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Egg White Ovotransferrin-Derived ACE Inhibitory Peptide
Ameliorates Angiotensin II-Stimulated Insulin Resistance in
Skeletal Muscle Cells
Myoungjin Son, Catherine B. Chan, and Jianping Wu*

Scope: The renin-angiotensin system (RAS) is a major contributor to the
development of insulin resistance and its related complications. Egg white
ovotransferrin-derived tripeptides, IRW (Ile-Arg-Trp), IQW (Ile-Gln-Trp), or LKP
(Leu-Lys-Pro) are previously identified as the inhibitors of
angiotensin-converting enzyme (ACE), a key enzyme in the RAS. This study
aims at determining whether these peptides are effective in improving insulin
resistance, and their mechanisms of action, in a rat derived skeletal muscle
cell line (L6 cells).
Methods and results: Insulin resistance is induced by treating L6 cells with 1
μm angiotensin II (Ang II) for 24 h. Effects of peptides on glucose uptake are
determined using glucose uptake assay, glucose transporter 4 (GLUT4)
translocation by immunofluorescence, reactive oxygen species (ROS) by
dihydroethidium (DHE) staining, while insulin signaling pathway, Ang II
receptor (AT1R or AT2R) levels, and NADPH oxidase activation are measured
using Western Blot. Only IRW treatment significantly improves insulin
resistance in L6 cells via stimulation of insulin signaling. IRW decreases Ang
II-stimulated AT1R expression, ROS formation, and NADPH oxidase
activation.
Conclusions: Of three ACE inhibitory peptides studied, only IRW improves
insulin resistance in L6 cells, at least partially via reduced AT1R expression
and its anti-oxidative activity.
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1. Introduction

According to the International Diabetes
Federation, Metabolic Syndrome is de-
fined as an array of cardiovascular risk
factors including type 2 diabetes (T2D),
obesity, elevated triglyceride and choles-
terol, and hypertension.[1] Insulin resis-
tance precedes the onset of metabolic
syndrome and is unequivocally associ-
ated with an increased risk of T2D,
obesity, hypertension, and cardiovascular
diseases.[2,3] The renin-angiotensin sys-
tem (RAS) is classically known as a regu-
lator of blood pressure, cardiac function,
and fluid homeostasis.[4] The major bio-
logically active component generated by
this system is angiotensin II (Ang II),
which binds to type 1 (AT1R) and type
2 (AT2R) receptors, triggering various bi-
ological actions in the body that main-
tain circulation and body fluid volume.[4,5]

While the role of RAS in blood pressure is
well established, evidence from both clin-
ical and rodent studies strongly suggests
that abnormal activation of RAS is as-
sociated with development of insulin re-
sistance and obesity.[6–10] Recent evidence

also indicates a critical role for RAS inhibition in obesity and T2D.
Several clinical studies have shown that treating hypertensive pa-
tients with angiotensin converting enzyme (ACE) inhibitors or
AT1R blockers results in a lower risk of developing T2D when
compared with other antihypertensive treatments.[11–14] In rodent
models of obesity and insulin resistance, RAS blockade via ei-
ther pharmacologically active compounds or genetic deletion also
improves insulin sensitivity.[15–19] Therefore, inhibition of RAS
might represent a promising approach to alleviate insulin resis-
tance in metabolic syndrome. In addition to the systemic RAS,
there are several local RAS presenting in brain, pancreas, heart,
adipose tissue, and skeletal muscle.[20–22] Skeletal muscle is a cru-
cial tissue for development of insulin resistance because it ac-
counts for the majority of insulin-stimulated glucose utilization.
In skeletal muscle, insulin increases glucose uptake through a
signaling pathway that leads to tyrosine phosphorylation of in-
sulin receptor substrate-1 (IRS-1), with subsequent phosphoryla-
tion of phosphatidylinositol-3 kinase and protein kinase B (PKB),
also known as Akt. As a result, translocation of glucose trans-
porter 4 (GLUT4) from the cytosol to the plasma membrane
removes glucose from the circulation to maintain whole-body
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glucose homeostasis.[23] The role of Ang II in insulin resis-
tance of skeletal muscle has been well established.[24–27] Expo-
sure of skeletal muscle to Ang II impairs GLUT4 translocation
as well as glucose utilization via inhibition of the insulin sig-
naling pathway.[24,26] Binding of Ang II to AT1R leads to in-
creased nicotinamide adenine dinucleotide phosphate-oxidase
(NADPH) activation and thus reactive oxygen species (ROS)
production.[28] Increased ROS production leads to impaired in-
sulin signaling pathway by inducing IRS serine phosphoryla-
tion, followed by decreasing GLUT4 translocation.[29] Although
several reports suggested that food-derived peptides could im-
prove insulin resistance,[30,31] effect of peptides on RAS stim-
ulated insulin resistance in skeletal muscle and their mecha-
nism have yet to be investigated. Egg white is a rich source
of various bioactive peptides.[32] In our previous research, three
egg white ovotransferrin-derived ACE inhibitory peptides, IRW
(Ile-Arg-Trp), IQW (Ile-Gln-Trp), and LKP (Leu-Lys-Pro) were
identified.[33,34] Our recent research demonstrated that IRW,
IQW, and LKP significantly decreased blood pressure and plasma
Ang II level in spontaneously hypertensive rats.[35,36] Interest-
ingly, the mechanisms of their antihypertensitve action dif-
fered; IRW and IQW but not LKP treatment decreased proin-
flammatory/oxidative stress markers.[35–39] Using human umbil-
ical vein endothelial cells, both IRW and IQW exhibited anti-
inflammatory and anti-antioxidant effects as shown by reduc-
tion of tumor necrosis factor-alpha (TNF-α) induced superox-
ide generation.[37,38] The actions were mediated by the nuclear
factor-κB (NF-κB) pathway, which could be completely inhib-
ited by IRW while only partially suppressed by IQW.[38] Our re-
cent work also showed that IRW can downregulate AT1R ex-
pression and NF-κB signaling in Ang II treated vascular smooth
muscle cells.[40] Since inhibition of RAS overactivation can ame-
liorate insulin resistance and metabolic syndrome, our recent
research findings prompted us to hypothesize that egg white
ovotransferrin-derived tripeptides may impart a beneficial effect
in modulating RAS induced insulin resistance. The objective of
this study was to determine effects of three ACE inhibitory pep-
tides, derived from egg white ovotransferrin, on insulin resis-
tance, and their mechanisms of action, in a rat derived skeletal
muscle cell line (L6 cells).

2. Experimental Section

2.1. Materials

Ang II, insulin, dithiothreitol (DTT), Triton X-100, NADPH,
and Lucigenin were from Sigma–Aldrich (St Louis, MO, USA).
DMEM, fetal bovine serum (FBS), Antibiotic-antimycotic solu-
tion, and horse serum were purchased from Gibco/Invitrogen
(Carlsbad, CA, USA). Dihydroethidium (DHE) and Hoechst
33342 were purchased from Thermo Fisher Scientific (Thermo
Fisher Scientific, Burlington, Canada). The tripeptide IRW, IQW,
and LKP were synthesized by Genscript (Piscataway, NJ, USA).
Peptide sequence and purity (99.8%) were validated by HPLC–
MS/MS.

2.2. Antibodies

Rabbit monoclonal primary antibodies against AT1R, phospho-
insulin receptor 1 (Tyr632, Ser307), insulin receptor 1, p67 phox,

and p47phox were obtained from Santa Cruz Biotechnology
Inc (SantaCruz, CA, USA). Rabbit monoclonal primary antibod-
ies against AT2R, rabbit monoclonal primary antibody against
GLUT4, and mouse monoclonal primary antibody against
α-tubulinwere bought fromAbcam (Cambridge,MA,USA). Rab-
bit monoclonal primary antibody against phospho-Akt (Ser473),
Akt was bought from Cell Signaling Technology Inc. (Danvers,
MA, USA). Goat anti-rabbit IRDye 680RD secondary antibody or
Donkey anti-mouse 800CW secondary antibody was purchased
from Licor Biosciences (Lincoln, NE, USA).

2.3. Cell Culture

Rat-derived L6 myoblasts were obtained from American Type
Culture Collection (Manassas, VA; ATCC numbers: CRL-1458).
The cells were grown inDMEMsupplementedwith 10%FBS and
1% v/v antibiotic-antimycotic solution (10 000 units mL–1 peni-
cillinG, 10mgmL–1 streptomycin, and 25mgmL–1 amphotericin
B) at 5% CO2 and 37 °C until they reached 80% confluence. For
further differentiation, the cells were cultured in DMEM contain-
ing 2% horse serum for 6–7 days. The media were changed every
48 h and cells were used at the stage of myotubes (60–70%) when
GLUT4 expression is the highest.[41]

2.4. Cell Viability Test

After termination of cell culture, the fully differentiated my-
otubes were incubated with 100 μm of IRW, IQW, or LKP in
serum free DMEM for 2 h (vehicle), followed by treatment with
1μmAng II for 24 h. Next, 5mgmL–1 3-(4,5-dimethythiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) (Manassas, VA, USA)
was added and the plate reincubated at 5% CO2 and 37 °C for
a further 3 h. The MTT mixture was then removed and 100 μL
of DMSO was added to dissolve the formazan crystals. The plate
was gently mixed on a shaker for 10 min, and then read on a mi-
croplate reader (SpectraMax M3, Molecular devices, CA, USA) at
570 nm and expressed as fold change over the vehicle control
group.

2.5. Glucose Uptake Assay

Glucose uptake assay was examined by the procedure described
previously[42,43] with slight modifications. Briefly, L6 myoblasts
(5× 104 cells per well) were subcultured into Nunc 24-place mul-
tiwell plates and grown for 10–11 days until they formed my-
otubes. The fully differentiated myotubes were incubated with
100 μm of IRW, IQW, or LKP in serum free DMEM for 2 h, fol-
lowed by treatment with 1μmAng II for 24 h. Next, themyotubes
were kept for 2 h in Krebs–Henseleit buffer (pH 7.4) containing
0.1% BSA, 10 mm Hepes, and 2 mm sodium pyruvate (Krebs–
Henseleit buffer, KHHbuffer). Themyotubes were then cultured
in KHH buffer containing 11 mm glucose in the absence or pres-
ence of 1 μm of Insulin for another 4 h. Glucose concentrations
in KHH buffer were determined with Glucose CII-Test kit (Wako
Pure Chemical Industries, Ltd., Osaka, Japan) and the amounts
of glucose consumed were calculated from the differences in glu-
cose concentrations between before and after culture.
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2.6. Western Blot

The fully differentiated L6 myotubes were incubated with
100 μm of IRW, IQW, or LKP in serum free DMEM for 2 h, fol-
lowed by treatment with 1 μm Ang II for different time condi-
tions. To detect the total and phosphorylated proteins of the in-
sulin signaling pathway, the myotubes were kept for 2 h in KHH
buffer (pH 7.4) and then incubated in KHH buffer containing
11 mm glucose in the absence or presence of 1 μm insulin for
30 min. At the end of incubation, L6 myotubes were lysed in
boiling hot Laemmle’s buffer containing 50 mm DTT and 0.2%
Triton-X-100 to prepare samples for Western blotting. To extract
the protein from cell membrane and cytosol respectively, a Mem-
PER Plus Membrane Protein Extraction Kit (Thermo Fisher
Scientific) was used. Briefly, cells were washed with Cell Wash
Solution and centrifuged at 300 × g for 5 min. After discarding
the supernatant, cells were resuspended and incubated with Per-
meabilization Buffer at 4 °C. Next, permeabilized cells were cen-
trifuged for 15 min at 16 000 × g. The supernatant containing
cytosolic proteins was transferred into a new tube and the pellet
was incubated with solubilization buffer at 4 °C for 30 min. After
centrifuging for 15min at 16 000× g, the supernatant containing
solubilized membrane and membrane-associated proteins was
transferred to a new tube for western blotting analysis. The cell
lysates were then run in 9% SDS-PAGE, transferred to nitrocel-
lulose membranes, and immunoblotted with primary antibod-
ies. After incubating with secondary antibodies, protein bands
were detected by Licor Odyssey BioImager (Licor Biosciences,
NE, USA) and quantified by densitometry using Image Studio
Lite 5.2.

2.7. Superoxide Detection

Cellular superoxide generation was detected by DHE staining.
ROS react with DHE to form ethidium, which then binds to
nuclear DNA and releases nuclear fluorescence. Briefly, L6 my-
otubes were incubated with 100 μm of IRW, IQW, or LKP for 2
h, followed by treatment with Ang II (1 μm) for 30 min. Cells
were then treated with 20 μm of DHE and incubated in the dark
for 30 min. After three washings, the fluorescence signal was de-
tected by an EVOS FL Auto Cell Imaging System (Thermo Fisher
Scientific). For each data point, images from four random fields
were taken. The total fluorescence intensity in each field was
quantified by ImageJ software (http://imagej.net/Welcome), and
the mean fluorescence intensity was determined.

2.8. Immunofluorescence

Fully differentiated L6 myotubes were incubated with 100 μm of
IRW, IQW, or LKP 2 h prior to treatment with 1 μm of Ang II for
24 h. The myotubes were then incubated for 2 h in KHH buffer
and then kept in KHH buffer containing 11 mm glucose in the
absence or presence of 1 μg of insulin for 30 min. The myotubes
were fixed in 3.75% paraformaldehyde. To selectively stain the
proteins on cell membranes, the cells were not permeabilized.
After washing twice with PBS, cells were blocked with 1% BSA

in PBS for 1 h and incubated with anti-GLUT4 primary anti-
body overnight at 4 °C. After washing three times with PBS, cells
were treated with Alexa Fluor 546 conjugated goat anti-rabbit sec-
ondary antibody for 1 h at room temperature. The cell nuclei were
stained with Hoechst 33342 dye from Molecular Probes. Finally,
after washing three times with PBS, cells were examined with an
EVOS FL Auto Cell Imaging System (Thermo Fisher Scientific).
All images presented are ×100 magnification.

2.9. Statistical Analysis

All data are presented as the mean ± SEM. The data were evalu-
ated by IBM SPSS version 22. Differences between the mean val-
ues were assessed using one-way analysis of variance, followed
by Tukey multiple comparisons test if applicable. Statistical sig-
nificance was considered for values of p < 0.05.

3. Results

3.1. Effect of Egg White Ovotransferrin-Derived Tripeptides on
Cell Viability and Insulin Stimulated Glucose Uptake in Ang II
Treated L6 Myotubes

Cell viability was performed byMTT assay. At concentrations pre-
viously shown to have biological activity, the cell viability was not
affected by any of the peptides (IRW, IQW, or LKP) (Figure 1A).
To investigate the effect of peptides on insulin-independent glu-
cose uptake in L6 myotubes, the glucose uptake test was per-
formed in comparison with insulin. IRW, IQW, or LKP were ap-
plied to L6 myotubes for 4 h. None of the peptides (IRW, IQW,
or LKP) stimulated basal glucose uptake (Figure 1B). Adding in-
sulin (1μm) however stimulated glucose uptake by 25%. Previous
research has shown that Ang II decreases insulin-stimulated glu-
cose uptake in skeletal muscle.[26,45] Thus, we examined whether
ovotransferrin-derived peptides could reverse decreased glucose
uptake in Ang II treated L6 myotubes. Cells were incubated with
IRW, IQW, or LKP for 2 h prior to 24 h of treatment with Ang
II. As shown in Figure 1C, adding Ang II significantly inhib-
ited insulin-stimulated glucose uptake in comparison with in-
sulin alone. However, this decrease was significantly prevented
by IRW treatment in Ang II treated L6 myotubes. IRW treatment
(50, 100, and 150 μm) dose dependently increased glucose up-
take (data not shown). On the other hand, treatment with IQW
and LKP did not enhance insulin stimulated glucose uptake.

3.2. Effect of Egg White Ovotransferrin-Derived Tripeptides on
Insulin Signaling Pathway on Ang II Treated L6 Myotubes

Previous studies in L6 skeletal muscle cells showed that Ang
II impairs the insulin signaling pathway by inhibiting tyrosine
residue phosphorylation of IRS-1.[24] To assess whether improved
glucose uptake by IRW is due to improved insulin signaling,
we investigated the effect of peptides on IRS-1 and Akt phos-
phorylation in Ang II treated L6 myotubes. Ang II treatment in-
duced serine residue phosphorylation of IRS-1 (Figure 2A) but
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Figure 1. Effects of egg white ovotransferrin-derived tripeptides on cell
viability and glucose uptake in L6myotubes. A) Effects of IRW, IQW, or LKP
on cell viability. Fully differentiated myotubes were incubated with 100 μm
of IRW, IQW, or LKP 2 h prior to the treatment of 1 μm of Ang II for 24 h.
Cell viability was examined usingMTT assay. B) Effects of IRW, IQW, or LKP
on insulin-independent glucose uptake. Fully differentiated L6 myotubes
were preincubated in 24-place multiwell plates in Krebs-Henseleit-Hepes
buffer (KHH buffer) without glucose for 2 h. They were then incubated in
KHH buffer containing 11 mm glucose without or with insulin and 100
μm of peptides for 4 h. C) Effect of peptides on insulin stimulated glucose
uptake in Ang II-treated L6 myotubes. Fully differentiated myotubes were
incubated with 100 μm of IRW, IQW, or LKP 2 h prior to the treatment of
1 μm of Ang II for 24 h. Next, the myotubes were kept for 2 h in KHH
buffer. The myotubes were then cultured in KHH buffer containing 11 mm
glucose in the absence or presence of 100 nm of insulin for another 4 h,
and then the glucose uptake was measured using a Glucose CII Test Kit.
Each value represents the mean ± SEM of five independent experiments.
**indicates p < 0.05 as compared to the Ang II-treated group. *indicates
p < 0.05 as compared to the untreated group.

Figure 2. Effects of egg white ovotransferrin-derived tripeptides on insulin
signaling pathway in Ang II treated L6 myotubes. Fully differentiated my-
otubes were treated with 100 μm of peptides for 2 h followed by treatment
with 1μmof Ang 2 for 24 h. L6myotubes were preincubated in KHH buffer
for 2 h. They were then incubated in KHH buffer containing 11 mm glu-
cose without or with 100 nm of insulin for 30 min. The cells were lysed
and western blotting of the lysates was performed with antibodies against
p-IRS-1 Ser 307 (A), p-IRS-1 tyr 632 (B), total IRS-1 (A,B), p-Akt (C), total
Akt (C), and α-tubulin (loading control). A set of representative images
is shown. Data are presented as mean ± SEM of three independent ex-
periments. **indicates p < 0.05 as compared to the Ang II-treated group.
*indicates p < 0.05 as compared to the untreated group.
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reduced tyrosine residue phosphorylation of IRS-1 (Figure 2B) in
comparison with insulin-treated myotubes, consistent with a
state of insulin resistance (Figure 2A, B). IRW but no other pep-
tides normalized serine residue phosphorylation whereas the
phosphorylation of tyrosine residue remained unaffected by any
peptide (Figure 2B). In addition, phosphorylation of Akt was also
significantly decreased by Ang II compared to that in insulin-
treated myotubes, whereas it was improved by IRW (Figure 2C).
However, IQW and LKP did not exert any significant effect on im-
paired insulin signaling caused by Ang II, which indicates IRW
was more competent in improving Ang II induced insulin resis-
tance than IQW and LKP.

3.3. Effect of Egg White Ovotransferrin Derived Tripeptides on
GLUT4 Translocation in L6 Myotubes

To visually observe the translocation of GLUT4 in L6 my-
otubes, we detected GLUT4 abundance in L6 myotubes using
immunofluorescence. As shown in Figure 3A, red fluorescence
(left) shows cellular localization of GLUT4 while DAPI+GLUT4
(right) shows merging of GLUT4 and nuclei. In the presence of
Ang II, GLUT4 abundance (left) was diminished as compared
with that in insulin treated group. In the cells treated with Ang II
and IRW, GLUT4 presence in the plasma membrane was higher
than in Ang II-treated cells indicating IRW treatment prevents
the decreased GLUT4 translocation by Ang II in L6 myotubes.
However, IQW and LKP did not alter GLUT4 abundance on the
cell membrane. This result was verified using Western Blot (Fig-
ure 3B). The treatment of Ang II significantly decreased GLUT4
level in cell membrane as compared with insulin treated cells.
This decrease was significantly recovered by IRW but not IQW
and LKP (Figure 3B).

3.4. Effect of Egg White Ovotransferrin-Derived Tripeptides on
Ang II Receptor Abundance in Ang II Treated L6 Myotubes

To elucidate the molecular mechanisms underlying the effects of
peptides on Ang II-treated L6 myotubes, we detected AT1R pro-
tein in membranes by western blotting under basal conditions
and in the presence of Ang II or Ang II plus insulin. None of the
peptides influenced basal AT1R expression in L6 myotubes with-
out Ang II stimulation (Figure 4A–C). Interestingly, treatment
with IRW (Figure 4A, D), but not IQW and LKP (Figure 4B, C,
D), significantly decreased the level of AT1R expression in L6my-
otubes compared to that in Ang II treated control. However, the
expression of AT2R was not affected by the incubation with the
peptides (Figure 4E).

3.5. Effect of Egg White Ovotransferrin-Derived Tripeptides on
Ang II-Induced ROS in L6 Myotubes

Binding of Ang II to AT1R increases the generation of
ROS, which impairs insulin signaling pathway and GLUT4
translocation.[28,29] We investigated the effect of peptides on Ang
II-induced ROS in L6 myotubes. Compared with untreated cells,

Ang II treatment increased the ROS level by 60% (Figure 5).
Pretreatment with IRW significantly decreased the levels of
ROS level suggesting that improvement of insulin resistance
by IRW is at least partially mediating Ang II induced oxidative
stress.

3.6. Effect of Egg White Ovotransferrin-Derived Tripeptides on
the Translocation of P67phox and p47phox, Subunits of NADPH
Oxidase, in L6 Myotubes

NADPH oxidase is a major source of superoxide formation and
its activity is highly correlated with cytosolic regulatory subunits,
p67phox and p47phox upon translocation[46,47] to the plasma
membrane. Ang II treatment significantly increased transloca-
tion of both p67phox and p47phox as compared with those in
untreated cells (Figure 6A, B). However, pretreatment with IRW
abolished Ang II stimulated translocation of both p67phox and
p47phox. Similarly, pretreatment with IQW and LKP also inhib-
ited the translocation of p47phox and p67phox. These results in-
dicate that the antioxidant ability of IRWmay stem from decreas-
ing NADPH oxidase activity.

4. Discussion

In this study, effects of three egg white ovotransferrin-derived
ACE inhibitory peptides on Ang II-induced insulin resistance
were studied in rat-derived L6 skeletal muscle cells. Ang II treat-
ment significantly decreased insulin-stimulated glucose uptake,
impaired insulin signaling pathway and GLUT4 translocation,
while adding IRW, but not IQW or LKP, significantly reversed
these outcomes. The improvement in insulin sensitivity by IRW
was mediated by downregulation of Ang II stimulated AT1R
expression.
Ang II is the major bioactive peptide of RAS playing a role in

the regulation of vascular function and structure.[48] In pathologi-
cal conditions, overexpression of Ang II increases the generation
of ROS leading to endothelial dysfunction, vascular injury, and
inflammation underlying cardiovascular disease.[49] Growing ev-
idence supports an important role of local RAS and Ang II in
the pathogenesis of insulin resistance and metabolic syndrome.
In skeletal muscle, the major insulin sensitive tissue, Ang II de-
creases glucose utilization and insulin sensitivity.[24,26,44] Thus, in-
hibiting the action of Ang II in skeletal muscle will contribute
to the prevention and treatment of insulin resistance. Ang II
was reported to inhibit insulin-stimulated Akt activation and de-
crease insulin-stimulated GLUT4 abundance on cell membrane
in L6 myotubes.[24] In isolated mammalian skeletal muscle, ex-
posure of Ang II for 2 h impaired the phosphorylation of Akt in
insulin signaling and directly decreased insulin-stimulated glu-
cose uptake,[26] which was in alignment with our results. Inter-
estingly, we found that incubation of IRW for 2 h but not IQW or
LKP ameliorated Ang II-induced decrease in insulin-stimulated
glucose uptake and GLUT4 abundance on cell membrane. In ad-
dition, IRW decreased IRS-1 phosphorylation at Ser residue but
normalized Akt phosphorylation, suggested a positive effect of
IRW on Ang II-inhibited insulin signaling.
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Figure 3. Effects of egg white ovotransferrin-derived tripeptides (peptides) on GLUT4 translocation in L6 myotubes. Fully differentiated myotubes were
treated with 100 μm of peptides for 2 h followed by treatment with 1 μm of Ang II for 24 h. L6 myotubes were preincubated in KHH buffer for 2 h. They
were then incubated in KHH buffer containing 11 mm glucose without or with 100 nm of Insulin for 30 min. A) GLUT4 localization was detected using
immunofluorescence technique and western blotting. Cellular localization of GLUT4 proteins is shown in red fluorescence (left) and merged image is
also shown (right). A representative set of images from three independent experiments is shown. B) The membrane and cytosol were separated from
the cells. The expression of GLUT4 was tested by western blot. Each value represents the mean ± SEM of three independent experiments. **indicates
p < 0.05 as compared to the Ang II-treated group. *indicates p < 0.05 as compared to the untreated group.

This preventative effect of IRW observed in Ang II-induced
insulin resistance may be mediated through AT1R inhibition. A
large body of data from cellular and animal studies showed that
the inhibition of AT1R improved insulin resistance in diabetic
model animals.[15–19,24–26,45] Wei et al.[24] found that AT1R blocker
losartan improved insulin signaling and GLUT4 abundance in
cell membrane of L6 myotubes. Shiuchi et al.[45] reported that
AT1R blocker valsartan increased insulin sensitivity and glucose
uptake in skeletal muscle of diabetic KK-Ay mice via stimulat-
ing the insulin signaling pathway and GLUT4 translocation. In
our recent work, IRW inhibited AT1R overexpression in vascular
smooth muscle cells.[40] In agreement with these results, cotreat-
ment of IRW but not IQW or LKP with Ang II decreased AT1R
overexpression in L6myotubes. These results suggest that the ef-
fects of IRW on Ang II-stimulated insulin resistance are at least
partially due to reduced AT1R expression. Our previous study us-
ing transcriptome analysis showed that IRW affected the expres-
sion of a number of genes related to cardiovascular disease in
spontaneously hypertensive rats, including ACE2,[39] a recently
identified member of RAS that catalyzes the conversion of Ang

II to Ang (1-7).[50,51] Ang (1-7) was reported to improve insulin
resistance by inducing insulin signaling pathway in vitro and in
vivo.[52,53] Thus, the reduction in Ang II induced AT1R expression
might be associated with increased ACE2 activation, awaiting fur-
ther investigation.
Ang II induced-ROS is involved in the inhibition of insulin sig-

naling in skeletal muscle.[25,26] Ang II stimulation of NADPH oxi-
dase andROS production ismediated by AT1R.[28,46] ROS impairs
insulin signaling pathway and GLUT4 translocation in skeletal
muscle.[29] We previously identified that IRW had antioxidant ac-
tivity in vascular cells and in vivo.[37,38,40] Herein, we found that
Ang II exhibited increased ROS in skeletal muscle cells, but was
attenuated by the presence of IRW. The antioxidant activity of
peptides was also accompanied by decreased NADPH oxidase
activity. The activation of NADPH is dependent on stable for-
mation of membrane bound cytochrome b558 by its association
with cytosolic regulatory subunits, p67phox and p47phox upon
translocation.We observed that the translocation of both p67phox
and p47phox was increased in response to Ang II, which was
reversed by coincubation with IRW, IQW, or LKP. Interestingly,
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Figure 4. Effects of egg white ovotransferrin-derived tripeptides on AT1R
and AT2R expression in Ang II treated L6 myotubes. Fully differentiated
myotubes were treated with 100 μm of peptides for 2 h followed by the
treatment with 1 μm of Ang II for 24 h. The cells were lysed and western
blotting of the lysates was performed with antibodies against AT1R A–D),
AT2R E), and α-tubulin (loading control). A set of representative images is
shown. Data are presented as mean ± SEM of three independent experi-
ments. **indicates p < 0.05 as compared to the Ang II-treated group.

while only IRW showed significant ability to reduce ROS gen-
eration after Ang II treatment for 30 min, all three tripeptides
were capable of diminishing the translocation of p67phox and
p47 phox. There are various intracellular sources of ROS such
as mitochondria, the ER, peroxisomes, and oxidases/oxygenases
including NAD(P)H oxidases, xanthine oxidase, and nitric oxide
synthases.[54] Our results suggest the possibility that antioxidant
ability of IRWmightmediate other probable sources of ROS gen-
eration responsible for Ang II induced insulin resistance.
ROS has been proposed to be involved in the activation of

NF-κB.[55,56] Furthermore, several studies on rodents demon-
strated that high fat diet or acute hyperlipidemia activated NF-κB
in skeletal muscle, which was associated with impaired insulin
signaling.[57,58] Wei et al.[25] previously reported the involvement

Figure 5. Effects of egg white ovotransferrin derived tripeptides on Ang
II induced ROS in L6 myotubes. L6 myotubes were pretreated with 100
μm of Peptides for 2 h prior to 30 min stimulation with 1 μm of Ang II.
Cells were treated with 10 μm of DHE for 30 min, and then visualized by
fluorescent microscopy. The mean fluorescence intensity was calculated,
and the data were expressed as % of the Ang II-treat group from four in-
dependent experiments. Mean ± SEM are shown. **indicates p < 0.05 as
compared to the Ang II-treated group. A representative set of images from
three independent experiments is shown.

of NF-κB pathway via NADPH oxidase in Ang II-induced in-
sulin resistance. Ang II significantly induced NF-κB p65 nuclear
translocation in L6 cells. Our research group previously demon-
strated that pretreatment with IRW completely abolished TNF-α
induced translocation of both p65 and p50, while IQW partially
restricted only the translocation of p50, which suggests differen-
tial regulation of NF-κB by egg peptides.[38] LKP did not exert any
effect in modulating inflammatory pathway.[36] To test the possi-
bility that IRW inactivates NF-κB in skeletal muscle to alleviate
insulin resistance, further studies are required. In addition, fu-
ture research in vivo is necessary to confirm the efficacy of IRW
in an insulin resistant animal model.
Although there is only one amino acid residue difference be-

tween IRW and IQW, they functioned differently with regard
to insulin resistance, similar to our previous studies on vas-
cular functions in cells and in animals.[35,36,38] It is not known
if this difference is due to the presence of l-arginine within
IRW, as l-arginine is a known precursor of nitric oxide (NO),
and l-arginine supplementation improves insulin sensitivity by
altering nitric oxide pathway.[59] In vitro study showed, how-
ever, that NO stimulates GLUT4 translocation in skeletal muscle
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Figure 6. Effects of egg white ovotransferrin-derived tripeptides on
p67phox and p47phox translocation in L6 myotubes. L6 myotubes were
pretreated with 100 μm of Peptides for 2 h followed by 30 min stimulation
with 1 μm of Ang II. The membrane and cytosol were separated from the
cells. The expression of p67phox (A) and p47phox (B) were tested by west-
ern blotting. The data are expressed as % of the Ang II-treated group from
four independent experiments. Mean ± SEM are shown. **indicates p <

0.05 as compared to the Ang II-treated group.

independent of insulin signaling pathway.[60] Hence, IRWmight
have different mechanism from l-arginine alone, which awaits
further research.
In conclusion, IRW improves Ang II-induced insulin resis-

tance, at least partially via reduced AT1R expression and its an-
tioxidant activity. We provided the evidence that specific food de-
rived ACE inhibitory peptides could improve insulin resistance.
Our studies indicate that RAS systemmay become a complemen-
tary therapeutic target for studying the potential beneficial effect

of food-derived bioactive peptides for the treatment of metabolic
syndrome and its related complications.
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