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Introduction

Novel anti-hyperuricemic hexapeptides derived
from Apostichopus japonicus hydrolysate and their
modulation effects on the gut microbiota and host
microRNA profile¥

Siging Fan,1*° Yumeng Huang,*< Guoding Lu,® Na Sun,® Rui Wang,”
Chenyang Lu, © *2< Ljjian Ding,? Jiaojiao Han,*< Jun Zhou,** Ye Li, & 2<
Tinghong Ming**< and Xiurong Su®¢

Hyperuricemia (HUA) is the second most common metabolic disease nowadays, and is characterized by
permanently increased concentrations of serum uric acid. In this study, two novel hexapeptides (GPAGPR
and GPSGRP) were identified from Apostichopus japonicus hydrolysate and predicted to have xanthine
oxidase (XOD) inhibitory activity by molecular docking. Their in vitro XOD inhibition rates reached 37.3%
and 48.6%, respectively, at a concentration of 40 mg mL™'. Subsequently, in vivo experiments were
carried out in a HUA mouse model, and we found that both peptides reduced the serum uric acid by inhi-
biting uric acid biosynthesis and reabsorption, as well as alleviated renal inflammation via suppressing the
activation of the NLRP3 inflammasome. 16S rDNA sequencing indicated that both peptide treatments
reduced the richness and diversity of the gut microbiota, altered the composition in the phylum and
genus levels, but different change trends were observed in the phylum Verrucomicrobia and genera
Akkermansia, Dubosiella, Alloprevotella, Clostridium unclassified and Alistipes. In addition, changes in the
renal microRNA (miRNA) profiles induced by GPSGRP treatment were analyzed; 21 differentially expressed
(DE) miRNAs were identified among groups, and KEGG pathway analysis indicated that their potential
target genes were involved in pluripotency of stem cell regulation, mTOR signaling pathway and proteo-
glycans. Moreover, ten miRNAs involved in the HUA onset and alleviation were identified, which showed a
high correlation with genera related to the metabolism of short-chain fatty acids, bile acids and trypto-
phan. This study delineated two hexapeptides as potential microbiota modulators and miRNA regulators
that can ameliorate HUA.

agement target, catalyzes hypoxanthine to xanthine and then
to uric acid.”> In addition, uric acid is excreted mainly via the

Hyperuricemia (HUA) is a progressive metabolic condition
caused by permanently increased concentrations of serum uric
acid and has gradually become the second most common
metabolic disease after type 2 diabetes." Uric acid is mainly
synthesized in the liver, and xanthine oxidase (XOD), one of
the rate-limiting enzymes which is widely used as a HUA man-
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kidneys mediated by reabsorption (GLUT9, URAT1, etc.) and
secretion (MRP4, ABCG2, etc.).® The overactive uric acid pro-
duction in the liver that exceeds uric acid excretion by the
kidneys and intestinal tract contributes to HUA, and long-term
high uric acid levels and uric acid crystal deposition exacerbate
oxidative stress, up-regulate the TLR4/MyD88/NF-kB signaling
pathway to generate pro-IL-1p, and activate the NLRP3 inflam-
masome for the cleavage of IL-1f from pro-IL-1f, and sub-
sequently leads to renal inflammation and injury.* Moreover,
HUA will increase the incidence of related diseases, including
gout, kidney diseases, metabolic syndromes and cardio-
vascular disease.” Due to the inefficiency of nonpharmacologi-
cal therapies, such as diet management, in reducing uric acid
in patients, pharmacological therapies are needed. There are
three main categories of uric acid management drugs: uric
acid production inhibitors (allopurinol and febuxostat),
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excretion promoters (probenecid and benzbromarone) and
recombinant uricase (pegloticase). The first category is rec-
ommended as the firstline treatment for HUA in many
countries, but various adverse effects have still been reported.®
As previously reported, Apostichopus japonicus oligopeptide
(AJOP), prepared with an edible protein, is a safer alternative
that exerts anti-HUA effects by rebalancing uric acid metab-
olism and inhibiting the NLRP3 inflammasome and NF-kB sig-
naling pathway activation.>” The various components and
their multiple targets not only contribute to the comprehen-
sive anti-HUA effects of AJOP but also hinder the further devel-
opment of AJOP due to the unclear understanding of key pep-
tides with anti-HUA effects. The purify-and-identify method
has been widely used to screen peptides with distinct func-
tions and structures via iterative rounds, but this method is
one-sided, labor intensive and time-consuming.® In a previous
study of AJOP, in silico molecular docking instead of the
purify-and-identify method was used to predict the XOD inhi-
bition activity of the identified peptides with high abundance,’
but the anti-HUA effects and underlying mechanism of certain
peptides need to be further explored both in vitro and in vivo.
The gut microbiota has become a potential target for under-
standing the onset and alleviation of HUA due to the corre-
lation and causation relationship between them. Firstly, the
absence of the gut microbiota in germ-free mice or after anti-
biotic treatment decreased joint inflammation induced by
monosodium urate monohydrate crystal injection.” Then,
modulated gut microbiota composition and metabolism were
observed in hyperuricemic individuals.'®*" In addition, the
contributions of gut microbiota manipulations (probiotic and
prebiotic) to HUA and renal inflammation alleviation have
been reported by various studies,'>"* and the anti-hyperurice-
mic effects of AJOP were transferable via fecal microbiota
transplantation.” What's more, the microbiota produces thou-
sands of diffusible metabolites, and the metabolites are
reported to alleviate HUA by regulating the intestinal epithelial
cell proliferation, ameliorating purine metabolism disorders,
promoting uric acid excretion, and reducing inflammation.**
However, the underlying mechanism by which the microbiota
remotely regulates the functions of central metabolic organs,
such as the liver and kidneys, is largely undetermined.
MicroRNAs (miRNAs) are small (19-23 nt) and single-
stranded noncoding RNA molecules that were once considered
redundant; however, accumulating studies have shown the
specific and global regulatory effects of miRNAs on individual
genes and regulatory networks. As previously reported,
miRNAs are differentially expressed in the renal tissues of
HUA and healthy individuals,"® and several highly conserved
miRNAs have been identified to be involved in the regulation
of uric acid biosynthesis (miR-448, etc.), secretion (miR-34a,
miR-143-3p, etc.), and immune response (miR-223, etc.);'*"®
thus we proposed that miRNAs play critical roles in the control
of HUA development. In addition, miRNAs were reported to be
regulated by the metabolites produced by the gut microbiota,
including short-chain fatty acids (SCFAs), tryptophan deriva-
tives and bile acids (BAs).'”' However, the modulation of

3866 | Food Funct, 2022, 13, 3865-3878

View Article Online

Food & Function

miRNA profiles in HUA mice by treatment with distinct struc-
tural peptides remains unclear.

Herein, two peptides GPAGPR and GPSGRP were identified
from Apostichopus japonicus hydrolysate and predicted to have
XOD inhibitory activity by molecular docking. The anti-HUA
effects of these two peptides were confirmed in vitro (XOD
inhibition rate) and in vivo (HUA mice), and their modulation
effects on the gut microbiota and host renal miRNA profile
were explored.

Materials and methods
AJOP preparation and composition detection

Apostichopus japonicus (A. japonicus) was purchased from the
Lulin Seafood Market (Ningbo, Zhejiang, China), and AJOP
was prepared with 3% trypsin and alkaline protease in a ratio
of 2:1 at 55 °C for 4 h as previously described.” Then, the
enzyme was inactivated, and the supernatant was ultrafiltered
with a 1000 Da membrane (Millipore, Burlington, MA, USA)
and freeze dried using a vacuum freeze-drying machine
(LABCONCO Co., Ltd, Kansas City, MO, USA). Subsequently,
the composition and abundance of peptides in AJOP were
measured by MALDI-TOF/TOF (Applied Biosystems, Foster
City, CA, USA).

Prediction of XOD inhibitory activity by molecular docking

The thirteen major peptides (abundance >1%) detected by
MALDI-TOF/TOF in this study were used as ligands in mole-
cular docking studies to predict the in silico XOD inhibitory
activity (Discovery Studio 2017, Beijing Chong Teng
Technology Co., Ltd, Beijing, China), and the crystal structure
of bovine milk XOD (PDB ID: 1FIQ) was obtained from the
RCSB Protein Data Bank (http:/www.rcsb.org/pdb) as the
receptor. The CDOCKER program was used with the default
parameters. The interaction between the ligand and receptor
was characterized by -CDOCKER interaction energy (-CIE), and
the highest -CIE value indicated the strongest interaction.

Measurement of XOD inhibitory activity in vitro

The peptides GPAGPR and GPSGRP were synthesized by
Shanghai Mujin Biotech Co., Ltd (Shanghai, China) and dis-
solved in 50 mM Tris-HCI buffer at pH 7.5. First, 40 pL of XOD
solution (0.05 U mL™") and 40 uL of peptide solutions (ranging
from 10 to 60 mg mL™") or allopurinol solutions (ranging from
3 to 18 pg mL™') were mixed at 25 °C for 10 min.
Subsequently, the reaction was started by adding 120 pL of
xanthine solution (0.4 mM) into the mixture, the mixture was
incubated at 25 °C, and the absorbance was measured at
290 nm every 30 s up to 25 min. Three replicates were set for
each sample.

At the end of the experiment, the reaction was terminated
by adding 64 pL of HCI (1 M), and the production of uric acid
was measured by HPLC (Agilent 1200 series, Agilent
Technologies Inc., CA, USA) with an Agilent ZORBAX Eclipse
XDB-Phenyl column (250 x 4.6 mm i.d., 5 pm, Santa Clara, CA,
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USA) as previously described.”” The mobile phase was com-
posed of water with sodium 1-pentane sulfonate (0.52 mM)
and monopotassium phosphate (0.20 M) (pH 4.0, solvent A)
and acetonitrile (solvent B) in a ratio of 85:15 (v/v). The detec-
tion wavelength was 290 nm and the flow rate was 1.0 mL
min~" at room temperature. The percentage of inhibition rate
was calculated as follows: XOD inhibition rate (%) = [1 —
(sample reaction UA production/control reaction UA pro-
duction)] x 100%.

Animal experiment

The present study, referring to the laboratory animal care, was
approved by the Ethical Committee of Experimental Animal
Care at Ningbo University under permit no. 10525.

Twenty male C57BL/6 mice (five week old, 22.44 + 1.37 g)
purchased from Zhejiang Laboratory Animal Center
(Hangzhou, Zhejiang, China) were housed in a specific patho-
gen free (SPF) room (23-25 °C, 60-80% relative humidity and a
12 h light/12 h dark cycle) with free access to water and food.
After one week of acclimatization, twenty mice were randomly
divided into four groups, namely, the control, model, GPAGPR
and GPSGRP groups, with 5 mice per group. At 9: 00, the mice
in the control group received 200 pL of saline by oral gavage,
and the mice in the remaining three other groups received
200 pL of HUA solution (containing 200 mg kg™" d™" of hypox-
anthine, 30 mg kg™ d™" of yeast extract and 250 mg kg™* d™*
of potassium oxonate) every day for 12 weeks as previously
described.>® At 15:00, the mice in the peptide groups were
administered 200 pL of GPAGPR or GPSGRP (10 mg kg™ d ™)
by oral gavage for 12 weeks, while the mice in the control and
model groups were administered 200 pL of saline by oral
gavage. The dosages of GPAGPR and GPSGRP were selected
according to the previous results reported by our group® and
are equivalent to 49.8 mg d~! in humans.*

At the end of 12 weeks, urine was collected from each
mouse and stored at —80 °C. After anaesthetizing the animals,
the serum was separated, and the liver, kidney and cecal con-
tents were collected and stored at —80 °C for further analysis.
The uric acid and blood urea nitrogen (BUN) in the serum and
urine were quantified using commercial kits (No. C012-2-1 and
C013-2-1) purchased from Nanjing Jiancheng Co., Ltd
(Nanjing, Jiangsu, China).

Measurement of mRNA and protein expression

mRNA and protein expressions were measured by qRT-PCR
and western blot analysis. For gRT-PCR, total RNA was
extracted from the liver and kidneys using the TransZol Up
Plus RNA kit (TransGen Biotech, Beijing, China), and cDNA
was synthesized using mRNA as a template with TransScript®
All-in-One First-Strand cDNA Synthesis SuperMix (TransGen
Biotech, Beijing, China). mRNA levels were measured with the
primers described in Table S1f using an ABI 7500 Real Time
Detection System (Applied Biosystems, Bedford, MA, USA) fol-
lowing the default program in a 20 pL reaction volume. Three
replicates were set for each sample, and the mRNA level was
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normalized to the f-actin level and calculated using the 274"
method.

As previously reported,* the liver and kidneys were lysed in
RIPA buffer (Sangon Biotech Co., Ltd, Shanghai, China), the
homogenate was centrifuged at 13 000g for 15 min, the super-
natant was collected as total protein, and the protein concen-
tration was measured via a BCA protein assay kit (Beijing
ComWin Biotech Co., Ltd, Beijing, China) according to the
manufacturer’s protocol. Denatured proteins were separated by
SDS-PAGE and transferred to polyvinylidene fluoride mem-
branes (Millipore Corp, Billerica, MA, USA). Nonspecific
binding to the membranes was blocked with 5% nonfat milk
powder for 1 h at room temperature, incubated overnight with
primary antibodies against Glut9 (1:800, D162759, 54 kDa),
ADA (1:700, D221495, 41 kDa), ABCG2 (1:500, D155255,
72 kDa), TL-1p (1: 1000, #63124, 17 KDA), ASC (1 : 800, #67824,
22 kDa), cleaved caspase-1 (1:900, #89332, 22 kDa) and
caspase-1 (1:1000, #24232, 48 kDa) at 4 °C, and then with
horseradish peroxidase-conjugated secondary antibodies for
1 h at room temperature. The first three primary antibodies
were purchased from Sangon Biotech Co., Ltd (Shanghali,
China) and the rest were purchased from Cell Signaling
Technology (Shanghai, China). Finally, the bands were visual-
ized using an ECL kit (Advansta Inc, San Jose, CA, USA) with a
ChemiDoc XRS+ Imaging System (Bio-Rad Laboratories Inc,
Hercules, CA, USA).

16S rDNA amplicon sequencing and data analysis

As previously reported,*® total bacterial genomic DNA was
extracted from the cecal contents with an E.Z.N.A.® Stool DNA
kit (Omega, Norcross, GA, USA) and quantified with a
NanoDrop  2000c  spectrophotometer  (Thermo-Fisher
Scientific, Waltham, MA, USA). The V3-V4 region of 16S rDNA
was amplified with barcoded primers 319F (5-ACTCCTACGGG-
AGGCAGCAG-3') and 806R (5-GGACTACHVGGGTWTCTAAT-3')
with the default program in a 25 pL reaction volume, contain-
ing 12.5 pL of Premix Ex Taq™ Hot Start Version (Takara
Biotechnology Co. Ltd, Dalian, China), 0.1 pM each primer,
and 20 ng of template. Amplification was initiated at 98 °C for
30 s, followed by 35 cycles of denaturation at 98 °C for 10 s,
primer annealing at 54 °C for 30 s, extension at 72 °C for 45 s,
and final extension for 10 min. The presence of amplicons was
confirmed by gel electrophoresis, and the purified PCR pro-
ducts were used to prepare a PCR product library.
Subsequently, the amplicon sequencing was performed in
LC-Bio (Hangzhou, Zhejiang, China) with an Illumina MiSeq
platform (Illumina, San Diego, CA, USA) using 2 x 300 bp PE
sequencing and multiple sequencing runs. The raw data were
filtered via QUME 2 (https:/qiime2.org/) and classified with
the RDP database. In addition, a diversity analysis was calcu-
lated using Mothur,”” and p diversity analysis was calculated
using QIIME2. The differentially abundant genera were identi-
fied via the Kruskal-Wallis test. Spearman’s correlation ana-
lysis between the abundance of differentially abundant genera
and phenotypes of HUA was calculated using SPSS (version
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19.0, Chicago, IL, USA), and correlations were defined as sig-
nificant when p < 0.05 and FDR < 0.25.

miRNA profile sequencing and analysis

Total RNA was extracted from the kidneys using a commercial
kit following the manufacturer’s recommendations, and the
concentration and quality of total RNA were detected using a
NanoDrop 2000c spectrophotometer. The RNA was purified
using 15% agarose gels and enriched by ethanol precipitation.
A TruSeq Small RNA Sample Prep kit (Illumina, San Diego, CA,
USA) was used to construct the library, which was sub-
sequently sequenced using the Illumina HiSeq 2000/2500 plat-
form at 1 x 50 bp.

Raw reads were submitted to ACGT101-miR (LC Sciences,
Houston, TX, USA) to remove adapter dimers, junk, low com-
plexity sequences, common RNA families and repeats.
Subsequently, known and novel miRNAs were identified by
mapping the unique sequences (19-26 nt) to specific species
precursors in miRbase (version 22.0) using BLAST. In this
study, differentially expressed (DE) miRNAs between two
groups based on normalized deep-sequencing counts were
analyzed using Student’s ¢ test, while DE-miRNAs among the
three groups were analyzed using ANOVA, and the significance
threshold was set to 0.05. In addition, both TargetScan
(version 5.0) and Miranda (version 3.3a) were used to predict
the target genes of certain DE-miRNAs, and the overlapping
genes predicted by both software programs were used for
further analysis. Moreover, the target genes were annotated by
GO and KEGG pathway analyses.

Statistical analysis

All data are presented as mean + standard deviation (SD). The
differences among groups were calculated by one-way analysis
of variance (ANOVA) followed by Tukey’s post hoc tests via
MATLAB R2012a (MathWorks, Natick, MA, USA), and p < 0.05
was defined as the statistical significance.

Accession number

The sequences have been deposited in the Read Archive
Database under PRJNA752999 (16S rDNA sequencing) and
PRJNA753202 (miRNA sequencing).

Results

Potential interactions between XOD and the major peptides in
AJOP

The peptide profiles in AJOP were measured by MALDI-TOF/
TOF-MS as previously described,” and 13 peptides with rela-
tively high abundance (>1%) were identified (Table S27).
Subsequently, the potential interactions between XOD and
peptides were predicted via molecular docking, and two hexa-
peptides with similar structures, GPAGPR and GPSGRP,
showed high binding ability with XOD characterized by lower
CIE (Fig. 1A, B and Table S37). Therefore, these two similar
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peptides were predicted to have XOD inhibitory activities and
are involved in HUA alleviation.

Inhibitory effects of GPAGPR and GPSGRP on XOD activity

in vitro

The peptides GPAGPR and GPSGRP were synthesized, and
their inhibitory activities on XOD were subsequently measured
and compared in vitro, and allopurinol (an XOD inhibitor used
in clinic) was used as the positive control. The production of
uric acid gradually increased in the presence of both peptides
at all assessed concentrations from 0 to 25 min (Fig. 1C and
E). The inhibition rate of XOD reached 41.2% in the presence
of allopurinol at a concentration of 3 pg mL™" (Fig. S17), while
GPAGPR and GPSGRP showed similar inhibition rates (37.3%
and 48.6%) at a concentration of 40 mg mL™" (Fig. 1D and F).
This experiment confirmed the XOD inhibitory activities of
GPAGPR and GPSGRP in vitro, even though they are relatively
far lower than that of allopurinol. Then, we investigated their
anti-HUA effects in vivo via a high-purine-diet (HPD)-induced
HUA mouse model.

GPAGPR and GPSGRP treatments attenuated HUA in mice

The body weights of mice in all groups gradually increased
during the 12-week experiment. Both peptides significantly
restored the increased body weight gain induced by the HPD
treatment (p < 0.01), but relatively lower body weight gain was
observed in the GPSGRP group (Fig. S2t). In addition, treat-
ment with both peptides attenuated the phenotypes of HUA in
mice, characterized by reduced uric acid (p < 0.01) and urea
nitrogen in serum (p < 0.01) (Fig. 2A and B), and enhanced
uric acid in the urine (p < 0.01) (Fig. 2C), and no significant
difference was observed between the GPAGPR and GPSGRP
groups. Moreover, neither HPD nor peptide treatments
affected the urea nitrogen level of urine (Fig. 2D).

GPAGPR and GPSGRP treatments rebalanced uric acid
metabolism in HUA mice

As expected, the mRNA level of XOD induced by HPD in the
liver was significantly downregulated by the treatment with
peptides (p < 0.001 and p < 0.01), while ADA, another key
enzyme involved in the uric acid biosynthesis, was upregulated
by GPAGPR (p > 0.05) and downregulated by GPSGRP (p <
0.05) in both mRNA and protein levels (Fig. 3A and B). In
addition, the peptides inhibited uric acid reabsorption and
secretion in the kidneys by the corresponding regulation of
GLUTY (p < 0.01) and ABCG2 (p < 0.05 and p < 0.01) at the
mRNA and protein levels, respectively, but showed no signifi-
cant effects on URAT1 and MRP4 (Fig. 3C-F).

GPAGPR and GPSGRP treatments regulated cytokine release in
HUA mice

Long-term high uric acid in serum will lead to potential
inflammation of the kidneys. Therefore, the mRNA and
protein levels of the representative inflammatory cytokines,
including IL-1f, TNF-a and IL-10, in the kidneys were
measured by qRT-PCR and western blot analysis. Both pep-

This journal is © The Royal Society of Chemistry 2022
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tides significantly reduced the mRNA and protein levels of
IL-1p (p < 0.01 and p < 0.001). GPSGRP significantly downregu-
lated the mRNA level of TNF-a (p < 0.05), and GPAGPR treat-
ment further aggravated the enhanced mRNA level of TNF-a
induced by HPD (p > 0.05), although not reaching a significant
level. In addition, neither HPD nor peptide significantly
affected IL-10 at the mRNA level (p > 0.05) (Fig. 4A and B).
Considering the important roles of the NLRP3 inflamma-
some and TLR4/MyD88/NF-kB pathway in the release of cyto-
kines, particularly IL-1f, the expression levels and activation of

This journal is © The Royal Society of Chemistry 2022

related proteins were measured. As expected, NLRP3 inflam-
masome activation was induced by HPD, characterized by
enhanced NLRP3 (p < 0.01), ASC (p < 0.001) and caspase-1 (p <
0.05) in mRNA levels, and this activation was significantly
inhibited by both peptides (Fig. 4C). In addition, the ratio of
cleaved caspase-1 (c-caspase-1) to total caspase-1 (t-caspase-1)
was decreased by the peptide treatments (Fig. 4D). Otherwise,
neither HPD nor the peptide treatments affected the mRNA
level of TLR4, even though it plays a vital role in innate immu-
nity (Fig. S3AT). However, the increased mRNA level of MyD88
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(p < 0.05), one of the key components related to TLR4 signal
transduction, was further aggravated by the GPAGPR treatment
(p < 0.01) but reduced by GPSGRP (p < 0.05) (Fig. S3BT). The
mRNA level of iNOS, a factor downstream of the MyD88 signal-
ing pathway, presented the same trend as the HUA pheno-
types: HPD significantly upregulated the expression level of
iNOS (p < 0.001), and the peptide treatments restored it to the
control level (p < 0.01 and p < 0.05) (Fig. S3D7). However, con-
stant mRNA levels of TRAF6 and COX-2 were observed among
the groups (Fig. S3C and S3ET).

GPAGPR and GPSGRP treatments modulated the gut
microbiota in HUA mice

After 12 weeks of treatment, cecal contents were collected and
the extracted DNAs were sequenced to show the effects of HPD
and peptide treatment on the gut microbiota. The reduced
abundance (observed OTUs and Chao 1 index) of the gut
microbiota induced by HPD was further aggravated by both
peptide treatments, while the increased diversity (Shannon

3870 | Food Funct., 2022,13, 3865-3878

and Simpson indices) was restored (Fig. 5A). Weighted UniFrac
PCoA showed that HPD shifted the overall structure of the gut
microbiota away from the control group but the microbiota
structure was subsequently altered by the peptide treatments.
In addition, the GPAGPR and GPSGRP groups showed
different structures, showing the different modulatory effects
of these two peptides on the gut microbiota (Fig. 5B).

Six dominant phyla with more than 1% relative abundance
were identified in this study, including Bacteroidetes,
Firmicutes, Verrucomicrobia, Actinobacteria, Proteobacteria
and Patescibacteria. HPD enhanced the abundance of the last
five phyla and reduced the abundance of only Bacteroidetes.
Both the GPAGPR and GPSGRP treatments aggravated the
changes in the abundance of Bacteroidetes, Firmicutes and
Patescibacteria and restored the abundance of Actinobacteria
and Proteobacteria to the control levels, but Verrucomicrobia
was restored by only GPSGRP (Fig. 5C and Table S4f). In
addition, 15 genera with high abundance (>1% in at least one
group) were shown in Fig. 5D and Table S5,f including

This journal is © The Royal Society of Chemistry 2022
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Akkermansia, Lactobacillus and Bifidobacterium, which were
well-known probiotics. Among these 15 genera, 8 and 9 genera
were restored to control levels by GPAGPR and GPSGRP treat-
ments, respectively, while only five genera were restored by
both peptides. In addition, different change trends were
observed in five genera, including Akkermansia, Dubosiella,
Alloprevotella, Clostridiales unclassified and Alistipes. At the
species level, 145 species were detected in all groups, while 25,
18, 35 and 24 species were identified in only the control,
model, GPAGPR and GPSGRP groups, accounting for 10.7%,
7.6%, 14.8% and 10.6% of the total species in the four groups,
respectively (Fig. 5E).

Forty-nine differentially abundant genera were identified by
the Kruskal-Wallis test in this study (Fig. 5F and Table S67).
Among them, 23 and 28 genera were restored to the control
level after GPAGPR and GPSGRP treatments, respectively, while
15 genera were restored by both peptides, which belonged
to the phyla Actinobacteria (n = 5), Firmicutes (n = 5),

This journal is © The Royal Society of Chemistry 2022

Proteobacteria (n = 3), Tenericutes (n = 1) and Bacteroidetes (n
= 1). In addition, Spearman’s correlation analysis was carried
out for these genera with phenotypes of HUA in serum and
urine. Among them, 40 out of 49 genera were significantly cor-
related with at least one index, while only three genera,
Eggerthella, Ruminococcaceae unclassified, and Olsenella, were
significantly correlated with three indices.

GPAGPR and GPSGRP treatments altered the miRNA profile of
the kidneys in HUA mice

Due to the relatively better XOD inhibition and HUA alleviation
activity of GPSGRP, the miRNA profile of kidneys in HUA mice
that received GPSGRP treatment was assessed. In total, 9 small
RNA libraries were constructed, and 3718484 + 1271019,
2369893 + 174 885 and 2800077 + 689950 clean reads were
generated from the control, model and GPSGRP groups,
respectively (Table S71). In total, 11 differentially expressed
(DE) miRNAs (four upregulated and seven downregulated
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miRNAs) were identified in the model group compared with
that of the control group, while 13 DE-miRNAs (nine upregu-
lated and four downregulated miRNAs) were identified in the
peptide group compared with that of the model group
(Fig. 6A). Twenty-one nonrepetitive and DE miRNAs were
identified among the three groups in this study and the
heatmap is shown in Fig. S4 and Table S8.f We sought to
explore the role of these DE-miRNAs in regulating the
expression of target genes and related functions. The putative
target mRNAs of the DE-miRNAs were predicted and used for
KEGG pathway analysis, and the top 10 significantly enriched
KEGG pathways with the lowest p values were identified in the
control and peptide groups when compared with those of the
model group. Among them, four significantly enriched KEGG
pathways were identified in both pairwise comparisons:
microRNAs in cancer; pluripotency of stem cell regulation; the
mTOR signaling pathway; and proteoglycans in cancer
(Fig. 6B). In addition, the top five significantly enriched GO
terms of the three categories in this study are shown in
Fig. 6C. Among them, protein phosphorylation, and mem-
brane and protein binding were the categories with the
highest rich factor and lowest p value in terms of biological
processes, cellular component and molecular function,
respectively, in both pairwise comparisons.

In addition, 10 miRNAs (miR-143-3p, miR-34a, miR-223,
miR-17-5p, miR-186, miR-125b-5p, miR-152-5p, miR-188-5p,
miR-128-3p and miR-30b) were identified to be involved in
uric acid metabolism, NLRP3 inflammasome, inflammation
related signaling pathways and renal injury, and four of them
(miR-125b-5p, miR-152-5p, miR-188-5p and miR-128-3p) were
differentially expressed among groups (Tables S8 and S97).
Subsequently, spearman’s correlation analysis was carried out
for these 10 miRNAs with the abundance of 49 differentially

3872 | Food Funct, 2022,13, 3865-3878

abundant genera. Among them, genus Rikenellaceae RC9 was
positively correlated (coefficient >0.95) with five miRNAs, while
genera Lactobacillus, Ruminococcaceae UCG-004, Eubacterium,
Candidatus, Oligella, Pygmaiobacter, Oxyphotobacteria unclassi-
fied, Anaeroplasma, Escherichia, Shigella and Parasutterella were
correlated (coefficient >0.95 or <—0.95) with four miRNAs. On
the other hand, miR-188-5p and miR-128-3p were correlated
with 16 and 18 genera, respectively (Table S10%).

Discussion

Identification of peptides with distinct structures and func-
tions and their subsequent use as biomarkers will contribute
to the clarification of the underlying mechanism of peptides,
the optimization of hydrolysis strategies and the improvement
of hydrolysate product quality control. The AJOP mixture was
previously reported to show beneficial effects on HUA.” In this
study, two dominant peptides, GPAGPR and GPRGRP, were
identified and investigated for their XOD inhibition and anti-
HUA activities by the combination of in silico, in vitro and
in vivo experiments, and their modulation effects on gene
expression, gut microbiota and host miRNA profile were also
explored.

The biological activities of peptides are related to their
amino acid residue profiles. The XOD inhibitory activities of
peptides are partly attributed to tryptophan (Trp) residues due
to the similar C6 and C5 ring structures of Trp, allopurinol
and xanthine,>*?® while treatment with arginine (Arg) alone
suppresses uric acid generation.”® However, GPAGPR and
GPSGRP contain one Arg each and no Trp but still showed
XOD inhibitory activities (Fig. 1C-F). Both GPAGPR and
GPSGRP are rich in Gly and Pro, but the presence of Gly and

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1fo03981d

Published on 04 2022. Downloaded on 16.10.2025 21:35:13.

Food & Function

View Article Online

Paper
A 1000 4 1000 4 B T . control
3 5004 0.4 ';:g @ model
5 —_ =
3 600 g GPAGPR
§ oo o 02 @ GPSGRP
H ©
© 200 =
o~
< 0.0-
o
S g
-0.2
-}
g . “ ! ! !
£ -0.6 -0.3 0.0 0.3 0.6
§
H PCoA1 (57.59%)
3
4T 0. S — D
S P &L S S LS
DR 0@" R ée?
c
Others
g == Patescibacteria
s
H - Proteobacteria
H Actinobacteria
2
Rl = Verrucomicrobia
S
3 2 Firmicutes
€ = Bacteroidetes
control model  GPAGPR  GPSGRP
¢ s,
E GPAGPR GPSGRP "4 y %
TR > g
control B2 2 model
6 4 5 \ - Muri ified  Cori iaceae UCG002
W Akkermansia Paramuribaculum
B Lactobacillus Candidatus Saccharimonas
2 = Dubosiella Clostridiales unclassified
Alloprevotella W Alistipes
8 Lachnospiraceae NK4A136 Wl Lachnospiraceae unclassified
Muribaculum B Bifidobacterium
Ruminococcaceae UCG014 Ml Others
F
‘\0"'
GENUS
Paramuribaculum
Alloprevotella
uribaculaceae unclassified
Muribaculum
Akkermansia
Dubosiella

Candidatus Saccharimonas
Lactobacillus

Alistipes

Desulfovibrio
Coriobacteriaceae UCG-002
Bifidobacterium
Bacteroidetes unclassified
Anaeroplasma

Odoribacter

Enterococcus
Insolitispirillum
Prevotellaceae UCG-001
Escherichia-Shigella
Methylobacterium
Parabacteroides
Turicibacter

Bacteroides
Acidaminococcus
Fusobacterium

Eggerthella

Dorea

Rikenellaceae RC9
Ruminococcaceae UCG-004
Eubacterium xylanophilum group
Ruminococcaceae unclassified
Stenotrophomonas

Candidatus Bacilloplasma
Eisenbergiella

Oligella

Pygmaiobacter
Oxyphotobacteria unclassified
Eubacterium coprostanoligenes group
Blautia

Candidatus Stoquefichus
Prevotellaceae NK3B31
Enterorhabdus
Christensenellaceae R-7
Olsenella

Parasutterella

Erysipelotrichaceae unclassified
Eubacterium nodatum
Erysipelatoclostridium
Catabacter
0
[ control [[[] GPAGPR .
0.5 -0.5

3 0 2 Emodel micpscre N

restored genus

Fig. 5 Gut microbiota modulation in response to GPAGPR and GPSGRP in HUA mice. A. a diversity was assessed by observed OTUs and Chaol,
Shannon and Simpson indices. B. Weighted UniFrac PCoA analysis of the gut microbiota. Dominant phyla (C) and genera (D) in each
group. E. Distribution of species in each group examined via a Venn diagram. F. The relative abundance of differentially expressed genera and
Spearman’s correlation analysis of these genera with HUA phenotypes, including the concentrations of uric acid and blood urea nitrogen in serum
and urine. The orange squares indicate that the abundance of the genus was restored by the peptide treatments. The heatmap on the left shows the
abundance of genera, and the heatmap on the right shows the correlation coefficient value. Stars indicate a significant correlation (* p < 0.05).

This journal is © The Royal Society of Chemistry 2022

Food Funct., 2022,13, 3865-3878 | 3873


https://doi.org/10.1039/d1fo03981d

Published on 04 2022. Downloaded on 16.10.2025 21:35:13.

Paper

name 10g2(FC) pvalue up/down
mmu-miR-125b-5p 026 00164 up
.59 00032  down
650 00232  down
-5p 686 00435  down
mmu-miR-3084-3p_L-2R+4  -5.64 00036  down
toh-miR-26a-2-5p 634 00345  down
hsa-miR-4448_R-1_1ss6CG  2.00 00218  up
mmu-miR-188-5p_R+1 73 00242 down
bta-miR-11980_R-1_1ss4CG 216 0.0485 up
PC-3p-31422_106 070 00135  up
mmu-miR-664-5p_R+1 041 00160  down
control [l model
name l0g2(FC) pvalue up/down
mmu-miR-125b-5p 041 00335  down
mmu-miR-128-3p 034 00337 up
mmu-miR-183-5p 0.61 00363  down
mmu-miR-30c-2-3p 041 00082 down
mmu-miR-126a-5p 052 0.0479  up
mmu-miR-598-3p_R+1 479 0.0296  down
cja-miR-9933_L-3R-2 175 0.0459  up
PC-3p-35142_91 741 00397  up
mmu-mir-466i-p5 561 00156 up
mmu-mir-466j-p5 561 00156 up
mmu-miR-411-3p_R-1 622 00404 up
hsa-miR-4454_L-1_1ss2GA 607  0.0037  up
mmu-miR-5100_L-1R-1 639 0.0007 up
——

M model [} GPSGRP

C Biological process
Wnt signaling pathway . Gansumber Golgi apparatus
homophili colladhesion via plasma . @ 500 integral component of
embrane adhesion molecules lasma membrane
- @ 1o g
) signal transduction nucleus
-] i 7
positive regulation of transcription X
o by RNA polymerase Il pvalue osll junotion
£ intracellular signal transduction 1,607 nucleoplasm
»
> sensory perception of smell - s cytosol
3 detection of chemical stimulus involved, - Integral component of
o insensory perception of smell imetabrane
£ positive regulation of transcription 000200 cytoplasm
2 phosphorylation plasma membrane
protein phosphorylation membrane
0.50 0.5 0.60 0.65
Rich factor
y oy pcaptonotsron B Gonemumber otncion
& detection of chemical stimulus involved ° ® 500 —
in sensory perception of smell
»n Positive regulation of 4000
o GTPaseactivity _ O Golgrapperatay
[} signaltransduction () paiue synapse
4 protein ubiquitination > - nucleus
o intracellular signal transduction S PR nucleoplasm
'f, positive regulation of transcription 2.5¢-09 cytoplasm
£ positive regulation of transcription integral component

by RNA polymerase Il of membrane
phosphorylation plasma membrane

protein phosphorylation membrane

0.55 060  0.65
Rich factor

Cellular compent

View Article Online

Food & Function

B KEGG pathway

Gene number

® 200
= @ 400
3 Ubiquitin mediated proteolysis . @ s
£ Hedgehog signaling pathway . pvaiie
g Adherens junction . 0.0008
5 Wnt signaling pathway . BT
= .
H 0.0000
S Olfactory transduction .
Lysine degradation .
.
06 07 08
Rich factor

ErbB signaling pathway SR—
Q. EGFRtyrosine kinase inhibit e 75
© resistance @ 100
® Ras signaling pathway @ 125
n @ 0
o °
o Renal cell carcinoma . Pvalos,
» 0.0000
> ([ ]
@ Phosphatidylinositol ° 0.0000
£l signaling system
g [ ] 0.0000

Rap signaling pathway .

065 070 075 0.80
Rich factor

Molecular function

. Genenumber  qifactory receptor activity o Gene number
® 1000 ® 1000
o ® 2000 identical protein binding @ @ 200
Y @ w0 insse activity -y
N ) R —— .
protein serine/threonine I
pvalue kinase activity " pvalie
4.750-17 nucleotide binding °
1.00-09
transferase activity ° 7. 5010
2.380-17 5.0e-10
ATP binding ° bsEn
2966741 metal ion binding @
proteinbinding ()
0.52 056 0.60 0.55 0.0
Rich factor Rich factor
. Gene number ATP binding . Gene number
® 1000 ® 1000
(] @ 2000 protein kinase activity . @ 2000
. @ s identicatprotein binding - ® @
© @ protein kinase binding .
i zinc o binding i
2.250-18 Kinase activity -
46-10
nucleotide binding - 3e-10
1.126-18 20-10
transferase activity 1e-10
5.530-54

metal ion binding

protein binding -

0.55 060 0.5 0.55 0.60
Rich factor Rich factor

Fig. 6 Effects of GPSGRP treatment on the miRNA profile in HUA mice. A. DE miRNAs in the control and GPSGRP groups compared with the
control group (p < 0.05). Top 10 enriched pathways (B) and GO terms (C) based on the predicted target genes of DE-miRNAs in two comparisons
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Pro was reported to increase the availability of peptides that
act as antioxidants instead of XOD inhibitors.>® In fact,
although XOD inhibition and antioxidation are different and
independent processes, XOD inhibition is beneficial in most
pathophysiological states due to the decrease in reactive
oxygen species (ROS), which partly explains the antioxidant
activity of allopurinol.>* Therefore, we proposed that the
amino acid residues related to antioxidant properties mainly
contributed to the XOD inhibitory activity in these two pep-
tides identified in this study.

GPAGPR and GPSGRP were predicted as XOD inhibitors via
molecular docking and reduced the expression levels of XOD
and inhibited uric acid biosynthesis in HUA mice, as expected
(Fig. 3A and B). However, inhibited uric acid reabsorption,
characterized by reduced mRNA and protein levels of GLUTY,
was also observed in the peptide treatment group (Fig. 3C and
D) although no interaction was predicted between GLUT9 and
peptides. In this study, we proposed that the regulation of
GLUTY9 is mediated via miRNAs. miRNAs are noncoding RNA

3874 | Food Funct, 2022, 13, 3865-3878

molecules involved in the posttranscriptional regulation of
gene expression by regulating mRNA degradation and/or
binding to the 3-UTR of target mRNAs to block protein trans-
lation, and they target more than 60% of protein coding genes
in humans. As previously reported, miR-143-3p directly targets
GLUTY to reduce uric acid reabsorption at the cellular level,'®
and in this study, compared with the model group, the peptide
treatment group showed increased miR-143-3p expression and
decreased GLUT9 expression (Table S9t). Furthermore,
miRNAs were reported to regulate multiple genes involved in
inflammation. Studies have shown that the selective inhibition
of the NF-kB pathway and NLRP3 inflammasome, which plays
a vital role in generating pro-IL-1p and modifying pro-IL-1f to
IL-1pB, respectively, has renal protective effects.” In this study,
the activation of the NLRP3 inflammasome and NF-kB
pathway was inhibited by the peptide treatments, along with
reduced IL-1f mRNA and protein expression levels (Fig. 3 and
Fig. S17). Notably, miRNA-223 directly targets the NLRP3
inflammasome,'® while miR-17-5p regulates it indirectly by

This journal is © The Royal Society of Chemistry 2022
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binding and degrading the mRNA encoding thioredoxin-inter-
acting protein.*> Additionally, miR-186 showed inhibitory
activity against the TLR4/NF-xB pathway in a mouse model.*
In addition to regulating the related pathways, miR-488 and
miR-920 were reported to directly target IL-1p.>* All the related
miRNAs except miR-488 and miR-920 were detected in this
study, and the expected changing trend was found for miR-17-
5p, which were downregulated in the model group and sub-
sequently upregulated by the peptide treatments, while the
expressions of miR-223 and miR-186 were only increased in
the GPSGRP group compared to that of the model group
(Table S97). Additionally, most of the DE-miRNAs identified in
this study were reported to be closely related to renal injury.
Among them, miRNA-125b-5p and miR-152-5p were associated
with renal injury and used as diagnostic biomarkers.*>>°
Furthermore, the interaction between miR-188-5p and PTEN
was shown to regulate the PI3K/AKT signaling pathway and
mediate diabetic kidney disease alleviation. MiR-128-3p
directly targeted SIRT1 to induce kidney damage, and miR-30b
participated in the onset of HUA by targeting the IL-6 receptor
in mice.’”° However, the detected expression trends of some
of the above-mentioned DE-miRNAs were not as expected
(Table S971), which might be due to the complicated network
between miRNAs and mRNAs, and other target molecules of
these DE-miRNAs might be involved in the alleviation of HUA
and renal injury.

Previous studies reported the vital roles of the gut micro-
biota in HUA alleviation, and clarified that the anti-HUA
effects of specific peptides or mixtures were mediated by the
gut microbiota.”*®*" Firstly, genera Escherichia and Proteus
were reported to promote uric acid formation by secreting
XOD, while genera Lactobacillus and Pseudomonas inhibited
purine absorption and degraded uric acid in the intestine.'* In
this study, the expected decrease in Escherichia and increase in
Lactobacillus were detected in the two peptide treatment
groups, with an extremely high abundance of the genus
Lactobacillus in the GPSGRP group (21.49%), and both HPD
and the peptide treatments showed no effect on the genus
Pseudomonas (Table S6t). In addition, genera Lactobacillus,
Clostridium, Streptococcus, Akkermansia and Faecalibaculum
were known as SCFA producers,*” and SCFAs were reported to
provide energy for intestinal wall cells to excrete uric acid and
alleviate HUA.*> Among them, Lactobacillus and Streptococcus
were increased by both peptide treatments, while the abun-
dance of genus Akkermansia, also known as a potential next-
generation probiotic, was increased by the HPD treatment
(8.49%), further aggravated by GPAGPR (30.72%) but reduced
by the GPSGRP treatment (0.36%) (Table S671). Moreover, allo-
purinol, one of the most important clinical XOD inhibitors,
was reported to modulate the gut microbiota by specifically
decreasing the abundance of the genera Adlercreutzia,
Anaerostipes, Bilophila, Morganella and Desulfovibrio.** Except
for the undetected genus Morganella in this study, the
GPAGPR and GPSGRP treatments decreased the abundance of
two (Bilophila and Desulfovibrio) and three genera (Bilophila,
Adlercreutzia and Anaerostipes) that allopurinol did, respect-
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ively. However, it is not very clear whether these genera are
closely related to the XOD inhibitory activity and anti-HUA
effects.

In addition, metabolites derived from the gut microbiota
are known as the potential regulators of miRNA expression.
For example, tryptophan-derived metabolites (indole or its
derivatives) were shown to negatively regulate miR-181
expression in adipocytes and alleviate obesity and insulin re-
sistance; SCFAs were shown to control miRNA expression by
regulating the DNA methylation or histone deacetylation of
promoters and subsequently alleviate obesity and autoimmu-
nity in the host; and bile acids were shown to increase the
miR-92a-1-5p expression involved in the generation of an intes-
tinal metaplasia phenotype from gastric cells by the FOXD1/
NF-kB/CDX2 regulatory axis.'”>"*> Among the 49 differentially
abundant genera identified in this study, genera Lactobacillus,
Bifidobacterium and Enterococcus catalyze the hydrolysis of con-
jugated BAs to preserve the metabolic balance of BA,*® genera
Lactobacillus and Bifidobacterium converted tryptophan to
indole and its derivatives,"” and genera Lactobacillus,
Akkermansia, Eubacterium and Blautia generated SCFAs by the
degradation of dietary fiber.>* Spearman’s correlation analysis
indicated that both Lactobacillus and Eubacterium correlated
with four miRNAs, and genera related to the metabolism of
SCFAs, tryptophan and BA were totally correlated with 17, 7
and 12 miRNAs (Table S10t), proposing the vital roles of
microbiota metabolites between the gut microbiota and
miRNAs.

In conclusion, the peptides GPAGPR and GPSGRP screened
from AJOP in this study exhibited XOD inhibitory activities
and anti-HUA effects in vitro and in vivo. In addition, these
peptides modulated the gut microbiota composition and
altered the renal miRNA expression in the host, and we pro-
posed that the microbiota-derived metabolites, including
SCFAs, BAs and tryptophan derivatives, might act as links
between miRNA and the gut microbiota, but the underlying
mechanism needs to be further explored.
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