Shi, J.; Yin, W.; Cao, S.; Bu, R.; Zhu, D.; Bi, Y. Metformin Attenuates Palmitic Acid-Induced Insulin Resistance in
L6 Cells through the AMP-Activated Protein Kinase/Sterol Regulatory Element-Binding Protein-1c Pathway. Int. J. Mol. Med.
2015, 35, 1734–1740. [CrossRef] [PubMed]

85. Anhê, G.F.; Okamoto, M.M.; Kinote, A.; Sollon, C.; Lellis-Santos, C.; Anhê, F.F.; Lima, G.A.; Hirabara, S.M.; Velloso, L.A.;
Bordin, S.; et al. Quercetin Decreases Inflammatory Response and Increases Insulin Action in Skeletal Muscle of Ob/Ob Mice and
in L6 Myotubes. Eur. J. Pharmacol. 2012, 689, 285–293. [CrossRef]

86. Sadeghi, A.; Seyyed Ebrahimi, S.S.; Golestani, A.; Meshkani, R. Resveratrol Ameliorates Palmitate-Induced Inflammation in
Skeletal Muscle Cells by Attenuating Oxidative Stress and JNK/NF-KB Pathway in a SIRT1-Independent Mechanism. Exp. Clin.
Endocrinol. Diabetes. 2017, 118, 2654–2663. [CrossRef] [PubMed]

87. Araújo, E.P.; De Souza, C.T.; Ueno, M.; Cintra, D.E.; Bertolo, M.B.; Carvalheira, J.B.; Saad, M.J.; Velloso, L.A. Infliximab Restores
Glucose Homeostasis in an Animal Model of Diet-Induced Obesity and Diabetes. Endocrinology 2007, 148, 5991–5997. [CrossRef]
[PubMed]

88. Wang, X.; Yu, W.; Nawaz, A.; Guan, F.; Sun, S.; Wang, C. Palmitate Induced Insulin Resistance by PKCtheta-Dependent Activation
of MTOR/S6K Pathway in C2C12 Myotubes. Exp. Clin. Endocrinol. Diabetes. 2010, 118, 657–661. [CrossRef]

89. Kwon, B.; Querfurth, H.W. Palmitate Activates MTOR/P70S6K through AMPK Inhibition and Hypophosphorylation of Raptor
in Skeletal Muscle Cells: Reversal by Oleate Is Similar to Metformin. Biochimie 2015, 118, 141–150. [CrossRef] [PubMed]

90. Yin, J.; Gu, L.; Wang, Y.; Fan, N.; Ma, Y.; Peng, Y. Rapamycin Improves Palmitate-Induced ER Stress/NFκB Pathways Associated
with Stimulating Autophagy in Adipocytes. Mediators Inflamm. 2015, 2015, 272313. [CrossRef]

91. Khamzina, L.; Veilleux, A.; Bergeron, S.; Marette, A. Increased Activation of the Mammalian Target of Rapamycin Pathway in
Liver and Skeletal Muscle of Obese Rats: Possible Involvement in Obesity-Linked Insulin Resistance. Endocrinology 2005, 146,
1473–1481. [CrossRef]

92. Romo-Vaquero, M.; Larrosa, M.; Yáñez-Gascón, M.J.; Issaly, N.; Flanagan, J.; Roller, M.; Tomás-Barberán, F.A.; Espín, J.C.;
García-Conesa, M.-T. A Rosemary Extract Enriched in Carnosic Acid Improves Circulating Adipocytokines and Modulates Key
Metabolic Sensors in Lean Zucker Rats: Critical and Contrasting Differences in the Obese Genotype. Mol. Nutr. Food Res. 2014, 58,
942–953. [CrossRef]

93. Ninomiya, K.; Matsuda, H.; Shimoda, H.; Nishida, N.; Kasajima, N.; Yoshino, T.; Morikawa, T.; Yoshikawa, M. Carnosic Acid, a
New Class of Lipid Absorption Inhibitor from Sage. Bioorg. Med. Chem. Lett. 2004, 14, 1943–1946. [CrossRef]

94. Ou, J.; Huang, J.; Zhao, D.; Du, B.; Wang, M. Protective Effect of Rosmarinic Acid and Carnosic Acid against Streptozotocin-
Induced Oxidation, Glycation, Inflammation and Microbiota Imbalance in Diabetic Rats. Food Funct. 2018, 9, 851–860. [CrossRef]

95. Xie, Z.; Zhong, L.; Wu, Y.; Wan, X.; Yang, H.; Xu, X.; Li, P. Carnosic Acid Improves Diabetic Nephropathy by Activating Nrf2/ARE
and Inhibition of NF-KB Pathway. Phytomedicine Int. J. Phytother. Phytopharm. 2018, 47, 161–173. [CrossRef] [PubMed]

96. Orgel, E.; Mittelman, S.D. The Links Between Insulin Resistance, Diabetes, and Cancer. Curr. Diab. Rep. 2013, 13, 213–222.
[CrossRef] [PubMed]

97. Ormazabal, V.; Nair, S.; Elfeky, O.; Aguayo, C.; Salomon, C.; Zuñiga, F.A. Association between Insulin Resistance and the
Development of Cardiovascular Disease. Cardiovasc. Diabetol. 2018, 17, 122. [CrossRef] [PubMed]

http://doi.org/10.1152/ajpendo.00523.2006
http://www.ncbi.nlm.nih.gov/pubmed/17519282
http://doi.org/10.1038/s41598-017-01603-9
http://www.ncbi.nlm.nih.gov/pubmed/28469249
http://doi.org/10.3892/ijmm.2015.2187
http://www.ncbi.nlm.nih.gov/pubmed/25891779
http://doi.org/10.1016/j.ejphar.2012.06.007
http://doi.org/10.1002/jcb.25868
http://www.ncbi.nlm.nih.gov/pubmed/28059488
http://doi.org/10.1210/en.2007-0132
http://www.ncbi.nlm.nih.gov/pubmed/17761768
http://doi.org/10.1055/s-0030-1252069
http://doi.org/10.1016/j.biochi.2015.09.006
http://www.ncbi.nlm.nih.gov/pubmed/26344902
http://doi.org/10.1155/2015/272313
http://doi.org/10.1210/en.2004-0921
http://doi.org/10.1002/mnfr.201300524
http://doi.org/10.1016/j.bmcl.2004.01.091
http://doi.org/10.1039/C7FO01508A
http://doi.org/10.1016/j.phymed.2018.04.031
http://www.ncbi.nlm.nih.gov/pubmed/30166101
http://doi.org/10.1007/s11892-012-0356-6
http://www.ncbi.nlm.nih.gov/pubmed/23271574
http://doi.org/10.1186/s12933-018-0762-4
http://www.ncbi.nlm.nih.gov/pubmed/30170598

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Palmitate Stock Solution 
	Cell Culture, Treatment, and Glucose Uptake 
	GLUT4myc Translocation Assay 
	Immunoprecipitation of IRS-1 
	Immunoblotting 
	Statistical Analysis 

	Results 
	Carnosic Acid Restores the Insulin-Stimulated Glucose Uptake in Palmitate-Treated Muscle Cells and 3T3-L1 Adipocytes 
	Carnosic Acid Restores the Insulin-Stimulated GLUT4 Translocation in Palmitate Treated Myotubes 
	Carnosic Acid Restores the Insulin-Stimulated Akt Phosphorylation in Palmitate Treated Myotubes 
	Carnosic Acid Prevents the Palmitate-Induced Serine Phosphorylation of IRS-1 in L6 Myotubes 
	Carnosic Acid Prevents the Palmitate-Induced Phosphorylation of C-Jun N-Terminal Kinase (JNK) in L6 Myotubes 
	Carnosic Acid Prevents the Palmitate-Induced Phosphorylation of mTOR and p70S6K in L6 Myotubes 
	Carnosic Acid Increases the Phosphorylation of AMPK and ACC in the Presence of Palmitate in L6 Myotubes 
	Carnosic Acid Prevents the Effects of Palmitate in 3T3-L1 Adipocytes 

	Discussion 
	Conclusions 
	References

