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ABSTRACT As part of the slaughtering processing in
Taiwan, approximately 10,000 metric tons of broiler liv-
ers are produced yearly. However, these livers are
regarded as waste. Our team has successfully developed
a functional chicken-liver hydrolysate (CLH) with sev-
eral useful activities. It has been reported that there is a
positive relationship between diabetes mellitus (DM)
patients and cognitive decline. To maximize broiler-liv-
ers’ utilization and add value, we investigated the modu-
lative effects of the CLHs on glucose homeostasis and
cognitive decline in streptozotocin (STZ) induced dia-
betic mice. After a 9-wk experiment, CLH supplementa-
tion lowered blood glucose by increasing GLUT4 protein
expressions in the brains, livers, and muscles of STZ-
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induced mice (P < 0.05). CLHs also enhanced antioxi-
dant capacities in the livers and brains of STZ-induced
mice. Amended memory and alternation behavior were
tested by using water and Y-maze assays (P < 0.05).
Besides, STZ-induced mice with CLH supplementation
had less contracted neuron bodies in the hippocampus
and lower (P < 0.05) Ab depositions in the dentate gyrus
area. Less AGE accumulation and apoptosis-related pro-
teins (RAGE, JNK, and activated Caspase 3) in the
brains of STZ-induced mice were also detected by sup-
plementing CLHs (P < 0.05). In conclusion, the results
from this study offer not only scientific evidence on the
amelioration of insulin resistance and cognitive decline
in hyperglycemia but also add value to this byproduct.
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INTRODUCTION

Globally, including in Taiwan, poultry meat con-
sumption, especially chicken, has been steadily increas-
ing, driven by the perception that poultry meat is
nutritious, convenient, and cheap. Approximately
250 million broilers and 109 million colored broilers
(native chickens) were slaughtered in Taiwan in 2020
(Council of Agriculture, Executive Yuan, Taiwan,
2022). The vast quantities of chicken visceral byprod-
ucts are a major problem for the poultry industry. Due
to an unpleasant odor and health concerns, the broiler
liver is regarded as a byproduct or waste product, with
associated handling costs. There were around 10,000
metric-ton broiler livers produced yearly in Taiwan.
Hence, how to utilize this byproduct is an emergent
issue. The U.S. Department of Agriculture (U.
S. Department of Agriculture [USDA] 2022) database
shows that raw broiler livers contain approximately
16.92% protein. Based on the studies from our research
group, a functional chicken-liver hydrolysate (CLH)
with a specific amino-acid profile/imidazole-ring dipep-
tide (carnosine and anserine) and some trace mineral
irons, that is, manganese (Mn) and selenium (Se) had
been developed (Chou et al., 2014). Meanwhile, its anti-
oxidant effects in D-galactose induction (Chou et al.,
2014) and hepatoprotective effects against thioaceta-
mide induction (Chen et al., 2018) and a high-fat diet
(Wu et al., 2021) had also been demonstrated. More
broiler livers would be utilized when useful biological
activities for these protein hydrolysates are demon-
strated.
Diabetes mellitus (DM) is a metabolic disease that

causes hyperglycemia and leads to several complications
including nephropathy, cardiovascular disease, sarcope-
nia, neuropathy, and cognitive decline. According to a
report from the World Health Organization (WHO)
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(2021), there were a 5% increase in premature mortality
from diabetes between 2000 and 2016 and 1.5 million
deaths attributable to DM worldwide in 2019
(World Health Organization, 2021). Diabetes could
become one of the top ten causes of death by 2030. Dia-
betes changes energy utilization in several ways, that is,
decreased glucose utilization and increased lipolysis and
protein breakdown, thus leading the nitrogen loss and
ketosis. These changes induce polyphagia, polyuria, and
polydipsia (Fournier, 2000). Excessive glucose in the
blood activates the polyol pathway, turning glucose into
fructose and producing advanced glycation end-prod-
ucts (AGEs); meanwhile, NAD+ is metabolized to
NADH, producing reactive oxygen species (ROS). Both
AGEs and ROS could trigger the receptors of AGEs
(RAGE) and further induce apoptosis and inflamma-
tion in multiple organs, while damage to the brain possi-
bly induces cognitive decline (Niiya et al., 2006). The
hippocampus, a part of the memory-storage system in
the brain, can be injured by the ROS and hyperglycemia
associated with diabetes. It was also reported that the
risk of DM patients with cognitive decline is increased
(Yaffe et al., 2013). In addition, several reports have
indicated that lysine and branched-chain amino acids
(BCAAs) can reduce blood glucose, increase insulin
function, and activate glycogen production
(Nishitani et al., 2005).

Our CLHs are rich in antioxidant amino acids (e.g.,
aromatic amino acids and BCAAs) as well as an imidaz-
ole-ring dipeptide (anserine) (Chou et al., 2014). Hence,
we tried to investigate the ameliorative effects of CLHs
on blood glucose and hyperglycemia-induced cognitive
decline in STZ-induced hyperglycemic mice. The Morris
water maze and Y-maze assays were used to analyze the
cognitive behaviors. Antioxidant capacities, Western
blotting (AGE-RAGE signaling pathway), and immu-
nohistochemical staining (b-amyloid) in brain tissues
were also used to observe the protective mechanism of
CLHs against STZ-induced hyperglycemia and cognitive
decline.
MATERIALS AND METHODS

Preparation of CLHs and Total Amino-Acid
Profile Analysis

Chicken-liver hydrolysates (CLHs) were kindly
offered by Great Billion Biotech, Co., Ltd. (New Taipei
City, Taiwan), and CLH manufacture was based on the
method described in our US patent (Chen et al., 2018).
Concerning the quality control of CLH production, the
content of hydrolytic amino acids was analyzed by an
amino acid analyzer (model L8800, Hitachi High-Tech-
nologies Co., Tokyo, Japan) at the Food Industry
Research and Development Institute (FIRDI, HsinChu
City, Taiwan). According to the analysis results
(Supplementary Table 1), per 100 g of CLHs, there are
16807.5 mg BCAAs (valine, isoleucine, and leucine:
5346.6, 3590.8, and 7870.1 mg, respectively), 3798.0 mg
glycine, 6809.6 mg lysine, 253.7 mg taurine, and
39541.0 mg total essential amino acid (EAA).
Animal Treatments

One-hundred male Institute of Cancer Research
(ICR) mice (approximately 6 wk old; 34−35 g body
weight) were purchased from the Laboratory Animal
Center of National Taiwan University, Taipei, Taiwan.
Mice were housed in an animal room (environment tem-
perature: 24°C, relatively humidity: 60%, light-dark
cycle: 12h/12h) and fed with a chow diet (LabDiet 5001,
PMI Nutrition International/Purina Mills LLC, Rich-
mond, IN) and distilled water throughout the experi-
mental period. After 1 wk of acclimation, 10 mice were
randomly picked up as the Control group. Other mice
were injected with STZ (50 mg/kg BW) with nicotin-
amide (120 mg/kg BW) to induce hyperglycemia for
5 consecutive days. Two days later, 50 mice with fasting
blood glucose levels between 235 and 265 mg/dL
(13.1−14.7 mmole/L) were selected as hyperglycemic
mice and then randomly separated into 5 groups for the
subsequent experiment.
The experimental groups were: 1) Control group:

Control mice were orally fed with 0.3 mL ddH2O per
mouse; 2) STZ group: STZ-induced hyperglycemic mice
were orally fed with 0.3 mL ddH2O per mouse; 3)
CLHs_L group: STZ-induced hyperglycemic mice were
orally fed with 0.3 mL ddH2O per mouse containing
409.46 mg CLHs/kg BW; 4) CLHs_M group: STZ-
induced hyperglycemic mice were orally fed with 0.3 mL
ddH2O per mouse containing 818.92 mg CLHs/kg BW;
5) CLHs_H group: STZ-induced hyperglycemic mice
were orally fed with 0.3 mL ddH2O per mouse containing
1223.38 mg CLHs/kg BW; 6) ACTOS group: STZ-
induced hyperglycemic mice were orally fed with 0.3 mL
ddH2O per mouse containing 24.67 mg ACTOS/kg BW.
There were 10 mice in all groups, while 2 mice were

caged with an ear tag (No. 1 and 2). The experiment
lasted for 9 wk. ACTOS was purchased from Takeda
Pharmaceutical Co, LTD. (Tokyo, Japan; 30 mg piogli-
tazone hydrochloride/tablet [approx. 120 mg per tab-
let]) and used as a positive control agent due to its
cognitive protection on STZ treated mice (Liu et al.,
2013). The dosages of 1X CLH (low dose) and ACTOS
were calculated according to the conversion from the
hypoglycemic effects of daily BCAA consumption in a
clinical trial (Natarajan Sulochana et al., 2002) and pio-
glitazone-hydrochloride dosage in adults (1 tablet/day),
respectively. The National Taiwan University Institu-
tion Animal Care and Use Committee approved this
study (IACUU Approval No: NTU106-EL-00092).
Oral Glucose Tolerance Test

The fasting blood glucose level was assayed at the end
of the experiment. Before the test, mice fasted overnight
while blood glucose levels were detected by using a glu-
cose meter (GM300, Bionime Co. LTD., Taichung City,
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Taiwan). The level of oral glucose tolerance (OGTT)
(one g glucose/Kg BW, oral gavage) was executed on
the 60th day in the experimental period. The diet was
completely removed 8 h before starting the assay. The
blood glucose level per mouse was detected in 0, 30, 60,
90, and 120 min after the mice were orally administered
with one g glucose/kg BW. The trapezoidal rule calcu-
lated blood glucose level under the curve (AUC) was
calculated by the trapezoidal rule (Wu et al., 2021).
Behavior Test (Y Maze and Morris Water
Maze)

The Y maze and Morris water maze tests were per-
formed in the experimental period from the 52nd to
58th. The manipulations for these 2 assays were based
on the procedures of previous references (Chan et al.,
2020; Hakimizadeh et al., 2021).
Y-Maze Test

On the 52nd day in the experimental period, the mice
were moved to acclimatize to the room for about 30 min
before entering the Y-maze arm apparatus
(6 £ 25.6 £ 14.3 cm, width, length depth) (Diagnostic &
Research Instruments Co. LTD., Taipei, Taiwan). The
Y-maze arms were divided into 3 areas (a, b, and c). The
mice were placed into the end of an arm in the Y maze
and allowed to move to other arms within 8 min. An
arm entry was only completed if mice’s hindlimb paws
passed the arm, and the formula calculated alteration:
Alternation (%) = Numbers of acute alteration/Total
chances to alternation £ 100, where total chances to
alternation = total arm entries - 2. All behaviors of mice
were monitored and assayed by an animal behavior
monitor software (Singa Trace mouse II, Diagnostic &
Research Instruments Co. LTD., Taipei, Taiwan).
Morris Water Maze

The apparatus for the water maze includes the circular
water pool (100 cm in diameter, 80 cm in depth), the
movable escape platform (4.3 cm in diameter, 16 cm in
height), and video recorder and animal behavior monitor
software (Singa Trace mouse II, Diagnostic & Research
Instruments Co., Ltd.). Before the experiment, the water
was added to a depth of 17 cm with a food coloring agent
(Blue, Ever Style Foodstuff Industrial Co. LTD., Taipei,
Taiwan, and Black, Precious Investments Co, LTD.,
Miyazaki, Japan) to reduce the odor trail interference
and kept at room temperature (24°C). The pool was
divided into 4 equal areas (Z1: right; Z2: opposite; Z3:
left; Z4: target) by animal behavior monitor software in
videos, while each interior side of the tank wall was
pasted with four different visual cues. The experimental
procedures were as follows: 1) Mice were moved to the
experimental room for water maze at least 30 min before
the experiment; 2) Mice were moved into the pool facing
the edge of the pool; 3) The mice’s behavior was recorded
in 60 s. If mice found the escape platform in 60 s, they
could stay on it for 15 s. If the mice did not find an
escape platform in 60 s, they were moved into the escape
platform by the experimenter and stayed for 15 s. After
15 s, the mice were repeated to perform the assay for 60 s.
The day before starting the reference memory test

(training trial) (53rd d), the mice were placed into the
pool to search the escape platform, placed in the middle
of the Z4 quadrant of the pool and emerged 1.0 cm above
the water surface. The escape platform was tied with red
rubber bands on the top to increase its visibility. On the
successive days (54th−57th d), additional water was
added into the pool to make the platform 1.5 cm below
the water surface, and the mice were placed into the Z1
area of the pool first and placed into Z2 next day by fol-
lowing the counterclockwise direction (Z4 to Z3). Each
mouse was placed 4 times, and the escape latency was
recorded within 4 d to test the mouse’s learning and
memory ability. On the 58th day in the experimental
period, the escape platform was removed from the pool,
and mice were placed into the Z1 area of the pool. Then,
the software recorded the swimming speed, the path of
swimming, and the number of crossing over the Z4 quad-
rant within the 60 s.
Sample Collection and Serum Biochemical
Values

Before being sacrificed, mice fasted overnight, and
blood samples were collected via an orbital sinus. After
clotting for 1 h at room temperature, the sera were col-
lected from blood samples by centrifugation at
3,000 £ g, 4°C for 15 min (Centrifuge, 3700, Kubota Co.
Tokyo, Japan) stored at �20°C for future analyses.
Brain, heart, liver, kidneys, and hindlimb muscles
(including soleus and gastrocnemius muscle) from each
mouse were collected, weighed, and then stored at �20°
C. The relative organ or muscle sizes (g/100 g BW) were
calculated as the following formula: organ or muscle
weight (g)/body weight (g) £ 100. Concerning the
assignment of brain tissues for a further experiment, the
brain per mouse was carefully removed, while selected
brains per group (No. 1 mouse per cage) were carefully
sectioned by the rodent brain matrix (Sunpoint Co.,
Taoyuan City, Taiwan). The sectioned brain tissues
contained the hippocampus and most cerebral cortex
areas. For histopathological and immunohistochemical
examination, 5-sectioned brain tissues per group were
sunk into 10% formaldehyde solution (Merck Millipore
Co. Darmstadt, Hesse, Germany). For Western blotting
and antioxidative analyses, another 5 brain tissues (No.
2 mouse per cage) were stored in a 2.0 mL tube at �20°
C. The AST, ALT, and blood urea nitrogen (BUN) lev-
els were analyzed regarding SPOTCHEMTM EZ SP-
4430 automatic dry biochemistry analyzer (ARKRAY
Inc., Kyoto, Japan). Serum levels of triglyceride (TG)
and total cholesterol (TC) were assayed by commercial
kits (TR 210 & CH200, Randox Laboratories LTD.,
Crumlin, UK). The blood glucose and insulin were
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assayed after mice were sacrificed by the glucose meter
(GM300, Bionime Co. LTD.) and a commercial kit
(EM0260, Wuhan Fine Biotech Co. LTD., Wuhan,
China) with the ELISA reader (synergy H1 Hybrid
Multi-Mode Microplate Reader, Bio Tek Instruments
Inc., Winooski, VT), respectively, while the homeostatic
model assessment for insulin resistance (HOMA-IR)
level was calculated by the formula below:

HOMA-IR = Fasting glucose (mmole/L) £ Fasting
insulin (mU/L) /22.5 (Liu et al., 2020)
Preparation of Tissue Homogenates

The weighted homogenized brain, liver, and soleus-
muscle tissues were mixed with a 9-fold-volume of phos-
phate buffer saline (PBS, pH 7.4, including 0.25 M
sucrose) and homogenized (Polytron, PT-2100, Kinema-
tica AG, Lucerne, Switzerland). Then, the tissue homo-
genates were centrifuged at 1,000 £ g at 4°C, and the
collected supernatant was stored at �20°C for future
analyses. Bio-Rad protein assay kit (catalog # 500-
0006; Bio-Rad Laboratories, Inc., Hercules, CA) was
applied to measure the protein concentration in the
supernatant of each kind of tissue.
Antioxidative Capacity Analyses in Liver and
Brain

2-Thiobarbituric acid reactive substances (TBARS),
reduced glutathione (GSH), and trolox equivalent anti-
oxidant capacity (TEAC) values in brains and livers, as
well as superoxide dismutase (SOD) and catalase
(CAT), were analyzed according to the previous meth-
ods (Chan et al., 2020). These were reported in the fol-
lowing units: nmole MDA eq./mg protein, nmole/mg
protein, mmole/mg protein, unit/mg protein, munit/mg
protein, and unit (liver) or munit (brain)/mg protein,
respectively.
Histopathological Analysis and
Immunohistochemistry Stain of Brains

All blocks, slides, and stains (H&E and immunohis-
tochemistry staining) of sectioned brain tissues were pre-
pared according to the methods described in our
previous study (Tu et al., 2018; Chan et al., 2020). After
dehydration and mounting of the slides, photomicro-
graphs of each slide were taken under a LEICA DM500
microscope (Leica Microsystems, Singapore) with an
IHD-4600 camera system (Sage Vision Co., LTD, New
Taipei City, Taiwan) and Toup View 3.7 software
(ToupTek Co., LTD, Hangzhou, China).

For IHC analysis, the heat-induced epitope retrieval
was conducted, and tissue sections were incubated with
hydrogen peroxide block (TA-060-HP; Thermo Fisher
Scientific Inc., Waltham, MA) and protein block solu-
tion (TA-060-PBQ; Thermo Fisher Inc.). Then, the
slides were incubated with primary antibody (anti-amy-
loid beta A4 protein, clone MM26-2.1.3, Merck Millipore
Co. Darmstadt) (1:100, v/v) for 12 h. Sequentially, the
diluted biotinylated secondary antibody buffer was
added to the slides for 30 min. The slides were covered
by VECTASTAIN Elite ABC reagent (VECTOR Labo-
ratories, Inc., Burlingame, CA) for 30 min. After that,
DAB substrate reagent (Cat. No. SK-4100, VECTOR
Laboratories, Inc.) was added to the slides for 5 s and
washed with tap water immediately. Finally, the coun-
terstain with hematoxylin was added. The slides were
also observed under the LEICA DM500 microscope
(Leica Microsystems), and photos were taken by using
an IHD-4600 camera system (sage Vision Co. LTD.)
and Toup view 3.7 software (ToupTek Co. LTD.). The
quantification of the relative amounts of beta-amyloid in
the brains of experimental mice was measured by using
Image J software (National Institutes of Health,
Bethesda, MD), and an area with an optical density
higher than 0.53 was considered a beta-amyloid deposit.
Western Blotting for Protein Quantification

Before starting the Western blotting, all brain homo-
genates were diluted to the same concentration. Then,
the sample dye with b-mercaptoethanol (Amresco,
LLC., Solon, OH) was added into brain homogenates to
a ratio of 1:4 (v/v), then heated at 95°C, 10 min. Then,
the brain homogenates were stored at �20°C for the
Western blotting. The following procedure was done as
described in Wu et al. (2021). The information of pri-
mary antibiotics used in this study was b-actin (sc-
47778, 1:5000 dilutions, Level Biotechnology, Inc., New
Taipei City, Taiwan), glucose transporter type 4
(GLUT4) polyclonal antibody (#2213, 1:1000 dilution,
Cell signaling Technology, Inc, Danvers, MA, USA),
advanced glycation end-products (AGEs) polyclonal
antibody (bs-1158R, 1:1,000 dilution, Bioss Inc.
Woburn, MA), the receptor for AGEs (RAGE) poly-
clonal antibody (AB9714-l, 1:1,000 dilution, Merck
KGaA, Darmstadt, Germany), c-Jun N-terminal kinase
(JNK) polyclonal antibody (MA5-15183, 1:1,000 dilu-
tion, Thermo Fisher Scientific Inc.), and the cleaved
Caspase 3 polyclonal antibody (#9664, 1:500 dilution,
Cell signaling Technology, Inc. Danvers, MA). The sec-
ondary antibody was anti-mouse IgG−horseradish per-
oxidase (1:10,000 dilution, Thermo Fisher Scientific
Inc.). The protein bands were detected by the chemilu-
minescence (ECL) kit (Immobilon Western, Millipore
Co. Billerica, MA), under the ChemiDoc MP Imaging
System (Bio-Rad CO. Hercules, CA). Image J software
(National Institutes of Health) was used to quantify the
optical density of protein bands with the value of the
b-actin band as a reference, and the intensities of these
two bands were used to calculate the ratio of activated
Caspase 3 and total Caspase 3.
Statistical Analyses

This was a completely randomized design (CRD)
experiment. SAS software analyzed the experimental
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data (SAS Institute Inc. Cary, NC, USA). When a sig-
nificant difference was detected at the 0.05 probability
level using a one-way analysis of variance (ANOVA),
the least significance difference test (LSD) was used to
distinguish between groups. The data in this study were
presented as mean § standard error of the mean
(SEM).
RESULTS

Effects of CLHs on Growth Performance,
Relative Sizes of Organs, and Serum
Biochemical Values of STZ-Induced
Hyperglycemic Mice

The body weights of rats among groups were not dif-
ferent (P > 0.05) at the beginning of the experiment, but
after 8 wk of the experiment, all STZ-induced hypergly-
cemic groups (STZ, CLH_L, CLH_M, CLH_H, and
ACTOS groups) had the lower final body weight than
the group without STZ treatment (CON group; P
<0.05; Table 1). In the relative organ sizes, the size of
the hindlimb muscles in the STZ group was smaller than
that of the CON group (P < 0.05), but the sizes in the
CLH and ACTOS supplemented groups were increased
relative to the STZ group (P < 0.05) and similar to the
CON group (P > 0.05). Although the sizes of brain, liver,
and kidney in all STZ-induced, hyperglycemic groups
were larger than those of CON groups (P < 0.05), there
was no difference in heart sizes among groups (P >
Table 1. Effects of chicken-liver hydrolysates on final body weight, re
of experimental mice, and antioxidant capacities in livers and brains of

Groups CON STZ

Final body weight (g)* 37.64§0.70a 31.77§0.92b

Brain 1.24§0.04b 1.55§0.05a

Heart 0.50§0.02a 0.46§0.02a

Liver 4.51§0.17b 5.69§0.16a

Kidney 1.57§0.06b 1.94§0.08a

Hindlimb muscle 7.75§0.22a 6.72§0.45b

TG (mg/dL) 88.40§5.48b 118.15§4.51a

TC (mg/dL) 109.25§5.04b 136.59§8.17a

AST (IU/L) 52.00§3.30c 150.50§7.61a

ALT (IU/L) 28.00§2.82c 65.90§7.29a

BUN (mg/dL) 17.40§0.67c 26.20§1.68a

Glucose (mmole/L) 8.45§0.22c 30.90§0.73a

Insulin (mU/L) 12.87§0.35c 34.42§2.00a

TBARS (nmole MDA eq./mg protein) 18.00§1.02b 27.87§1.41a

Reduced GSH (nmole/mg protein) 71.14§10.96a 30.87§4.30d

TEAC (mmole/mg protein) 0.15§0.01a 0.07§0.01d

SOD (unit/mg protein) 5.10§0.51a 2.88§0.30c

Catalase (munit/mg protein) 332.17§25.79a 194.04§23.25d

GPx (unit/mg protein) 12.67§0.86a 9.42§0.61b

TBARS (nmole MDA eq./mg protein) 72.31§6.55b 112.66§16.78a

Reduced GSH (nmole/mg protein) 155.66§9.67a 58.86§13.33c

TEAC (mmole/mg protein) 1.85§0.12a 1.30§0.12b

SOD (unit/mg protein) 5.83§0.66a 2.40§0.41c

Catalase (munit/mg protein) 4.98§0.64a 2.42§0.55b

GPx (munit/mg protein) 117.41§2.90a 74.47§3.68b

*Data are given as mean § SEM (n = 10).
abcdMean values without a common letter in each test parameter indicate a s
0.05). Regarding serum biochemical values (Table 1),
STZ treatment resulted in higher (P < 0.05) levels of
TG, TC, AST, ALT, BUN, glucose, and insulin in the
sera of sacrificed mice, while CLH and ACTOS supple-
mentation reduced or even reversed (P < 0.05) serum
TG, TC, AST, ALT, BUN, and insulin levels in STZ-
induced hyperglycemic mice.
Effects of CLHs on The Blood-glucose
Homeostasis in STZ-induced Hyperglycemic
Mice

After we measured the fasted serum insulin and glu-
cose levels, STZ treatment apparently resulted in a
higher calculated HOMA-IR value (P < 0.05), but CLH
and ACTOS supplementation could decreases this value
(P < 0.05; Figure 1A). Concerning OGTT results, CLH
and ACTOS supplementation produced lower blood glu-
cose levels in the STZ-induced mice after the immedi-
ately oral gavage of glucose (0 min) (P > 0.05;
Figure 1B). However, the blood glucose levels in all
groups increased, and those of STZ treated mice were
higher (P < 0.05) than that of the CON group (60 and
90 min). After 90 min, CLH and ACTOS supplementa-
tion significantly reduced blood glucose levels
(Figure 1B). Although STZ treated mice had a larger
blood glucose AUC than CON mice, the CLH and
ACTOS supplementation groups had significantly lower
AUC values than the STZ treated mice (P < 0.05;
Figure 1C).
lative organ +and hindlimb muscle sizes, serum biochemical values
experimental mice.

CLH_L CLH_M CLH_H ACTOS

30.94§0.76b 32.24§0.78b 31.69§0.43b 32.26§0.75b

Relative organ sizes (g/100 g BW)*
1.48§0.05a 1.59§0.05a 1.57§0.04a 1.59§0.05a

0.45§0.01a 0.47§0.02a 0.49§0.02a 0.46§0.02a

5.72§0.11a 5.56§0.14a 5.78§0.13a 5.77§0.12a

1.81§0.05a 1.86§0.07a 1.90§0.04a 1.94§0.04a

8.08§0.13a 7.45§0.16a 7.84§0.09a 7.78§0.11a

Serum biochemical values*
92.89§8.26b 83.53§6.50b 84.05§6.55b 85.55§11.74b

118.19§6.28b 113.40§9.57b 109.98§4.07b 101.98§5.60b

111.70§10.75b 103.90§11.82b 105.50§9.64b 115.90§11.84b

36.80§4.81b 35.90§6.23b 37.00§5.10b 40.90§4.20b

22.00§0.91b 22.92§1.47b 23.56§0.92b 22.10§1.39b

24.90§1.05b 26.67§1.29b 26.48§1.04b 25.64§1.46b

18.90§2.27b 19.22§2.25b 20.23§1.12b 24.47§1.35b

Liver antioxidant capacities*
23.75§2.00a 26.36§2.01a 26.83§1.59a 24.78§0.95a

39.47§2.28cd 56.92§5.47ab 52.92§3.33bc 52.94§3.49bc

0.09§0.01cd 0.12§0.01bc 0.12§0.01b 0.10§0.002bc

3.75§0.39bc 4.56§0.40ab 4.50§0.41ab 4.37§0.30ab

219.29§19.02cd 309.53§21.28ab 301.65§23.80ab 267.94§12.44bc

10.73§0.70ab 13.58§0.98a 11.93§0.80a 12.68§0.78a

Brain antioxidant capacities*
87.77§12.35ab 70.27§3.59b 74.89§1.36b 62.88§5.46b

99.65§8.17b 111.35§8.35b 111.94§4.58b 115.81§19.13b

1.94§0.23a 1.79§0.13a 1.94§0.11a 1.79§0.11a

4.88§0.45ab 3.95§0.25b 4.71§0.21ab 4.660.77ab

4.83§0.44a 4.51§0.28a 4.64§0.47a 4.43§0.63a

136.60§5.12a 117.71§7.26a 110.12§8.67a 120.34§14.40a

ignificant difference (P < 0.05).



Figure 1. Effects of chicken-liver hydrolysates on (A) homeostasis model assessment (HOMA-IR), (B) oral glucose tolerance test, and (C) blood
glucose AUC of the experimental mice. * Data are given as mean § SEM (n = 10). ** Data points in each test period after injection, or data bars in
blood glucose AUC and HOMAR-IR, respectively, without a common letter indicate a significant difference (P < 0.05).
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Effects of CLHs on The Antioxidant
Capacities in Livers and Brains of STZ-
Induced Hyperglycemic Mice

The antioxidant capacities in livers and brains of
experimental mice are shown in Table 1. STZ treatment
increased (P < 0.05) TBARS values in both livers and
brains. There were lower levels of reduced GSH and
TEAC in the liver and brain than those of the CON
group (P < 0.05). Although no changes on liver TBARS
values were assayed by supplementing CLH or ACTOS
(P > 0.05), they both decreased brain TBARS values (P
< 0.05), which are similar (P > 0.05) to that of the CON
group. By contrast, the decreased levels of reduced GSH
and TEAC in the livers and brains of STZ-induced mice
were amended (P < 0.05) by CLH or ACTOS supple-
mentation, except in the livers of the low-dose CLH sup-
plemented group (P > 0.05). Concerning the activities of
Figure 2. Effects of chicken-liver hydrolysates on (A) the escape latency
the swimming routes (: the place of the removed escape platform), (C) the n
the probe test in Morris water maze, and (E) alternation behavior in Y maz
** Data points in each test day or data bars in each test zone or parameter w
antioxidant enzymes, all STZ treated groups had lower
(P < 0.05) SOD, CAT, and glutathione peroxidase
(GPx) activities in the liver and brain compared to
those of the CON group. Similarly, CLH or ACTOS sup-
plementation increased (P < 0.05) those activities in
STZ treated mice. Those reversed effects even demon-
strated similar (P > 0.05) activities as those of the CON
group, except the SOD activity of CLH_L and CLH_M
group in the liver and brain (P > 0.05), respectively,
against that of the CON group.
Effects of CLHs on The Spatial Learning and
Memory Abilities of STZ-Induced
Hyperglycemic Mice

The results of the Morris water maze are shown in
Figure 2. On days 1 and 2, no differences among groups
during the reference memory test, (B) spending period in each zone and
umbers of crossing over the target zone, (D) the swimming speed during
e of the experimental mice. * Data are given as mean § SEM (n = 10).
ithout a common letter indicate a significant difference (P < 0.05).
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on escape latency were recorded (P > 0.05; Figure 2A).
However, after d 3, the STZ group showed significantly
longer escape latencies than the CON group (P < 0.05),
but CLH or ACTOS supplementation shortened the
escape latencies in STZ-induced hyperglycemic mice(P
< 0.05), which were similar to that of the CON group.
Furthermore, the results of the probe test are shown in
Figures 2B, C, and D. The STZ group spent less time in
the target zone than the CON group (P <0.05), while
the CLH and ACTOS supplemented groups spent longer
in the target zone than the STZ group (P <0.05)
(Figure 2B). According to the illustrations of swimming
routes (Figure 2B), the STZ group showed an irregular
swimming route compared to CON and CLH or ACTOS
supplemented groups, which tended to close the target
zone. Similar results were also observed in the passing
times of experimental mice in the target zone
(Figure 2C). Besides, the STZ group had a lower (P <
0.05) swimming speed than the CON group, while CLH
or ACTOS supplemented groups had a higher (P <
0.05) swimming speed than the STZ group (Figure 2D).
Concerning the result of the Y maze (Figure 2E), the
STZ group had weaker (P < 0.05) alternation behavior
than other groups, and there was no difference among
Figure 3. (A) Morphological features of the dentate gyrus area in mouse
CLH_H, and (F) ACTOS groups were evaluated by using H&E staining. Th
(B) The effects of CLHs on the b-amyloid accumulation in the dentate gyr
revealed horseradish peroxidase immunohistochemistry and quantification
mice. Scale bar: 100 and 20 mm. * Data are given as mean § SEM (n = 5), a
(P < 0.05). ** The normal dentate gyrus area in the mouse hippocampus
(B). *** The relative amount of b-amyloid in STZ, CLH_L, CLH_M, CLH
for mice in the CON group, which was set to 1.0.
the CON and CLH or ACTOS supplemented groups (P
> 0.05).
Effects of CLHs on The Histological
Pathologies and b-amyloid (Ab) Depositions
in The Hippocampus of STZ-Induced
Hyperglycemic Mice

Hematoxylin and eosin (H&E) staining revealed the
morphological characteristics of the dentate gyrus area
in the hippocampus (Figure 3A). The STZ group had
more contracted neuron bodies stained by hematoxylin
in the granule cell layer and subgranular zone (dark
arrow) than the CON group. Although the CLH or
ACTOS� supplemented groups still accumulated con-
tracted neuron bodies in the dentate gyrus area, less
accumulation was observed than in the STZ group.
Moreover, Ab accumulation in the hippocampus was

observed by immunochemical staining (Figure 3B). In
the STZ and ACTOS groups, there were more Ab depos-
its, which were indicated by the dark arrow in the den-
tate gyrus area, while the deposit was decreased in CLH
hippocampus from (A) CON, (B) STZ, (C) CLH_L, (D) CLH_M, (E)
e presence of dark neurons is characterized by contracted neuron bodies.
us area of mouse hippocampus were shown as brown spots using DAB-
of the relative amount of beta-amyloid in the brains of experimental
nd data bars without the common letter indicate a significant difference
without using immunohistochemistry was shown as a negative Control
_H, and ACTOS groups were expressed relative to the average values
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or ACTOS supplemented groups. In the quantification
of the relative amounts of Ab (Figure 3B), the STZ
group also showed a higher (P < 0.05) Ab deposit level
than the CON group, while the supplementation of
medium and high doses of CLHs resulted in less (P <
0.05) Ab deposits compared to the STZ group.
Effects of CLHs on The Apoptosis Related
Protein Expressions and AGE Products in
The Hippocampus as Well as GLUT 4 Protein
Expressions in Hindlimb and Livers of STZ-
Induced Hyperglycemic Mice

By Western blotting, the protein expressions of
RAGE, JNK, and activated Caspase 3 in brains of the
STZ group were higher than those in the CON group (P
< 0.05; Figure 4A). However, CLH or ACTOS supple-
mentation decreased those protein expressions in the
brains of STZ-induced hyperglycemic mice (P < 0.05).
An increased amount of AGE products in brains was
obtained in the STZ group compared to that in the
CON group (P < 0.05), but ACTOS supplementation
decreased the amount of AGE products in brains in
STZ-induced hyperglycemic mice (P < 0.05; Figure 4B).
Although there was only a tendency toward fewer AGE
products in STZ injected mice co-treated with CLHs,
the number of AGE products in the brains of CLH_M
and CLH_H groups was not different from the CON
group (P > 0.05). Concerning the ability of glucose
transport to tissues, the lowest (P < 0.05) GLUT 4 pro-
tein expressions in the brain, hindlimb muscle, and livers
were measured in the STZ group, but CLH and ACTOS
supplementation upregulated GLUT 4 protein expres-
sions (P < 0.05; Figures 4A, 4C, and 4D).
DISCUSSION

DM is a major metabolic disease that causes hypergly-
cemia and leads to several complications, including
Figure 4. Effect of chicken-liver hydrolysates on protein expressions of
the brains, as well as GLUT4 protein levels in (C) hindlimb muscles and (D)
n = 5; hindlimb muscle and liver, n = 10). ** Protein expressions in STZ, CL
to the average values for that in the CON group, which was set to 1.0. Data b
nephropathy, cardiovascular disease, sarcopenia, neu-
ropathy, and cognitive decline. The small skeletal mus-
cle in STZ-induced mice is observed due to induced
atrophy of the AGEs (Chiu et al., 2016), while the
enlarged liver in STZ-induced mice could be caused by
the superabundant triglyceride accumulation (Zafar and
Naqvi, 2010). The organ damage in hyperglycemic ani-
mals is mostly caused by the accumulation of free radi-
cals in the body. In diabetic animals, in addition to
increased serum AST and ALT levels in hyperglycemic
animals, BUN (a marker for nephropathy) is also
increased due to the decrease of the glomerular filtration
rate (Chiu et al., 2016). It has also been reported that
BCAAs could increase insulin sensitivity while reducing
the serum glucose and insulin levels in Otsuka Long-
Evans Tokushima fatty (OLETF) rats (Kuzuya et al.,
2008) and STZ-induced rats (Zhu et al., 2021). The
hyperglycemia-induced ROS also induces the increases
of serum AST and ALT. Supplementing CLHs or
ACTOS could improve diabetes-related serum biochem-
ical values in this study. It has been proposed that insu-
lin resistance results in the lower descending speed of
blood glucose, and the AUC level under OGTT is
increased in diabetic rats (Marthandam et al., 2019).
We propose that the improvement of blood glucose

in STZ injected mice by supplementing CLH might
be due to the BCAA contents (isoleucine + leucine +
valine = 16,807.5 mg/100 g dried CLHs)
(Supplementary Table 1). Besides, CLHs also contains
glycine (3,798.0 mg/100 g dried CLHs) and lysine
(6,809.63 mg/100 g dried CLHs). Li et al. (2019)
reported that the blood glucose level was decreased in
STZ-induced hyperglycemic rats after 45 d of the admin-
istration of glycine (250 and 500 mg/kg BW), and they
also found that aldose reductase, which plays a critical
role in the production of AGEs in the lens, could be
decreased by the glycine administration. The hypoglyce-
mic effect of ACTOS is due to increased insulin sensitiv-
ity, thus decreasing blood-glucose levels (Liu et al.,
2013). Based on the results (Table 1 and Figure 1), our
(A) GLUT4, RAGE, JNK, and activated Caspase 3, and (B) AGEs in
livers of the experimental mice. * Data are given as mean§ SEM (brain,
H_L, CLH_M, CLH_H, and ACTOS groups were expressed relatively
ars without a common indicate a significant difference (P < 0.05).
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CLHs demonstrated similar hypoglycemic effects in STZ
injected mice as ACTOS, which might be due to improv-
ing the insulin sensitivity in STZ injected hyperglycemic
mice. Besides, GLUT 4 is a key determinant of glucose
homeostasis, which permits the facilitated diffusion of
serum glucose into muscle, adipose, liver and brain cells
(Kairupan et al., 2019), and BCAAs can stimulate the
GLUT 4 activity and insulin sensitivity, thus decreasing
blood glucose levels (Nishitani et al., 2005), and there is
the amount of BCAAs in our CLHs
(Supplementary Table 1). Isoleucine supplementation
could potentially increase muscle growth and intestinal
development by enhancing local glucose uptake in ani-
mals and human beings via upregulations of the intesti-
nal and muscular GLUT 1 and GLUT 4 expressions
(Zhang et al., 2016). Hence, the increased GLUT 4 pro-
tein expressions in the brain, liver, and hindlimb muscle
of STZ-induced hyperglycemic mice by supplementing
our CLHs should high correspond to the improved insu-
lin sensitivity (Figure 1 vs. Figure 4) and also contribute
to the increased size of hindlimb muscle (Table 1 vs.
Figure 4C), which might result from the contents of
BCAAs (16,807.5 mg/100 g dried CLHs), glycine
(3,798.0 mg/100 g dried CLHs), and lysine (6,809.6 mg/
100 g dried CLHs).

Excessive glucose in hyperglycemic conditions can
activate more ROS produced through an electron trans-
port chain in mitochondria. Besides, ROS are also pro-
duced by activated RAGEs, thus triggering NF-kB and
Caspase 3, inducing inflammation and apoptosis in
brains of hyperglycemic condition (Tu et al., 2018;
Chan et al., 2020). It has been reported that protein
Figure 5. The ameliorative mechanism of chicken-liver hydrolysates (CL
mice.
hydrolysates or peptides with special specific amino
acids have antioxidant activities (e.g., aromatic amino
acids [Zheng et al., 2020], histidine [Wu et al., 2003], and
aspartic acid [Qian et al., 2008]). Moreover, dietary gly-
cine supplements could reduce the oxidative stress in the
livers by increasing the content of reduced GSH and glu-
tamylcysteine and the activities of g-glutamylcysteine
synthetase (g-GCS) in the sucrose induced hyperglyce-
mic rats (El-Hafidi et al., 2018). Taurine could amelio-
rate diabetes by controlling advanced glycation end-
product, improving insulin secretion, and avoiding dia-
betes-induced complications (e.g., brain damage [neu-
ropathy], retinopathy, liver damage [steatohepatitis],
vascular/heart problems) that partially result from its
protection against oxidative stress (Inam-U-Llah et al.,
2018). In addition, Campos-Bedolla et al. (2014) indi-
cated that those antioxidant amino acids could pass
through the blood-brain barrier (BBB) via a specific
transporter.
In our previous study, we found that CLH supplemen-

tation (250 mg/kg BW) could decrease TBARS levels,
increase reduced GSH and TEAC levels, as well as
reverse SOD, CAT, and GPx activities in the liver and
brain of D-galactose-treated mice (1.2 g D-galactose/kg
BW) (Chou et al., 2014). Based on the amino acid profile
analysis in our CLHs (Suppl. Table 1), 100 g of dried
CLHs contains 3,053.0 mg of tyrosine, 1,773.7 mg of his-
tidine, 632.4 mg of tryptophan 3,374.1 mg of phenylala-
nine, 5,947.5 mg of aspartic acid, 3798.0 mg of glycine,
and 253.7 mg of taurine. Hence, we speculate that those
antioxidant amino acids contribute to the antioxidant
ability in STZ-induced hyperglycemic mice
Hs) on the hyperglycemia and cognitive dysfunction in the STZ treated
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(Supplementary Table 1 and Table 1).
Yaffe et al. (2013) reported that the risk of cognitive
decline is increased in DM patients. Liu et al. (2020) pro-
posed that the hyperglycemic condition might injure the
hippocampus and cause cognitive decline. These authors
report that hyperglycemic rats have significantly
increased escape latency to find the escape platform,
interfered with the swimming route in the reference
memory test, and decreased the period in the area of the
escape platform in the probe test. Y maze is also used in
examining the spontaneous alternation behavior indicat-
ing the ability of short-term spatial memory perfor-
mance in the hyperglycemic animals (Nitta et al., 2002).
Nitta et al. (2002) reported that STZ-induced hypergly-
cemic rats have the lower spontaneous alternation
behavior due to the synapse dysfunction in the hippo-
campus and cortex of diabetic rats. It was reported that
taurine supplementation could improve D-galactose-
treated mice’s impaired behavior performance in the
Morris water maze via enhancing antioxidant and anti-
inflammatory effects in brains (Tu et al., 2018). Taurine
is also assayed in our CLHs (253.7 mg/100 g dried
CLHs) (Supplementary Table 1). Moreover, there are
antioxidant amino acids in our CLHs other than those
mentioned in the previous section. Hence, it could be
hypothesized that the antioxidant amino acids in our
CLHs amend the oxidative stress in STZ-induced hyper-
glycemic conditions and then improve the behavior per-
formance (Morris water maze and Y maze)
(Supplementary Table 1, Table 1, and Figure 2). In
addition, our previous study reported that the CLHs
also contain selenium (Se) and manganese (Mn) which
are coenzymes of 2 antioxidant enzymes,SOD, and GPx,
respectively (Chou et al., 2014). Besides, an increased
oxidative level in brains resulted in cognitive dysfunc-
tion (Tu et al. 2018; Chan et al., 2020). Therefore, it
could be hypothesized that the specific amino-acid pro-
file and trace elements (Se and Mn) in CLHs improve
oxidative status in the brains of STZ-induced diabetic
mice, thus ameliorating cognitive decline.

Neurogenesis is always taking place in the dentate
gyrus of the hippocampus while the proliferation of gran-
ule neuron cells in the hippocampus is necessary for the
formation of memory and learning, and a diabetic condi-
tion reduces proliferation, increases neuron apoptosis in
the hippocampus, and induces memory and learning
impairment (Jackson-Guilford et al., 2000). An STZ
administration (45 mg/kg BW) can induce the activa-
tion of Caspase 3 in the cerebral cortex and hippocam-
pus of male Wistar rats, while in STZ-induced rats, the
escape latency is increased, and the spent period on the
target area is decreased in the Morris water maze
(Kuhad et al., 2009). Besides, the Ab deposit, which is
cleaved from Ab precursor protein and mainly contains
peptides of 40 and 42, is one of the major pathological
hallmarks in Alzheimer’s and diabetes mellitus
(Zhao et al., 2004). Due to insulin resistance, the protein
expression of the insulin-degrading enzyme (IDE),
which also can degrade Ab in the hippocampus and cere-
bral cortex, is reduced (Zhao et al., 2004). The Ab
deposit is also increased by oxidative stress, which stim-
ulates the levels of amyloid-beta precursor protein
(APP) and Ab related protein, such as beta-site APP-
cleaving enzyme (BACE) and g-secretase (Golde, 2003).
It was reported that the Ab protein level is decreased in
the brains of D-galactose-treated mice by administering
a functional egg chalaza hydrolysate via reducing the
oxidative stress in the brains (Chan et al., 2020). The
effects of CLHs on the decrease of Ab might result from
the ability to decrease insulin resistance (Figure 1) and
brain oxidative stress (Table 1). CLHs also are rich in
arginine (5,198.6 mg/100 g dried CLHs), which are
reported to have the ability to interrupt the interaction
of Ab (Kawasaki and Kamijo, 2012). The ability of our
CLHs to decrease the Ab formation should justify fur-
ther investigation. The AGEs are produced via the reac-
tion of reducing sugar and protein, which also makes
protein dysfunctional, and AGEs could activate the
RAGE, the receptor of AGE, thus upregulating TNFa
and IL-6, which further cause inflammatory responses.
They also reported that the AGEs and activated RAGE
are highly related to cell apoptosis, where the gene or
protein expressions of apoptosis-related factors are
enhanced (e.g., Bax, Caspase 3, and Caspase 9;
Tu et al., 2018; Chan et al., 2020). It was also observed
that apoptosis occurred in the hippocampus of STZ-
induced hyperglycemic rats where Caspase 3 expression
is stimulated. Thus, it is important to improve cognitive
decline by downregulating the brain’s apoptosis
(Jafari Anarkooli et al., 2008). Meanwhile, the time to
escape to the target platform was decreased, and time
spent in the target area was increased in the Morris
water maze.
Moreover, inhibition of AGE formation might be

another way to reduce the AGEs induced apoptosis.
Arginine could interfere with the formation of AGEs by
its guanidine groups, which could block the carbonyl
groups in AGEs formation (Lubec et al., 1990). Taurine
can also inhibit the AGEs formation in oxidative injured
brains (Tu et al., 2018). Therefore, we propose that the
contents of arginine and taurine in our CLHs play a cru-
cial role in anti-AGEs formation in STZ-induced hyper-
glycemic mice. In the antioxidant capabilities, CLHs
contain aromatic amino acids and aspartic acid, playing
as a chelator and hydrogen donor (Qian et al., 2008;
Zheng et al., 2020). Therefore, our CLHs could decrease
the amount of AGEs produced and inhibit the protein
expressions of RAGE, JNK, and the relative ratio of
activated Caspase 3 and total Caspase 3 in the brains of
STZ-induced hyperglycemic mice, thus improving the
oxidative-stress induced cognitive decline.
CONCLUSIONS

The ameliorative effects of this functional CLH on
insulin resistance and cognitive decline in STZ-induced
hyperglycemic mice have been summarized in Figure 5.
The CLH supplementation significantly upregulated the
GLUT 4 protein expressions in the brain, liver, and
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hindlimb muscle reduced the level of blood glucose and
attenuated the oxidative damage in the brain of STZ
treated mice. With the decrease of blood glucose and
oxidative stress in STZ treated mice, AGEs accumula-
tion and AGEs/RAGE/Caspase 3 apoptotic pathway
could be decreased or downregulated by supplementing
CLHs. The Ab deposit and contracted neuron bodies in
the hippocampus of STZ treated mice were also
decreased by supplementing CLHs. Moreover, CLH sup-
plementation improved the behavioral performance in
the Morris water maze (memory abilities) and Y maze
(alternation abilities) of STZ-treated mice. In addition,
the increased muscle mass of hindlimb legs was also
observed in the STZ-induced hyperglycemic mice co-
treated with CLHs, which enhances the swimming speed
in the probe test of the Morris water maze. Hence, this
study aims not only to develop CLHs as a potential func-
tional-food ingredient that can improve insulin resis-
tance, oxidative pressure, and cognitive decline in
hyperglycemia but also maximize the utilization of poul-
try byproducts, thus decreasing the environmental bur-
den of handling agricultural byproducts in the chicken
industry.
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