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Abstract
Agents that block the renin–angiotensin system (RAS) improve glucoregulation in themetabolic syndrome disorder. We evaluated the effects of egg
white hydrolysate (EWH), previously shown tomodulate the protein abundance of RAS component in vivo, on glucose homeostasis in diet-induced
insulin-resistant rats. Sprague–Dawley ratswere fed a high-fat diet (HFD) for 6weeks to induce insulin resistance. Theywere then randomly divided
into four groups receiving HFD orHFD supplementedwith different concentrations of EWH (1, 2 and 4%) for another 6weeks in the first trial. In the
second trial, insulin-resistant rats were divided into two groups receiving only HFD or HFD+4 % EWH for 6 weeks. Glucose homeostasis was
assessed by oral glucose tolerance and insulin tolerance tests. Insulin signalling and protein abundance of RAS components, gluconeogenesis
enzymes and PPARγ were evaluated in muscle, fat and liver. Adipocyte morphology and inflammatory markers were evaluated. In vivo adminis-
tration of EWH increased insulin sensitivity, improved oral glucose tolerance (P< 0·0001) and reduced systemic inflammation (P< 0·05). EWH
potentiated insulin-induced Akt phosphorylation inmuscle (P = 0·0341) and adipose tissue (P = 0·0276), butminimal differences in the protein abun-
dance of tissue RAS components between the EWHand control groupswere observed. EWH treatment also reduced adipocyte size (P = 0·0383) and
increased PPARγ2 protein abundance (P = 0·0237). EWH treatment yielded positive effects on the inflammatory profile, glucose tolerance, insulin
sensitivity and adipocyte differentiation in HFD-induced insulin resistance rats. The involvement of local RAS activity requires further investigation.
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Unhealthy diet pattern, sedentary lifestyle and genetic predispo-
sition are the main determinants of obesity, CVD and the meta-
bolic syndrome (MetS). The MetS is a cluster of abnormalities
including hypertension, dyslipidaemia, glucose intolerance
and abdominal obesity(1), increasing the risk for CVD and type
2 diabetes by 2- and 5-fold, respectively, compared with those
without the syndrome(2). Lifestyle changes including dietary
interventions and physical activity are the first line therapies
for both CVD and the MetS(3). However, the long-term sustain-
ability of these interventions is usually poor and patients
progress to drug therapy. Given the serious side-effects associ-
ated with pharmacological drugs and their lack of effectiveness
in some cases, scientific attention has been drawn towards

application of naturally-derived compounds for the manage-
ment of the MetS(4,5).

Bioactive peptides, encrypted within the primary sequences of
food proteins but released by enzymatic digestion or foodprocess-
ing, can regulate blood pressure(6), reduce hyperlipidaemia(7) and
attenuate inflammation and oxidative stress(8). In addition, several
whey protein-derived dipeptides increased glucose uptake in
myotubes(9). Food proteins and peptides have also been reported
to improve glucose tolerance and insulin sensitivity by stimulating
Akt phosphorylation(10–14) and glycogen synthesis(9,15) in rodents
and patients(16).

Another mechanism to improve glucose homeostasis and
insulin sensitivity is by affecting adipose tissue(12,17–19). We
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recently reported the adipogenic, insulin mimetic and sensitising
effects of an egg white hydrolysate (EWH) in 3T3-F442A pre-adi-
pocytes(20). In vivo studies show benefits of egg peptides on
reducing fat mass and adipocyte size, hepatic steatosis and
inflammation, contributing to improved insulin sensitivity(21–
23). EWH also exerted anti-hypertensive effects in spontaneously
hypertensive rats by modulating the renin–angiotensin system
(RAS)(24). The abundance of the vascular angiotensin-converting
enzyme (ACE) and angiotensin type 1 receptor (AT1R) was
reduced, while vascular angiotensin type 2 receptor (AT2R)
abundance increased. RAS is believed to be linked with insulin
resistance in animals and humans(25–28).

As EWH has shown potential benefits on several aspects of
the MetS especially on adipose tissue, we aimed to study the
effects of EWH on glucose tolerance and insulin sensitivity in
a ratmodel of insulin resistance.We hypothesised that EWH sup-
plementation affects insulin signalling and improves insulin sen-
sitivity in peripheral tissues, such as adipose tissue and skeletal
muscle. The primary experimental outcome of the present study
was oral glucose tolerance, while the effects of EWH on tissue
insulin signalling, adipose tissue and local RAS protein abun-
dance were assessed as the secondary outcomes.

Materials and methods

Preparation of egg white hydrolysate

Food-grade egg white hydrolysate was prepared in the Food
Processing Development Centre according to the following con-
ditions. Liquid egg white was diluted with water at a ratio of 1:1
(v/v) to obtain a solution with 5 % protein solid. After adjusting
the pH to 8·0with 2 M NaOH solution and the temperature to 65°C,
thermoase (0·1 %, w/w) was added and protein digestion was car-
ried out for 90 min. The enzyme was then inactivated by adjusting
pH to 2·5 for pepsin digestion. Themixturewas further hydrolysed
at 55°C by 1 % pepsin for 180min. The reaction was terminated by
heating the solution at 95°C for 15 min and the hydrolysate was
centrifuged (GEA Westfalia Separator Group) at 8510 rpm and
average flow rate of 450 litres/h and then condensed to obtain
approximately 10 % solid. The hydrolysate was then spray dried
at an inlet temperature of 300°C and outlet temperature of
90°C, and the powder was collected and stored in food grade
freezer (–20°C) for further experiments. EWH protein content
was 77·7 % with ≥85 % of the peptides in the range of
1·36–6·51 kDa (online Supplementary material S1).

Animals and diets

The animal care protocol was approved by the University of
Alberta Animal Care and Use Committee (protocol no. 1472)
in accordance with the guidelines issued by the Canadian
Council on Animal Care. The study also adhered to the Guide
for the Care and Use of Laboratory Animals, United States
National Institutes of Health. Male Sprague–Dawley rats
(8 weeks old; n 48) weighing 339·5 ± 11·7 g were purchased from
Charles River Laboratories and housed two per cage (conven-
tional cages) with ad libitum access to standard chow and water.
Rats were acclimatised for 1 week at the University of Alberta
animal facility, exposed to a 12 h–12 h cycle of light and dark

in a humidity- and temperature-controlled (60% relative humidity,
and 23°C) environment. Two animal trials were conducted to
fulfill the purpose of the study. The first trial was conducted to
determine the effective dosage of the treatment, whereas the sec-
ond trial further verified the effectiveness of the treatment as
compared with the control group. In both trials, after 1-week
of acclimatisation, all rats received a high-fat diet (HFD)
(20 %, w/w) for 6 weeks to induce glucose intolerance as shown
before(29). Rats were then randomly assigned to one of the follow-
ing groups: HFD, HFD+1 % EWH, HFD+2 % EWH and HFD+4 %
EWH (n 7–8 each) in the first trial and toHFD andHFD+4%EWH
(n 7–8 each) in the second trial. The amount of the EWH used in
the present study could reasonably be expected to be achieved
in the human population. These diets continued for another 6
weeks with ad libitum access to food and water. The diet com-
position is presented in Table 1. Casein was used tomake all diet
groups isonitrogenous. In the second study, half of the animals
(n 4) in each group were injected with insulin (2 IU/kg body
weight) or saline intraperitoneally 10 min before euthanising
to study insulin signalling in muscle and fat.

Glucose and insulin tolerance tests

After 5 weeks of experimental diets (11 weeks in total on HFD),
an oral glucose tolerance test (OGTT) was performed on rats
after an overnight fast (16 h). Fasting blood glucose was mea-
sured using a glucometer (Accu-Check Compact Plus, Roche
Diagnostics) and blood was collected from a tail vein for insulin
determination. Then, rats were gavaged with 40 % glucose sol-
ution (2 g of glucose/kg body weight), and blood glucose was
measured at different time points. About 50 μl of bloodwas taken
at each time point during OGTT, centrifuged (1000 g, 20 min at
4°C) to obtain plasma, and stored at –20°C for insulin measure-
ment. For the insulin tolerance test (ITT), rats were fasted for 4 h
after 6 weeks of EWH treatment (12 weeks in total on HFD).
Fasting blood glucose was measured and then each rat received
1·5 IU/kg body weight dose of insulin via an intraperitoneal
injection. Blood glucose was determined at different time
points postinjection. Homeostatic model assessment of insulin

Table 1. Composition of the experimental diets (g/kg)

Ingredients
(g/kg)

Group

HFD
HFD+1 %

EWH
HFD+2 %

EWH
HFD+4 %

EWH

Casein 280 271·3 262·5 245
EWH 0 10 20 40
Sucrose 200 200 200 200
Lard 195 195 195 195
Maltodextrin 115 115 115 115
Maize starch 85 85 85 85
Cellulose 58 58 58 58
Mineral mix 43 43 43 43
Soyabean oil 30 30 30 30
Vitamin mix 19 19 19 19
L-Cystine 3·5 3·5 3·5 3·5
Calcium
phosphate

3·4 3·4 3·4 3·4

Choline bitartrate 3 3 3 3

HFD, high-fat diet; EWH, egg white hydrolysate.
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resistance was calculated based on the following equation:
fasting glucose (mmol/l) × fasting insulin (μU/ml)/22·5.

Body weight and food intake measurement

Body weight was monitored weekly and food intake per two rats/
cage was measured for 24 h three times per week throughout
the study.

Tissue collection

At the end of the study, rats were euthanised by exsanguination
via excision of the heart under inhaled isoflurane anaesthesia
(isoflurane/oxygen; 1·0–2·5 % mixture) after a 16-h fast.
A 3–5ml blood samplewas taken from all rats in both animal trials
except for the insulin-injected rats. Muscle, liver, kidneys and fat
padswere excised, washed in PBS, blotted, weighed and immedi-
ately frozen at –80°C until further analysis. Small sections of fresh
fat pads were fixed in 10 % formalin (48 h) for paraffin-embedded
fat samples to determine adipocyte size and distribution.

Tissue homogenisation and protein extraction

Hepatic and muscle proteins were extracted using an extraction
buffer consisting of lysis buffer (Mitosciences Abcam), aprotinin
(Calbiochem), sodium fluoride, sodium orthovanadate and pro-
tease inhibitor cocktail (Sigma Aldrich Canada). Proteins from fat
pads were extracted using a commercially available kit (Invent
Biotechnologies Inc.) as per the manufacturer’s instructions.
The protein content was measured using total protein assay
and sample aliquots were stored at –80°C.

Plasma analysis

Plasma TAG, total cholesterol and NEFA (Wako Pure Chemical
Industries Ltd) concentrations were measured using direct col-
orimetric enzymatic reactions as per the manufacturer’s instruc-
tions. Samples from the OGTT were assayed for insulin using an
ELISA kit (Alpco Diagnostics).

Inflammatory markers

Inflammatory cytokines in plasma and adipose tissue were
assessed using a commercial rat inflammation ELISA strip
(Signosis Inc.) as per the manufacturer’s instructions.

Adipocyte size and distribution

Adipose tissue paraffin blocks were cut into 5-μm sections and
affixed in glass slides. One slide per sample was stained with
hematoxylin-eosin, and ten photomicroscopic images of each
slidewere taken in a grid formation usingmicroscope 20× objec-
tive lens and Axion Vision 4.8 software (ZEISS Imaging
Software). A scale bar of 100 μm was placed in the images.
The open source image processing program ImageJ software
‘freehand selections’ tool was used to measure adipocyte area
(mm2) of 47–52 cells/sample.

Western blotting

Protein extracts were separated by SDS-PAGE electrophoresis
on 10–12 % polyacrylamide gels, transferred to a polyvinylidene
fluoride or nitrocellulose membrane, and incubated with anti-
bodies against PPARγ and p-Akt (Cell Signaling Technology),

Table 2. Food intake, body composition and metabolic profile of rats
(Mean values with their standard errors)

Diet groups : : : HFD SEM

HFD+1 %
EWH SEM

HFD + 2 %
EWH SEM

HFD + 4 %
EWH SEM

Initial BW (g)† 358·00 8·52 358·40 14·13 369·70 12·07 352·00 10·14
Final BW (g)† 828·30 21·65 806·60 28·65 837·40 27·16 813·70 20·17
Weight change (g)† 470·30 18·79 448·30 18·53 467·70 25·65 461·60 16·71
Food intake (kcal/d)†‡ 129·70 3·80 126·60 7·27 133·3 3·44 127·00 5·20
Relative tissue weight (g)/kg BW§
Liver 0·027 0·002 0·029 0·001 0·030 0·002 0·026 0·001
Kidney 0·005 0·000 0·005 0·000 0·005 0·000 0·005 0·000
Epididymal fat 0·032 0·001 0·027 0·003 0·028 0·002 0·028* 0·001
Retroperitoneal fat 0·056 0·003 0·046 0·003 0·050 0·004 0·048* 0·002

Metabolic profile (fasting state)‖
Glucose (mmol/l) 92·54 3·06 102·6 3·46 101·4 2·49 98·59 1·85
Insulin (uIU/ml) 44·78 7·77 36·48 13·24 34·58 3·24 35·90 7·17
HOMA-IR¶ 10·75 2·32 10·09 3·88 9·21 1·06 9·10 2·74
TAG (mmol/l) 98·31 8·61 105·10 4·19 80·59 11·37 67·22* 8·59
NEFA (mEq/l) 0·59 0·06 0·58 0·09 0·59 0·06 0·62 0·06
Cholesterol (mmol/l) 80·78 6·88 92·67 5·10 63·16 12·27 64·27 10·26

HFD, high-fat diet; EWH, egg white hydrolysate; BW, body weight; HOMA-IR, homeostatic model assessment of insulin resistance.
*P < 0·05 compared with the HFD.

† Body weight and food intake throughout the 12-week study period (n 7–16 rats).

‡ To convert kcal to kJ, multiply by 4·184.

§ Relative tissue weight after the 12-week period (n 7–16 rats).

‖ Metabolic profile after the 12-week period (n 4–12 rats).

¶ HOMA-IR = fasting glucose (mmol/l) × fasting insulin (μU/ml)/22·5.
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Akt, ACE, AT1R, AT2R, glucose 6 phosphatase-α, and β-actin
(Santa Cruz Biotechnology Inc.), ACE2 (Abcam), and phosphoe-
nolpyruvate carboxykinase (PEPCK) (Cayman Chemical).
PPARγ, ACE, ACE2, AT1R, AT2R, PEPCK and glucose 6

phosphatase bands were normalised to β-actin. Goat anti-rabbit
and donkey anti-mouse conjugated secondary antibodies were
purchased from LI-COR Biosciences. Protein bands were
detected by a Li-cor Odyssey BioImager and quantified by

Fig. 1. In vivo characterisation of glucose homeostasis. (a) Oral glucose tolerance test after 5 weeks of treatment with a high-fat diet (20 %, w/w, -•-) supplemented with
1 % (-▪-), 2 % (-▴-) and 4 % (-▾-) of egg white hydrolysate (n 4–11 rats). (b) Plasma insulin concentrations measured in blood samples collected during the oral glucose
tolerance test (n 4 rats). (c) Insulin tolerance test after a 4-h fast. Blood glucose levels are shown as percentage of basal glucose (n 5 rats). Values are means, with their
standard errors represented by vertical bars. Analysis was by two-way ANOVA followed by Bonferroni's post hoc comparison test. Significantly different compared with
the high-fat diet group: * P < 0·05, ** P < 0·01.
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densitometry using corresponding software Odyssey v3.0 (LI-
COR) or Image Studio Lite 5.2.

Statistical analysis

All data presented are expressed asmeans and standard errors of
three to ten rats from each treatment group as indicated in figure
legends. Statistical analysis was performed using the GraphPad
Prism software (version 6.0; GraphPad Software Inc.). Data were
checked for normal distribution by the Shapiro–Wilk test. For
analyses of OGTT, insulin ELISA, ITT and insulin sensitivity in
fat and muscle, we used a two-way ANOVA. For all other data,
one-way ANOVA, Kruskal–Wallis test and Student’s t test were
used as indicated in figure legends. Bonferroni and Dunn’s post
hoc tests were performed to assess differences between groups
when approxpriate. For the primary outcome, oral glucose tol-
erance, we conducted a post hoc power analysis using effect size
of 0·25, α 0·05 and power 0·8 for an ANOVA with repeated mea-
sures, within factors using G*power (version 3.1, University of
Kiel), which indicated a total sample size of 20 was required.
A P value of 0·05 was considered statistically significant.

Results

Food intake, body and tissue weight

No significant differences were observed in the bodyweight and
food intake (Table 2) between the groups throughout the study,
indicating that the palatability of the diets did not affect the
results. Moreover, there were no significant differences in liver
and kidney relative weights between groups. However, 4 %
EWH-fed rats had lower fat mass compared with the HFD group
as measured by the retroperitoneal and epididymal fat pad rel-
ative weights (Table 2). EWH had no adverse effects on rats in
the present study.

Oral glucose tolerance test and insulin tolerance test

The glucose tolerance of the rats is shown in Fig. 1(a). Rats
receiving 4 % EWH had significantly lower glucose response
at t = 30, 60, 90 and 120 compared with the HFD group.
Despite a better glucose tolerance in the HFD+4 % EWH group,
no significant difference in insulin concentrations was observed
during OGTT between the HFD+4 % EWH and HFD
groups (Fig. 1(b)).

Rats in the EWH-treated groups tended to have lower blood
glucose levels during the glucose disappearance phase (0–30
min) of the ITT, but not at a significant level. However, the differ-
ence becamemore evident between groups during the recovery
phase (60–120 min), where the HFD+4 % EWH group exhibited
significantly lower glucose levels at t = 90 and 120min (Fig. 1(c)).

Plasma metabolic profile

The metabolic profile of the rats is presented in Table 2. There
were no significant differences in fasting glucose and insulin
concentrations between groups. The HFD+4 % EWH group
showed lower fasting plasma TAG compared with the HFD
group, whereas no differences were observed regarding NEFA
and total cholesterol.

Plasma and adipose tissue inflammatory markers

Plasma inflammatory markers in the HFD and HFD+4 % EWH
groups showed comparable levels of TNF-α and Rantes. EWH
feeding significantly reduced IL-1α, IL-β and monocyte chemo-
tactic protein-1 comparedwith theHFDgroup as shown in Fig. 2.
In adipose tissue, except for a significant increase in epididymal
fat IL-6 in the HFD+4 % EWH group compared with HFD, no
other changes were observed in inflammatory cytokines (online
Supplementary material S2).

Tissue insulin sensitivity measured by p-Akt

The treatment of HFD+4 % EWH improved glucose and insulin
tolerance in rats as shown by OGTT and ITT. We further inves-
tigated tissue insulin sensitivity as one of the possible mecha-
nisms of action of EWH as this treatment enhanced p-Akt in
our previous cell study in adipocytes(20). Akt signalling plays a
central role in insulin-stimulated glucose uptake in both muscle
and adipose tissue(30). Muscle, liver, retroperitoneal and epididy-
mal fat pads were studied as themajor tissues responsible for insu-
lin-dependent glucose clearance. Fig. 3(a)–(c) shows enhanced -
p-Akt in muscle, retroperitoneal and epididymal fat of the HFD+4
% EWH group compared with HFD control. While insulin admin-
istration failed to induce phosphorylation of Akt inmuscle and adi-
pose tissue of the HFD group, an indication of insulin resistance
state, 4 % EWH supplementation enhanced insulin sensitivity sig-
nificantly in muscle, epididymal and retroperitoneal fat depots.
However, liver p-Akt was unaffected by EWH (Fig. 3(d)).

Adipocyte morphological changes in retroperitoneal and
epididymal adipose tissue

As EWH enhanced insulin sensitivity in adipose tissue, we studied
the effects of EWH treatment on markers of adipocyte differentia-
tion, including adipocyte size and PPARγ abundance. Fig. 4(a)
shows that EWH significantly reduced adipocyte size in retroperi-
toneal adipose tissue as measured by mean adipocyte area from
0·025 to 0·022mm2, whereas the size reduction in epididymal fat
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Fig. 2. Effect of egg white hydrolysate feeding on plasma inflammatory markers
in insulin-resistant (high-fat diet-fed) rats. ▪, High-fat diet; □, high-fat diet + 4 %
egg white hydrolysate. Values are means (n 4), with their standard errors rep-
resented by vertical bars. Analysis was by two-tailed t test. Significant difference:
* P < 0·05, ** P < 0·01. MCP-1, monocyte chemotactic protein-1; Rantes, regu-
lated on activation, normal T cell expressed and secreted; MIP, macrophage
inflammatory protein.
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(from0·021 to0·017mm2)wasnotstatisticallysignificant(Fig.4(c)).
Nevertheless, both fat pads presented significant changes towards
smaller adipocytes phenotype when the adipocyte distribution
was analysed by area intervals. The number of adipocytes within
the range of 0·012–0·013mm2 was significantly increased in retro-
peritoneal fat padwhereas the number of larger adipocytes (0·02–
0·029mm2) decreased significantly (Fig. 4(b)). Similarly, epidydi-
mal fat pad showed increased number of small adipocytes (from
0 to 0·009mm2) and decreased number of larger adipocytes (from
0·02 to 0·029mm2) as shown in Fig. 4(d) (P< 0·05). To further
explore the effects of 4 % EWH on adipocyte differentiation at
the molecular level, we measured PPARγ2 protein abundance in
adipose tissue. PPARγ is a transcription factor mainly expressed
inadipose tissueand involved inadipocytedifferentiationby regu-
lating several genes in lipidmetabolism and enhancing insulin sen-
sitivity(31). PPARγ2 abundancewas significantly increased following

4%EWHtreatment inepididymal fat comparedwith theHFDgroup
(Fig. 5(a)). Although PPARγ2 was enhanced in retroperitoneal fat,
this increase was not significant (Fig. 5(b)).

Tissue protein abundance of renin–angiotensin system
and gluconeogenesis components

As one of the potential mechanisms for enhanced insulin sensi-
tivity, we measured tissue protein abundance of different com-
ponents of RAS, namely ACE, ACE2, AT1R and AT2R in the HFD
and HFD+4 % EWH groups (Fig. 6 and online Supplementary
material S3–S5). Generally, no significant changes were
observed in the protein abundance of tissue RAS components
except for the AT2R, which was increased significantly in the liver
(Fig. 6(b)) and retroperitoneal fat pad (Fig. 6(c)) in the HFD+4 %
EWH group compared with the HFD group. Hepatic glucose
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Fig. 3. Tissue insulin sensitivity assessed by phosphorylation of Akt. Insulin sensitivity wasmeasured in epididymal fat (a), retroperitoneal fat (b), muscle (c) and liver (d)
of rats euthanised in fasted (▪) and intraperitoneal insulin-injected (▒) states in high-fat diet- and high-fat diet+4 % egg white hydrolysate-treated rats. The p-Akt protein
band was normalised to total Akt as ameasure of insulin sensitivity in both groups. Values aremeans (n 4–8 rats), with their standard errors represented by vertical bars.
Data were analysed by two-way ANOVA followed by Bonferroni's post hoc comparison test. *P< 0·05, **P< 0·01.
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output contributes to blood glucose concentrations; however,
no changes in liver PEPCK and glucose 6 phosphatase protein
abundance were observed (online Supplementary material S6).

Discussion

The present study revealed that supplementing a HFD with 4 %
EWH: (i) improved glucose tolerance with no changes in the
postprandial insulin; (ii) enhanced overall insulin sensitivity as
measured by ITT as well as enhanced muscle and fat insulin sig-
nalling in both fasted and insulin stimulated states; (iii) reduced
systemic pro-inflammatory cytokines IL-1α, and IL-1β, and che-
mokine monocyte chemotactic protein-1; (iv) switched adipo-
cyte phenotype towards smaller sizes in both retroperitoneal
and epididymal adipose tissue along with increased PPARγ2
expression in epididymal adipose tissue, which is consistentwith
adipocyte differentiation.

We focused on the ability of EWH to alleviate insulin
resistance, a key component of the MetS(32). Prolonged HFD
feeding is known to induce insulin resistance and glucose intol-
erance(29,33,34), adipocyte dysfunction and inflammation(35,36)

and dyslipidaemia(37,38) in rodents. Therefore, HFD-induced
insulin-resistant Sprague–Dawley rats were chosen as the animal
model. Our data also confirmed the presence of insulin resis-
tance in theHFD group as tissue Akt phosphorylation (especially
in the muscle and adipose tissue) was not significantly increased
after exogenous insulin injection in these rats.

Supplementing theHFDwith 4% EWH improved glucose tol-
erance in insulin-resistant rats with no changes in plasma insulin
concentrations, suggesting that 4 % EWH-treated rats are poten-
tially more sensitive to insulin. The ITT results confirmed this
hypothesis. Furthermore, 4 % EWH tended to increase glucose
disappearance in the first phase (0–60min) andpotentially pressed
hepatic glucose production in the second phase (60–120 min)
of the ITT; however, analysis of gluconeogenesis enzymes such

HFD HFD + 4 % EWH
0.00

0.01

0.02

0.03

A
di

po
cy

te
ar

ea
(m

m
2 )

A
di

po
cy

te
ar

ea
(m

m
2 )

Adipocyte area (mm2)

Adipocyte area (mm2)

*

0

0–
0. 0

09

0. 0
1–

0. 0
11

0. 0
6–

0. 0
69

0. 0
5–

0. 0
59

0. 0
4–

0. 0
49

0. 0
3–

0. 0
39

0. 0
2–

0. 0
29

0. 0
18

–0
. 01

9

0. 0
16

–0
. 01

7

0. 0
14

–0
. 01

5

0. 0
12

–0
. 01

3

0–
0. 0

09

0. 0
1–

0. 0
11

0. 0
6–

0. 0
69

0. 0
5–

0. 0
59

0. 0
4–

0. 0
49

0. 0
3–

0. 0
39

0. 0
2–

0. 0
29

0. 0
18

–0
. 01

9

0. 0
16

–0
. 01

7

0. 0
14

–0
. 01

5

0. 0
12

–0
. 01

3

10

20

30

40

50

P
er

ce
nt

ag
e

of
ce

lls

*

*

HFD HFD + 4 % EWH
0.00

0.01

0.02

0.03

P = 0.1251

0

10

20

30

40

50

Pe
rc

en
ta

ge
of

ce
lls

*

*

(a) (b)

(c) (d)

Fig. 4. Adipocyte distribution in retroperitoneal and epididymal adipose tissue. Mean adipocyte area and adipocyte area distribution were analysed in (a, b) retroper-
itoneal and (c, d) epididymal adipose tissue. Photomicroscopic images of adipocytes using 20× objective lens for high-fat diet (□) and high-fat diet+4 % egg white
hydrolysate (▪) groups are shown. Scale bar indicates 100 μm. Values are means (n 5 rats), with their standard errors represented by vertical bars. Data were analysed
by two-tailed t test. * Significant difference (P< 0·05).
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as PEPCK and glucose 6 phosphatase-α in liver revealed no
differences after EWH treatment (online Supplementary material
S6). Although we did not observe any significant changes in the
protein abundance of gluconeogenesis enzymes, EWH treatment
may have affected the activity of these enzymes and/or other
enzymes involved in the hepatic glucose production. Our data
suggest that the improvement in glucose tolerance after EWH treat-
ment was at least in part due to the increased insulin-stimulated
glucose uptake. Food-derived bioactive peptides including
egg-derived peptides have been recently reported to beneficially
affect insulin signalling and glucose homeostasis(39).

We previously showed a significant increase in insulin
sensitivity through enhanced p-Akt in EWH-treated 3T3
adipocytes(20). To further explore whether 4 % EWH treatment
enhanced tissue insulin signalling, we assessed p-Akt in major
insulin-sensitive tissues namely liver, muscle and adipose tissue.

Interestingly, consistent with our previous data, insulin sensitiv-
ity was enhanced significantly in epididymal and retroperitoneal
fat depots as well as muscle in EWH-treated rats (Fig. 3).
Therefore, we concluded that enhanced insulin signalling in adi-
pose tissue and muscle contributed to the observed improve-
ment in glucose tolerance after 4 % EWH treatment. When
assessing the rats’ metabolic profile, no significant effect on
plasma lipid components was observed except for reduced fast-
ing plasma TAG in the 4 % EWH group. Our current data do not
explain the change in plasma TAG concentration; however, this
may be due to reduced de novo lipid synthesis by the liver or
enhanced tissue accumulation, especially in adipose tissue as
opposed to remaining in the circulation(40). Smaller adipocytes
having more capacity to store lipids contribute to reduced
plasma TAG and increased insulin sensitivity(41). Indeed, the
reported enhanced insulin sensitivity in adipose tissue along
with the significantly reduced adipocyte size and higher
PPARγ2 abundance after 4 % EWH treatment in the present study
could indicate enhanced adipocyte differentiation leading to
reduced plasma TAG levels. WEKAFKDED, QAMPFRVTEQE,
ERYPIL and VFKGL are the bioactive peptides in EWH with
PPARγ stimulatory activity in adipocytes(42). Pioglitazone, a
PPARγ agonist, reduced adipocyte size and plasma TAG and
improve tissue insulin sensitivity in mice(43). In another study,
pioglitazone improved insulin sensitivity and stimulated adipo-
cyte differentiation in rats without affecting PEPCK expression
level in liver(44), similar to our data. Furthermore, we observed
reduced plasma pro-inflammatory markers (IL-1α and β and
monocyte chemotactic protein-1) in the HFD+4 % EWH-fed rats
indicating lower systemic inflammation compared with the HFD
group. Obesity has been linkedwith a low-grade chronic inflam-
matory response characterised by altered adipokines production
and increased markers of inflammation(45). Considering the criti-
cal role of inflammation in the occurrence of insulin resis-
tance(46), the importance of the anti-inflammatory effect of the
EWH in HFD-treated rats is highlighted. Inflammation within
white adipose tissue, induces insulin resistance locally and sys-
tematically due to the diffuse nature and close association of adi-
pose tissue with other metabolically active tissues(47).

Although we did not target the specific association of adipose
tissue to the less inflammatory phenotype of EWH-treated rats,
our data on enhanced PPARγ2 expression in the epididymal
fat (Fig. 5(a)) and tissue insulin sensitivity, consistent with the
outcomes of our previous study in cells(20) points to a potential
effect of the treatment on adipose tissue.When assessing the adi-
pose tissue inflammatory markers, however, we did not observe
any changes between the groups (online Supplementary
material S2).

Modulation of RAS components is another potential mecha-
nism for the observed enhanced tissues insulin sensitivity follow-
ing treatment with 4 % EWH. RAS is mostly known for its
systemic effects on blood pressure. In addition to systemic
RAS, RAS components have also been reported to be expressed
in tissues such as adipose tissue, liver and pancreas known as
local RAS(48). Local RAS activation has been linked to IR and type
2 diabetes(28,49). RAS blockade enhances glucose tolerance and
whole-body insulin sensitivity in insulin-resistant animal models
or insulin-resistant hypertensive humans(26,50–54). AT1R and

Fig. 5. Adipose tissue PPARγ abundance. The PPARγ2 protein band was nor-
malised to β-actin as the loading control in (a) epididymal fat, and (b) retroper-
itoneal fat in the high-fat diet (HFD)- and high-fat diet+4%eggwhite hydrolysate
(HFD+4%EWH)-treated groups. Values aremeans (n 3–4 rats), with their stan-
dard errors represented by vertical bars. Datawere analysed by two-tailed t test.
* Significant difference (P < 0·05).
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AT2R regulate insulin action in muscle(55) while RAS overexpres-
sion in skeletal muscle may impair insulin signalling and reduce
glucose transporters expression restricting glucose uptake(56).
IRW (Ile-Arg-Trp), an egg-derived tripeptide with antihypertensive
effects(57), improves Ang II-induced insulin resistance in L6 cells,
partially through reduced AT1R abundance and antioxidant activ-
ity(58). Despite the potential link between local RAS and tissue insu-
lin sensitivity, this pathway appears not to be mainly involved in
the observed effects of EWH on improved insulin sensitivity in
the present study. This is because between all the studied RAS
components including ACE, ACE2, AT1R and AT2R in four differ-
ent tissues, only AT2R protein abundance in liver and fat was
affected.Meanwhile, we cannot exclude the possibility that this
change may have played a role in tissue insulin sensitivity in
the present study. The reported effects of AT2R on insulin sen-
sitivity and adipocyte differentiation are controversial. Yvan-
Charvet et al. showed the deleterious effects of AT2R-depen-
dent Ang II signalling on adipose tissue mass and glucose
intolerance in mice(59), whereas, Shum et al. documented
the involvement of AT2R in early adipocyte differentiation and
its role in restoring normal adipocyte morphology and improv-
ing insulin sensitivity in rats(60). In fact, increasing AT2R/AT1R
activity ratio has been suggested as a pharmacological manipula-
tion to improve muscle insulin sensitivity and glucose metabo-
lism(55). Therefore, this aspect needs further investigations in
future studies.

In conclusion, the present study confirms the beneficial
effects of chronic supplementation with 4 % EWH on glucose
tolerance and insulin sensitivity in HFD-induced insulin-
resistant rats mainly through affecting insulin sensitivity in adi-
pose tissue and skeletal muscle as well as enhancing adipo-
cyte differentiation. Because the effective dosage of the
EWH used in the present study is feasible to be incorporated
into a human diet, it is worthwhile to investigate the potential
effects of this treatment in humans. It should be mentioned,
however, that one of the limitations of the present study is
the absence of a standard chow diet group, which would per-
mit conclusions about whether EWH returned glucose toler-
ance to normal.

Supplementary material

For supplementarymaterials referred to in this article, please visit
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