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ARTICLE INFO ABSTRACT

Keywords:

Effects of Maillard reaction products derived from 1 to 3 kDa soybean peptides (MRPF3) on aging ICR mice were
investigated. Seven animal groups were established for 5 weeks, including one normal group and six D-galactose
(1000 mg kg ' /day) treated groups. Aging control was D-galactose + saline solution, and positive controls were
D-galactose + ascorbic acid (Vc) (400 mg kg~ '/day) and oligofructose (400 mg kg ~!/day), respectively, while
the test groups are D-galactose + high (800 mg kg~ '/day), medium (400 mg kg ~'/day) and low (200 mgkg '/
day) doses of MRPF3. Compared with the aging controls, food intake, body weights and organ indexes returned
to normal after feeding with MRPF3, and the color of feces as well as the fluorescence intensity of urine in-
creased. The content of malondialdehyde (MDA) in the liver significantly decreased with the intake of MRPF3,
and the activities of SOD and GSH-Px and the total antioxidant capacity of serum significantly increased. The
abundance ratio of Bacteroidetes and Firmicutes significantly decreased in MRPF3 groups, and the abundance of
Lactobacillus significantly increased, while potentially pathogenic bacteria such as Porphyromonadaceae sig-
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nificantly decreased. Our results showed that MRPF3 might offer a potent retardation potential for aging.

1. Introduction

Currently, fried, roasted and baked foods are the main components
for consumers in fast-food diets, and the attractive color and flavors are
mainly produced by the Maillard reaction (MR) during the food pro-
cessing (Jaeger et al., 2010). Ogasawara et al. (2006) found that flavors,
including umami, “mouthfulness”, and continuity in the umami solu-
tions were significantly enhanced via using Maillard reaction products
(MRPs) derived from 1000 to 5000 Da soybean peptides. Some unique
aromas, such as roasted, meaty and caramel flavors, have been con-
firmed to be developed by MRPs (Dominguez et al., 2014). The pre-
sence of MRPs in flavor enhancers have made foods more attractive to
consumers, and this has stimulated the recent increase in MRP con-
sumption (Wu et al., 2018).

In our previous study, MRPs derived from 1 to 3kDa soybean

peptides (MRPF3) were prepared to have better sensory characteristics
with strong meaty and umami flavors and less bitter taste. Furthermore,
much better antioxidant activity was obtained in MRPF3, as 79.76% of
DPPH (2,2-diphenyl-1-picryl-hydrazylhydrate) radicals could be elimi-
nated at the low MRP concentration of 0.08 mg/ml (Yu et al., 2018).
Similarly, good DPPH radical-scavenging activity and reducing power
in vitro of MRPs were confirmed in the earlier study, which were pre-
pared by heating the mixture of soybean peptides and D-xylose (Na
et al.,, 2014). In detail, melanoidins are formed during MR, and exert
efficient in vitro antioxidant activities, especially for the generation of
low molecular weight MRPs because of the polymerization and dehy-
dration reactions (Rufidn-Henares and Morales, 2007). Melanoidins
have been confirmed to be inhibiting the lipid peroxidation induced by
adriamycin in hepatocytes (Valls-Bellés et al., 2004), and have the non-
specific proliferation potential for anaerobic bacteria (Ames et al.,
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1999). Meanwhile, positive effects on the growth and proliferation of
Lactobacilli and Bifidobacteria were found using the MRPs formed from
roasted bread and coffee beans (Borrelli and Fogliano, 2005; Jaquet
et al., 2009). Nevertheless, in vivo information related to the effects of
MRPs derived from soybean peptides on antioxidant capacity and gut
microflora is still limited.

The percentage of people over 65 years old in China increased from
7% in 2010 to 11.4% in 2016, and many aged people are suffering from
age-related diseases, which might lead to functional decline, cognitive
dysfunctions, chronic diseases, and ultimately death (Lan et al., 2012).
Although the aging biological mechanisms are still poorly understood,
it is well recognized that aging is closely related to oxidative stress
reactions and the formation of free radicals, which would lead to the
metabolic abnormality of organs and destruction of genetic materials
(Kumar et al., 2011; Stadtman, 2006). Meanwhile, the aging process
usually is accompanied by gut microbial dysregulation, leading to a
steady increase in malnutrition, constipation and colorectal cancer
(Anand et al., 2012). Many studies have indicated that the intake of
antioxidants, either from the daily diet or additional supplementation,
is conducive to retarding aging rates, maintaining normal body meta-
bolism and prolonging life span (Monente et al., 2015; Patrignani et al.,
2016). Positive effects of ascorbic acid (Vitamin C, Vc) on natural killer
(NK) cell activity in old mice and the reduction of oxidative stress by
dietary supplementation have been reported (Ferrandez et al., 1999;
Lykkesfeldt et al., 1998). As one main protein-derived MRP in Chinese
Shanxi aged vinegar, melanoidins have been found to activate Nrf2
transcription, then Nrf2-regulated genes, such as HO-1, NQO1 and GCS,
would be expressed, and anti-aging system would be established via
eliminating reactive oxygen species (ROS) (Forman, 2016; Xia et al.,
2017). Human studies have shown that oligofructose could improve the
gut bacterial profile in older adults (Naughton et al., 2011), and the
probiotic function would be beneficial in antioxidative and anti-in-
flammatory effects in vivo (Yeh et al., 2014).

The D-galactose-induced aged mouse model has been widely uti-
lized for anti-aging studies (Anand et al., 2012; Aydin et al., 2016), as
the injection of D-galactose would accelerate the generation of ROS and
advanced glycation end products (AGEs), which would simultaneously
lead to behavioral and neurochemical changes similar to those of aging
(Ho et al., 2003). In this study, the in vivo effects of consumption of
MRPs from 1 to 3 kDa soybean peptides on aged-induced mice through
subcutaneous injection of D-galactose were investigated. MRPF3 ex-
cretion was measured via urine fluorescence intensity and fecal color
evaluations, while gut microbiota and antioxidant potential were ana-
lyzed.

2. Materials and methods
2.1. Preparation of MRPF3

Soybean peptides and MRPF3 were prepared according to our pre-
vious study (Yu et al., 2018). Soybean meal powder was hydrolyzed
using alkaline protease and Flavourzyme in sequence, and 1-3kDa
peptides were obtained using ultrafiltration. The mixture of 1-3 kDa
soybean peptides (1.5g), L-cysteine (0.3 g) and D-xylose (0.6 g) was
dissolved to a total volume of 20 ml with deionized water, and the pH of
the solution was adjusted to 7.4 with 2M NaOH. The solution was
heated at 120 °C for 120 min with magnetic stirring at 800 r/min in a
sealed vessel in an oil bath. Then, the MRPs were cooled quickly in ice
water and lyophilized for further use.

2.2. Animals and treatments

According to a previous study (Sun et al., 2007), five-week old ICR
male mice purchased from the Experimental Animal Center of Anhui
Medical University, Anhui, China, were used in this research. After one
week of adaptation, The ICR mice were randomly divided into seven
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groups (at least 10 animals per group). One group of animals was ad-
ministered with an equal volume of saline solution and served as the
control or normal growth group (group C), six groups were sub-
cutaneously injected with D-galactose (Sigma-Aldrich Co., St. Louis,
MO, USA) 1000 mg kg ™! mouse weight/day plus special sample for 5
weeks. According to the recommended minimum intake of commercial
MRPs, three groups of D-galactose-treated mice were administered with
MRPF3 at 800, 400 and 200 mg kg ™! mouse weight/day as high (group
H), medium (group M) and low (group L) doses by gavage, respectively.
Two groups of D-galactose-treated mice were given ascorbic acid
(group Vc) and oligofructose (group D) at an intake of 400 mgkg™*
mouse weight/day as positive controls for the hydrogen atoms donation
and gut probiotics mechanisms, respectively. The other remaining
group of mice was given daily D-galactose plus an equal volume of
saline solution as the aging model control group (group A). Each group
was housed in a metabolic cage individually, and the animals were kept
in an environmentally controlled room under standard conditions (12-h
light and 12-h dark cycle and 55-70% humidity at room temperature)
according to the regulations regarding experimental animals’ adminis-
tration published by Anhui province, China. The study was approved by
the academic Animal Welfare Committee.

The animals were fed with different treatments for five weeks (ex-
perimental weeks), and body weights were monitored weekly. In the
last day of the experimental period, animals were suffocated with CO,,
and blood samples were then collected into tubes by piercing the heart.
The liver, kidney, thymus and spleen were removed, weighed and
frozen. Then, the serum and 10% liver homogenate supernatants in
0.25M sucrose solution were obtained by centrifugation at 12000 r/
min for 10 min at 4 °C for further analyses. The intestines of the animals
were also collected and stored at - 80 °C for the gut microbial experi-
ments.

2.3. Determination of organ indexes

The organ indexes, including liver index, kidney index, thymus
index and spleen index, were calculated by the equation:
Organ index = Organ weight (mg)/body weight (g).

2.4. Fluorescence intensity of urine

Urine collection of each group was conducted on every Wednesday
during the feeding treatment, and the urine samples were diluted 2-fold
with deionized water and filtered through Whatman Filter Papers (No.
40, ashless, Whatman, England). The fluorescence intensity was mea-
sured by an F-7000 Hitachi fluorescence spectrometer (Tokyo, Japan)
at an excitation wavelength of 347 nm and emission wavelength of
415 nm. The samples were placed in quartz glass cuvettes with a light
path of 1 cm. Each sample was measured in triplicate.

2.5. Color changes of feces

The feces of each animal were collected on Saturday of each week
and stored separately. After lyophilization, the color of each fecal
sample was detected using a Chroma Meter (NR200 model, Shenzhen
3NH Technology Co., Ltd., Shenzhen, China), and the Hunter scale of L*
(from black (0) to white (100)), a* (from green (negative) to red (po-
sitive)) and b* (from blue (negative) to yellow (positive)) values were
used as indicators.

2.6. Determination of gut microbial diversity

DNA from the intestinal contents (7 groups, at least 3 representative
samples in each group) was extracted using the E.Z.N.A.” Stool DNA Kit
(D4015, Omega, Inc., USA) for high-throughput community sequen-
cing, and ultrapure water was used as a negative control to exclude the
possibility of false-positive PCR results.
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The V3—V4 region of the prokaryotic (bacterial and archaeal) small-
subunit (16S) rRNA gene was amplified with slightly modified versions
of primers of 338F (5-ACTCCTACGGGAGGCAGCAG-3’) and 806R
(5’-GGACTACHVGGGTWTCTAT-3’) (Fadrosh et al., 2014). The 5’ ends
of the primers were tagged with specific barcodes per sample and se-
quencing universal primers.

PCR amplification was performed in a 25 pL total volume reaction
mixture containing 25 ng of template DNA, 12.5 uL PCR premix, 2.5 pL
of each primer, and PCR-grade water. Standard PCR thermocycling for
the prokaryotic 16S fragment amplification was 98 °C 30 s for an initial
denaturation, 35 cycles of denaturation at 98 °C for 10s, annealing at
54°C/52°C for 30s, followed by extension at 72°C for 45s and final
extension at 72 °C for 10 min. The PCR products were confirmed with
2% agarose gel electrophoresis, purified using AM Pure XT beads
(Beckman Coulter Genomics, Danvers, MA, USA) and quantified using a
Qubit Fluorometer (Invitrogen Co., Carlsbad, CA, USA).

The amplicon pools were prepared for sequencing, and the size and
quantity of the amplicon library were assessed on an Agilent 2100
Bioanalyzer (Agilent Technologies Inc., Santa Clara, USA). Multiplex
pyrosequencing of samples was conducted on a 454 Roche GS-FLX
Titanium instrument (Life Sciences Inc., Branford, CT, USA) according
to the manufacturer's instructions.

Alpha diversity, including Chaol (meaning community richness),
Shannon (emphasizes the richness component of diversity), Simpson
(emphasizes the evenness component of diversity) and Observed spe-
cies (focuses species richness in samples) indexes, were calculated with
the QIIME suite of programs (Version 1.8.0) (Lemos et al., 2011). Op-
erational taxonomic units (OTUs) abundance was analyzed by rar-
efaction analysis (PyNAST software). Principal coordinate analysis
(PCoA), analyzing differences at phylogenetic distances based on Uni-
frac analysis, was conducted with the QIIME suite of programs (Version
1.8.0). Dissimilarities in the individual microbial populations of dif-
ferent samples were compared by the MANOVA (multivariate analysis
of variance) and Mann-Whitney test and executed in MATLAB R2011b
(The Mathworks Inc., Natick, MA, USA).

2.7. In vivo antioxidant activities

Serum samples were obtained by centrifugation at 3500g for
15minat 4 °C from the blood samples. The total antioxidant capacity
(T-AOC) of serum, superoxide dismutase (SOD) and glutathione per-
oxidase (GSH-Px) activities in liver, and the content of mal-
ondialdehyde (MDA) in liver were detected using related kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, JiangSu, China) following
the recommended procedures.

2.8. Statistical analysis

At least three repetitions were conducted in each experiment, and
all data were statistically tested by one-way analysis of variance
(ANOVA) using the SPSS software (version 13.0, SPSS Inc., Chicago, IL,
USA). A P-value < 0.05 was considered a statistically significant dif-
ference.

3. Results
3.1. Determination of body weight

As shown in Table 1, body weight of each group remained stable
(P > 0.05) at the end of the adaption week, but significant differences
(P < 0.05) were found during the experiment weeks (1st to 5th week)
with the increasing trends. Furthermore, at the end of the experiment
weeks (5th week), the control group (group C) and group fed the as-
corbic acid diet (group Vc) showed the highest body weights of
44.63 = 1.60g and 43.45 + 1.78g, respectively, followed by the
weights of the medium-, low- and high-dose groups treated with MRPF3
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for 42.81 = 2.90g, 40.96 + 4.02g and 39.21 * 2.41 g, respectively,
which were significantly higher than those in groups A and D.

3.2. Measurement of organ indexes

The organ indexes of different groups are shown in Table 2. The
liver index of six groups did not differ (P > 0.05) with respect to the
control group (group C). The lowest values of both thymus index and
spleen index were found in the aging (group A) and oligofructose
(group D) groups, which were significantly lower (P < 0.05) than the
control (group C) and ascorbic acid (group Vc) groups. Compared with
group A, the thymus index and spleen index in animals administered
with MRPF3 (groups H, M and L) were found to be significantly in-
creased. In addition, a decrease in the kidney index was obtained in the
high-dose group (group H) treated with MRPF3 compared with the
other groups.

3.3. Fluorescence intensity of urine

As shown in Table 3, no significant differences were observed in
urine fluorescence intensity of each group during the adaptation week,
but sharp increases were detected in the groups treated with MRPF3
(groups H, M and L) from the 1st experiment week. At the 5th experi-
ment week, compared with the control group, although the urine
fluorescence intensities in the Ve, oligofructose (group D) and aging
(group A) groups did not show a difference, the values in the H, M and L
groups were increased by 1.01, 0.59 and 0.50 times, respectively.

3.4. Measurement of color in feces

The fecal color in seven groups during the experimental period
could be found in Table 4. The L* values of feces in all groups sig-
nificantly decreased, but the a” and b” values markedly increased from
the 1st to 3rd experimental week. At the end of the experiment weeks,
the fecal samples in the MRPF3 groups (groups H, M and L) showed
lower L* and higher a*, b* values than the other four groups, indicating
a much more dark color.

3.5. Gut microbial analysis

3.5.1. Alpha diversity analysis

Alpha diversity generally includes observed species, Shannon,
Chaol and Simpson. As shown in Table 5, compared with the control
(group C), the alpha diversity in all groups was decreased, and the
lowest values of observed species, Shannon, Simpson, and Chaol were
all found in the aging group (group A), confirming the diversity re-
duction of in aging gut microbiota. Obvious increases of alpha diversity
could be found in groups fed with MRPF3; and compared with the
values in group A, the observed species in groups H, M and L increased
by 15.19%, 8.50% and 7.9%, Shannon was 5.93%, 2.13% and 11.91%
higher, Simpson was 6.07%, 4.26% and 10.94% higher, and Chaol
increased by 4.24%, 2.13% and 8.24% times, respectively. Meanwhile,
the four indexes in group M were very similar to those in the oligo-
fructose group (group D).

3.5.2. Microbial composition of different samples

At the phylum level, a total of 17 kinds of microorganisms were
detected in all samples (Fig. 1a). The members of Firmicutes, Bacter-
oidetes, Proteobacteria, Bacteria unclassified, Actinobacteria and Candi-
datus Saccharibacteria were in relatively greater abundances, accounting
for more than 98.16% of the total number. It was clearly found that
Firmicutes and Bacteroidetes were the most prevalent microbial taxa in
all sample groups, which accounted for 53.83% and 34.96% of the total
sequence reads, respectively. In addition, the gut microbial composition
at the phylum level was variable in the different groups (Fig. 1a).
Compared with the control group (group C), the abundance of
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Table 1

Measurement of body weight in mice fed with different diets during the experimental period.
Groups Body weight (g)

Initial weight 1* week 2™ week 3 week 4™ week 5% week

C 20.21 + 1.07°F 28.43 + 1.42°° 35.81 = 1.70%¢ 41.53 + 2,588 42.24 + 1.73*® 44,63 + 1.60**
Ve 20.24 + 1.50%F 27.47 + 1.79% 34.85 + 3.25°° 37.69 + 3.08°C 41.09 + 1.87°F 43.45 + 1.78%
D 20.20 + 1.61%° 27.51 + 1.53% 32,56 + 2.57°F 34.78 + 292 36.17 + 2.00%* 36.55 + 1.88%
A 20.72 = 1.77°° 27.81 = 2.12%¢ 31.74 = 2.19°® 34.15 = 3.15% 35.75 = 1.64* 35.43 + 1.58%
H 20.93 + 1.17%F 26.94 + 1.65*° 31.86 + 2.22° 35.70 + 2.71>B 38.52 + 3.76"* 39.21 + 2.414
M 20.54 + 1.23% 27.75 + 0.91%F 34.16 + 2.08%°P 36.82 + 3.23™C 40.18 + 3.68%B 42.81 + 2.90°"
L 20.03 = 2.43%F 27.83 = 1.48% 32.26 + 2.19"P 35.83 + 1.33>¢ 38.73 + 1.548 40.96 + 4.02°A

In order to avoid the experimental error resulting from animal individual differences, the truncated mean (or trimmed mean) was applied by removing the highest
and lowest body weights prior to the average. Results are expressed as the mean = standard deviation (n = 8). Values followed by different lowercase letters in the
same column mean statistically significant differences (P < 0.05) among different treated groups. Values followed by different capital letters in the same line mean
significantly different (P < 0.05) in a same group among different experimental weeks. C - control group, Vc - ascorbic acid group, D - oligofructose group, A - aging
group, H - high-dose MRPF3 group, M - medium-dose MRPF3 group, L - low-dose MRPF3 group.

Table 2

Liver, spleen, thymus and kidney index analyses in mice fed with different diets.
Groups Organs indexes in mice(mg organ/g body weight)

Liver Spleen Thymus Kidney(left) Kidney(right)

C 51.27 + 1.94% 5.04 + 0.44° 3.75 + 0.44° 10.08 + 1.02* 8.89 + 0.76
Ve 50.13 + 1.40° 4.64 + 0.81%° 3.59 + 0.56° 9.96 * 1.28% 8.64 * 0.86%
D 48.70 + 2.717 3.35 + 0.57™ 2.56 + 0.48 9.30 + 1.02%° 8.21 + 0.80°°
A 47.70 + 1.03° 3.25 + 0.79¢ 2.21 + 0.29¢ 9.02 + 0.50°" 8.35 + 0.66°"
H 49.70 + 1.91° 4,03 + 0.52%% 3.03 + 0.48%¢ 8.05 * 0.37° 7.25 * 0.29°
M 49.29 + 1.367 4.27 + 0.48"° 3.33 + 0.60% 9.51 + 1.42%° 8.52 + 0.86™
L 49.56 + 2.107 3.98 + 0.93% 2.93 + 0.42%¢ 9.70 * 0.66™ 8.54 + 0.13%

In order to avoid the experimental error resulting from animal individual differences, the truncated mean (or trimmed mean) was applied by removing the highest
and lowest organs indexes prior to the average. Results are expressed as the mean = standard deviation (n = 8). Different lowercase letters within a column indicate
significant differences (P < 0.05) among different treated groups. C - control group, Vc - ascorbic acid group, D - oligofructose group, A - aging group, H - high-dose
MRPF3 group, M - medium-dose MRPF3 group, L - low-dose MRPF3 group.

Table 3

Determination of urine fluorescence intensity in mice fed with different diets during the experimental period.
Groups Fluorescence intensity of urine

1t week 27 week 3" week 4™ week 5% week

C 188.05 + 19.58** 209.83 * 15.21¢* 226.51 + 16.10% 227.92 * 25924 231.25 * 31.23%
Ve 186.24 + 22.30%¢ 208.31 + 24.75¢ 236.15 + 18.819A8 248.80 + 8.93%8 253.74 + 32.03%
D 188.85 + 16.10°* 202.09 + 12.13% 208.25 + 8.40% 232.09 + 10.28% 248.32 + 24.85%
A 185.84 + 25.06°® 204.95 + 15.48%8 217.38 + 23.889AB 250.35 + 39.35% 255.46 + 41.31
H 188.40 + 8.72%¢ 357.22 + 17.91*® 431.75 + 27.18** 457.92 + 28.63* 465.49 + 47.24**
M 184.49 + 25.59°C 260.42 + 28.46"° 330.01 + 27.39"* 360.52 + 30.71°* 366.61 + 41.98"
L 182.32 + 18.89%¢ 246.03 + 11.15" 281.02 + 26.88 329.83 + 12.98" 347.90 + 44.58"

In order to avoid the experimental error resulting from animal individual differences, the truncated mean (or trimmed mean) was applied by removing the highest
and lowest fluorescence intensities prior to the average. Results are expressed as the mean + standard deviation (n = 8). Values followed by different lowercase
letters in the same column mean statistically significant differences (P < 0.05) among different treated groups. Values followed by different capital letters in the
same line mean significantly different (P < 0.05) in the same group among different experimental weeks. C - control group, Vc - ascorbic acid group, D - oligo-
fructose group, A - aging group, H - high-dose MRPF3 group, M - medium-dose MRPF3 group, L - low-dose MRPF3 group.

Firmicutes in the aging group (group A) was significantly decreased, Lactobacillaceae, Lachnospiraceae, Prevotellaceae, Ruminococcaceae, Bac-
while the Bacteroidetes was present in a higher abundance. However, teroidaceae, Clostridiales unclassified, and Helicobacteraceae were found
the higher abundance of Firmicutes with lower abundance of Bacter- to be higher in all samples. In addition, it is obvious that Lactobacilla-
oidetes were detected when the animals were fed with MRPF3 (groups ceae was predominant in the groups treated with MRPF3, and the
H, M and L) or oligofructose (group D) for five weeks, and Firmicutes abundances of Lactobacillaceae in groups H (31.36), M (24.52) and L
had become the most prevalent microorganism. The ratios of Firmicutes (45.45) were higher than that in the group fed with oligofructose
to Bacteroides in the different groups were as follows: group D > group (20.62). Compared with group A, the relative abundance of Lachnos-
Vc > group H > group M > group C > group L > group A. Fur- piraceae was decreased by 50.11%, 31.73%, 96.65% and 59.31% in
thermore, the relative abundance of potential pathogenic bacteria in groups H, M, L and D, respectively, while Porphyromonadaceae in group
groups H, M and L were all significantly lower than those in groups C A was much higher than that in the other six groups.

and A.

Microbial composition of different samples at the family level was

shown in Fig. 1b. The relative abundances of Porphyromonadaceae, 3.5.3. Unifrac analysis

Multivariate analysis was used to comparatively analyze the
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Table 4

Fecal color changes in mice fed with different diets during the experimental period.

Food and Chemical Toxicology 125 (2019) 62-70

time (week)

Color of feces in different groups

¢ Ve D A H M L

1% L* 61.83 = 1.59** 62.82 *+ 3.36™ 62.50 + 5.59** 63.28 + 0.63** 62.20 + 1.33** 62.61 + 1.78** 62.55 = 4.04**
a* 1.80 = 0.40°® 1.90 = 0.07°® 1.92 + 0.31% 2.17 + 0.43** 1.94 + 0.30°C 1.97 + 0.47°® 1.94 + 0.05*
b* 8.05 + 0.67°C 8.28 + 1.56** 8.08 + 1.93** 8.62 + 1.82*A 8.80 + 1.37°® 7.87 + 1.75™ 8.32 + 1,128

ond L* 57.54 = 2.29%° 54.98 = 3.94%® 57.71 = 2.83%¢ 55.23 = 0.92%8 53.44 = 2.14%° 55.99 = 4.10°° 54.80 = 2.53%°
a* 2.26 * 0.55b*>AB 2.52 + 0.17%AB 2.54 + 0.43%A 1.93 + 0.49°AB 3.06 + 0.12°8 3.00 + 0.17°B 2.86 + 0.35"°
b* 10.16 * 1.16°® 10.93 * 1.31%8 12.73 * 0.99°F 12.87 * 2,94 11.92 + 1.62%8 11.51 + 2.11%8 11.45 + 2,75

3 L* 53.61 = 1.92%¢ 51.90 = 1.29%® 53.85 = 3.35%¢ 53.40 = 2.17%C 45.04 + 1.65"C 47.24 + 1.84" 48.06 = 1.81%C
a* 2.70 + 0.03% 3.08 + 0.49°dA 2.20 * 0.229% 2.39 + 0.19%AB 4.41 + 1.04** 419 + 1.02°A 3.89 + 0.63A
b* 12.82 + 0.962"" 11.89 + 1.992"A 10.26 + 1.05" 12,29 + 2.17%°A 15.16 + 2.29°* 13.87 + 2.48%" 13.64 + 3.04°°*

4t L* 51.31 + 1.12°%¢ 52.44 = 1.28%° 54.97 = 2.79%¢ 51.38 + 0.58%°C 44.65 * 5.01C 46.20 + 3.69"C 47.76 + 1.932%B¢
a* 2.87 * 0.26"4 3.56 + 1.14 2.44 * 0.47%0A 2.43 * 0.54B 4.49 * 0.50°* 3.74 + 0.59°°A 3.93 + 0.58A
b* 12.98 + 1.05%"* 11.78 + 1.63"* 13.35 + 1.99%>* 12.37 + 2,572 15.65 + 0.55% 13.16 + 2.27% 13.53 + 2.17%A

5th L* 51.24 + 3.13%¢ 51.77 + 4.56%°B 55.08 + 3.84C 52.28 + 2.35%C 44.27 + 1.70°C 45.26 + 2.65C 47.10 + 5.27%0<C
a* 2.72 + 0.48 3.34 * 0.56 >4 2.57 + 0.45% 2.75 + 0.08%* 472 + 0.54** 3.89 + 0.64°"A 3.33 + 0.37°4
b* 13.06 = 1.31°* 12.77 + 1.80°* 11.84 + 2.00™* 12.75 + 2.30™* 15.76 + 2.36™* 13.54 + 2.67°* 14.02 + 2.33**

In order to avoid the experimental error resulting from animal individual differences, the truncated mean (or trimmed mean) was applied by removing the highest

and lowest color values prior to the average. Results are expressed as the mean

+

standard deviation (n = 8). Values followed by different lowercase letters in the

same column mean statistically significant differences (P < 0.05) among different treated groups. Values followed by different capital letters in the same line mean
significantly different (P < 0.05) in the same group among different experimental weeks. C - control group, Vc - ascorbic acid group, D - oligofructose group, A -
aging group, H - high-dose MRPF3 group, M - medium-dose MRPF3 group, L - low-dose MRPF3 group.

Table 5
Summary of observed species, Chaol, Shannon and Simpson index in mice fed
with different diets.

Samples Observed species Shannon Simpson Chaol

C 1121 8.03 0.99 1446.66
Ve 982 7.57 0.98 1267.44
D 1016 7.50 0.96 1311.94
A 882 7.08 0.94 1172.31
H 1044 7.35 0.95 1424.13
M 957 7.51 0.98 1300.52
L 952 7.38 0.96 1268.93

C - control group, Vc - ascorbic acid group, D - oligofructose group, A - aging
group, H - high-dose MRPF3 group, M - medium-dose MRPF3 group, L - low-
dose MRPF3 group.

bacterial microbiota among the seven groups. PCoA based on weighting
is shown as Fig. 2a with PC1 and PC2 accounting for 41.16% and
32.35.9% of the total variance, and Fig. 2b represents unweighted
versions of the Unifrac distance metric with PC1 and PC2 representing
27.02% and 22.87% of the total variance, respectively. As indicated in
Fig. 2a, groups H, M and L were closer to the oligofructose group (group
D), which indicated the homology in bacterial microbiota. Meanwhile,
all the four groups were far from group A, indicating the differences
between these groups and aging group in the bacterial microbiota.

Similar results could be found in Fig. 2b; the adjacency among
groups H, M and D revealed the similar composition of bacterial mi-
crobiota, and all the three groups were close to the control (group C)
group, indicating the bacterial microbiota of the four groups were
analogous.

3.6. In vivo antioxidant activity

The T-AOC in serum, GSH-Px, SOD activities and MDA content in
the livers of the different groups are shown in Fig. 3. As presented in
Fig. 3a, a significant decrease (P < 0.05) of the T-AOC was detected in
the D-galactose-treated groups compared with the control (group C),
and the lowest T-AOC was observed in the aging (group A) and oligo-
fructose (group D) groups. The T-AOC was significantly increased by
treatment with MRPF3, and the T-AOC in groups H, M and L was
50.99%, 64.79% and 37.81% higher than that in group A, respectively.

Similarly, for the GSH-Px and SOD activities, the highest values
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were observed in groups C and Vc, followed by groups M, H and L,
while the lowest GSH-Px and SOD activities were observed in the aging
group (group A) (Fig. 3b and c). In contrast, the highest MDA content
was observed in group A (5.70 U/ml), and the lowest was detected in
group C (2.37 U/ml) (Fig. 3d). Significant decreases (P < 0.05) of
MDA content were observed in the groups treated with Vc and MRPF3
(groups H, M and L) with the values of 2.98, 3.22, 3.33, 3.89. 4.26 U/
ml, respectively.

4. Discussion

D-galactose-injected rodent models have been widely utilized in
aging studies, and the high-dose injection of D-galactose for one week
would lead to the expression of galactitol and/or hydrogen peroxide,
then they in turn caused the metabolism of sugar and ROS in disorder
and resulted in the forming of aging model (Anand et al., 2012; Aydin
et al., 2016; Shen et al., 2002). Nevertheless, inconsistency of experi-
mental results obtained by the animal model is very common, because
of the diversity of administration dose of D-galactose, animal strain and
administration duration (Sadigh-Eteghad et al., 2017).

During the experimental period, the lowest body weight was ob-
tained in the group A (Table 1) could be explained by oxidative injury
induced by D-galactose injection (Lu et al., 2007). A significant increase
in body weight was found in the animal group treated with V¢, as the
antioxidant could repair oxidative damage induced by D-galactose
(Sonmez et al., 2005). However, the intake of the oligofructose (group
D) seemed to have little effect on the weight loss, which might be due to
the hysteretic nature of probiotic function. It should be noticed that
MRPF3 (groups H, M and L) significantly ameliorated the weight loss in
aging models, as MRPs have been confirmed as effective free radical
scavengers to protective against oxidative deterioration (Patrignani
et al., 2016; Yu et al., 2018).

As shown in Table 2, the liver indexes in the seven groups did not
differ significantly (P > 0.05), however, thymus and spleen indexes
were significantly decreased in the groups treated with D-galactose.
Previous studies have found that the aging induced by D-galactose
could result in the degradation and reduction of immune organs (Liu
et al., 2018). In addition, compared with group C, the spleen and
thymus indexes in the groups treated with MRPF3 (groups H, M and L)
did not differ significantly, suggesting that MRPF3 might protect the
organs from oxidative damage and enhance the immunity of the mice
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Fig. 1. Composition and relative abundances of bacterial communities based on 16S rDNA sequence analysis in different groups (C - control group, A - aging group,
Vc - ascorbic acid group, D - oligofructose group, H - high-dose MRPF3 group, M - medium-dose MRPF3 group, and L - low-dose MRPF3 group), (a) at the phylum

level, and (b) at the family level.

(Patrignani et al., 2016). It is noteworthy that the kidney index in the
group treated with a high-dose of MRPF3 (group H) was much lower
than other groups. According to a previous study, kidney growth and
development may be affected by a high dose of MRPs (Tuohy et al.,
2006), but little in vivo and clinical data have been reported that a high
dose dietary intake of MRPs could increase the incidence of kidney
disease yet.

Fluorescent compounds developed during the MR have been proven
to be the precursors of the brown pigments and considered as early
indicators of the MR (Wu et al., 2014). In Table 3, a substantial increase
of urine fluorescence intensity was detected in the MRPF3-treated an-
imals (groups H, M and L), suggesting that more AGEs were ingested,
and the AGEs obtained in MR, e.g. pentosidine, would not be proteo-
lysis or breakdown, would result in a higher fluorescence intensity
through urine enrichment (Forster et al., 2005). Furthermore, it has
been reported that the intake of high level AGEs would increase the
potential risk to form toxic AGEs through reactions with serum or tissue
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components, however, the toxic and side effects were not well-docu-
mented yet (Nguyen, 2006).

As shown in Table 4, the color of the feces became darker with the
increases in feeding time, which may be related to the changes in
species and numbers of intestinal microorganisms as well as the content
of bile pigments during the animals’ growth (Jiménez-Escrig et al.,
2013). Moreover, the fecal color was significantly darker (P < 0.05) in
the group treated with MRPF3, which could be explained by the poor
digestibility of Maillard browning products formed via the cross-linking
reactions of proteins (or peptides) and sugars (or peptides)
(Delgadoandrade et al., 2013).

Alpha diversity is commonly used to express the abundance of
species in community ecology, and it is a comprehensive indicator of
species richness and/or evenness (Kemp and Aller, 2004). The decrease
of biodiversity and compromised stability in the gut microbiota have
been reported in elderly people (Tropek et al., 2016), which is similar
with our results in aging mice (Fig. 1 and Table 5). A sharp increase in



S. He et al.

PCoA plot
L]
0.2~
L
L]
0.1~ Group
e A
g e C
o e D
£ o0~ o H
% e L
oM
L) e VC
-0.1 =
o
\ \‘\.
0.2~ ks N
\\ \\
E &
A o\
02 0.1 00 X 02
PCo1 [41.16%] )
(2)
PCoA plot
/4
0.2-
Group
® A
<)
E e C
&i e D
o ° . N e H
(:, 0.0- S oL
eM
e VC

02

DTO
PCof [27.02%)]

(b)

Fig. 2. Principal coordinate plots (PCoA) generated using the Unifrac algorithm
for individual sample data set. A, C, D, H, M, L and Vc represent the aging
group, control group, oligofructose group, high-dose MRPF3 group, medium-
dose MRPF3 group, low-dose MRPF3 group and ascorbic acid group, respec-
tively. (a) PCoA based on weighted and (b) PCoA based on unweighted versions
of the Unifrac distance metric.

species was observed when the mice treated with MRPF3 (groups H, M
and L), and the four indexes in the medium-dose group (group M) were
similar to those in the oligofructose group, indicating that MRPs pre-
pared from 1 to 3 kDa soybean peptides could remedy the reduction of
gut microbial diversity caused by aging.

The gut microbiota can be inevitably affected by age, modification
of diet and immune system of the host (Woodmansey, 2007). As shown
in Fig. 1a and b, the abundance ratio of Bacteroidetes and Firmicutes was
significantly reduced in the aging group (group A). Similar to our result,
previous research reported that the abundance of Firmicutes was much
higher in the gut of the young, and Bacteroidetes was the most prevalent
microbial type in aging samples (Claesson et al., 2011). Oligofructose
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has been widely recognized as one of the prebiotics and often used to
selectively stimulate the activity and growth of Bifidobacteria and Lac-
tobacilli in the gut (Saulnier et al., 2007). Moreover, the highest abun-
dances of Lactobacillaceae were detected in the MRPF3 groups, which
were higher than that in the oligofructose group. Since the melanoidins
cannot be digested in the upper gastrointestinal tract, it has been
proven that they would selectively enhance the proliferation of bene-
ficial bacteria (Borrelli and Fogliano, 2005). Contrary to the situation of
Lactobacilli, the abundances of Porphyromonadaceae and Lachnospir-
aceae in groups treated with MRPF3 were much lower than in group A.
As anaerobic bacteria, Porphyromonadaceae and Lachnospiraceae were
associated with many diseases, such as inflammatory bowel disease
(IBD) and cirrhosis (Giannelli et al., 2014). It has been reported that the
relative abundances of Porphyromonadaceae and Lachnospiraceae were
much higher in the gut of colorectal patients, and a significant increase
of Porphyromonadaceae was also found in aged mice (Zackular et al.,
2014).

In addition, similar gut microbial composition in the MRPF3 groups
and the oligofructose group were observed from the PCoA results
(Fig. 2). Previous studies have shown that the MRPs from bread crust
could be used as the potential prebiotics metabolized efficiently by
beneficial bacteria as carbon or nitrogen sources in vitro (Borrelli and
Fogliano, 2005). Similarly, melanoidins derived from biscuits could
also increase the lactic bacteria count and ratio between lactic and total
aerobic bacteria in vivo (Patrignani et al., 2016).

As shown in Fig. 3, the highest contents of MDA but lowest activities
of SOD, GSH-Px as well as T-AOC were found in the aging group. MDA
is a water-soluble secondary product of lipid peroxidation, and it is
widely used as an indicator of lipid peroxidation (Sirivarasai et al.,
2015). Antioxidant enzyme systems, including GSH-Px, SOD, etc., are
important in preventing the formation of ROS and protecting the cells
from the damages caused by free radicals (Pan et al., 2016). Never-
theless, the activities of SOD, GSH-Px as well as T-AOC were sig-
nificantly improved, and MDA content was decreased significantly,
when animals were fed with MRPF3, which was consistent with the
results obtained by feeding the mice using the MRPs derived from
biscuits (Patrignani et al., 2016). Similarly, it was also found that the
content of GSH-Px increased by 16% upon coffee consumption for 1
week in the human body (Somoza, 2005). Furthermore, as important
participants in metabolism, it has been suggested that the gut microbes
have significant impacts on human immune system (Dodd et al., 2017;
Strober, 2010). Then, the antioxidant potential of the middle-dose
MRPF3 group (group M) would be predominant by inhibition of the
growth of pathogenic bacteria and promoting the proliferation of
beneficial bacteria.

5. Conclusions

In conclusion, the consumption of these specific MRPF3 could retard
aging progress by enhancing in vivo antioxidant capacity, regulating gut
microbes and protecting immune organs from free radical damages. In
addition, the diet of MRPF3 could be excreted through the urine and
feces, leading to increases in fecal color as well as urine fluorescence
intensity.
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