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Abstract: The dipeptide carnosine is a physiologically important molecule in the human body,
commonly found in skeletal muscle and brain tissue. Beta-alanine is a limiting precursor of carnosine
and is among the most used sports supplements for improving athletic performance. However,
carnosine, its metabolite N-acetylcarnosine, and the synthetic derivative zinc-L-carnosine have
recently been gaining popularity as supplements in human medicine. These molecules have a wide
range of effects—principally with anti-inflammatory, antioxidant, antiglycation, anticarbonylation,
calcium-regulatory, immunomodulatory and chelating properties. This review discusses results
from recent studies focusing on the impact of this supplementation in several areas of human
medicine. We queried PubMed, Web of Science, the National Library of Medicine and the Cochrane
Library, employing a search strategy using database-specific keywords. Evidence showed that the
supplementation had a beneficial impact in the prevention of sarcopenia, the preservation of cognitive
abilities and the improvement of neurodegenerative disorders. Furthermore, the improvement of
diabetes mellitus parameters and symptoms of oral mucositis was seen, as well as the regression of
esophagitis and taste disorders after chemotherapy, the protection of the gastrointestinal mucosa
and the support of Helicobacter pylori eradication treatment. However, in the areas of senile cataracts,
cardiovascular disease, schizophrenia and autistic disorders, the results are inconclusive.

Keywords: carnosine; beta-alanine; zinc-carnosine; supplementation; human diseases; health benefits

1. Introduction

Carnosine is a dipeptide composed of the non-proteogenic amino acid beta-alanine
and the essential amino acid L-histidine (Figure 1). Carnosine is found in the human body
not only in relatively high millimolar concentrations in excitable tissues (skeletal muscle
and brain [1]) but also in smaller amounts in other tissues (gastrointestinal tract, kidney,
liver, adipose tissue and heart) [2]. The bioavailability of beta-alanine limits the synthesis
and amount of carnosine [3].

Several biological effects have been described for carnosine and its precursor beta-
alanine. At the cellular level, carnosine reacts with reactive oxygen species (ROS) and
reactive nitrogen species (RNS), and oxidative damage products of biomolecules [4]. In
this way, it protects other biomolecules from modification and damage [5]. Carnosine
reduces not only the level of reactive carbonyls (RC) but also the formation of advanced
glycation end products (AGEs) and advanced lipid peroxidation end products (ALE) [6,7].
Carnosine also has the ability to scavenge nitric oxide (NO) [8] and is involved in the
chelation of transition metals [9]. Further, carnosine affects the regulation of calcium levels
in muscle cells [10]. Carnosine can directly react with protons and, thus, participates

Nutrients 2023, 15, 1770. https://doi.org/10.3390/nu15071770 https://www.mdpi.com/journal/nutrients1
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in maintaining pH balance and reducing muscle fatigue caused by intense muscle activ-
ity [11]. Furthermore, carnosine is associated with the ability to modulate the endogenous
antioxidant system by activating the signaling pathway controlled by the transcription
factor Nrf2, which is involved in the removal and detoxification of oxidative modification
products of biomolecules [11]. Carnosine also affects telomerase activity and slows down
cell senescence [12], affects the resistance of proteins to heat or chemical stress [13] and
has immunomodulatory effects [14]. It is also significantly involved in the regulation of
intracellular metabolism, inhibiting glycolysis and increasing mitochondrial activity (the
production of adenosine triphosphate, ATP) [15]. Finally, in vitro studies have revealed that
carnosine has antineoplastic effects and affects the metabolism and senescence of tumor
cells [15–22]. Figure 2 summarizes the published functions of carnosine.

Figure 1. Chemical structure of carnosine, zinc-L-carnosine and beta-alanine.

 

Figure 2. Biological activities of carnosine, simplified. ALE: advanced lipoxidation end products;
AGE: advanced glycation end products; mTOR: mammalian target of rapamycin; NO: nitric oxide;
RNS: reactive nitrogen species; ROS: reactive oxygen species. Additional information on carnosine’s
molecular functions can be found in Supplementary Table S1.

Beta-alanine is one of the most used sports supplements worldwide [23], as it improves
muscle performance in active athletes, specifically by increasing the concentration of carno-
sine in the muscles [24]. It is recommended for this purpose by the International Society of
Sports Nutrition (ISSN) [25]. Besides carnosine and beta-alanine, N-acetylcarnosine (NAC)
and the synthetically prepared derivative chelate compound zinc-L-carnosine (ZnC), also
called Polaprezinc® (containing 23% zinc and 77% L-carnosine), have biologically signifi-
cant effects on the human body [26]. For a long time, the supplementation of carnosine and
beta-alanine has been associated only with active athletes, but is now gaining popularity
among persons with chronic diseases.

Current publications present recent data from a critical perspective, specifically from
clinical trials in human medicine. This narrative review aims to increase knowledge of
the clinical benefits of the supplementation with a focus on the primary and secondary
prevention of diabetes mellitus; the prevention of sarcopenia; the improvement of cognitive
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abilities and neurodegenerative disorders; the treatment of schizophrenia, autism spec-
trum disorders and senile cataracts; and the improvement of prognoses of cardiovascular
diseases, oral mucositis, taste disorders and other gastrointestinal diseases.

2. Search Strategy and Methodology

A narrative review was conducted between December 2021 and February 2023. Peer-
reviewed journal articles were located from inception up to January 2023. The search
strategy was aimed at evaluating clinical studies on the role of carnosine and beta-alanine
supplementation in human clinical studies. Scientific articles were searched for using
PubMed, Web of Science, the National Library of Medicine and the Cochrane Library
databases. A search strategy using database-specific keywords was employed. The search
terms used included “carnosine”, “beta-alanine”, “zinc-carnosine”, “polaprezinc”, “sup-
plementation” combined with “cataract” and/or “neurodegenerative” and/or “mucositis”
and/or “diabetes mellitus” and/or “sarcopenia” and/or “gastroenterology” and/or “psy-
chiatry” and/or “cardiovascular system” and/or “schizophrenia” and/or “ADHD”. Only
papers with English translations were reviewed. The search retrieved approximately
800 articles and 118 were used in the present review.

3. Synthesis and Degradation

Carnosine is synthesized in the human body from beta-alanine and histidine [27].
The synthesis is catalyzed by ATP-dependent carnosine synthetase and the rate of the
intracellular synthesis is greatly limited by the level of beta-alanine [28]. Beta-alanine
itself is synthesized in the liver (during the catabolism of polyamines, pyrimidines and
coenzyme A; the bacterial catabolism of aspartate; and the transamination of malonic acid
semi aldehyde [27]) and then transported to muscle and brain cells, where it is utilized for
carnosine synthesis [2]. It can be estimated that a 60 kg woman and a 70 kg man synthesize
427 and 606 mg of carnosine, respectively, per day [29].

The intracellular concentration of carnosine depends on the hydrolytic activity of
carnosinases (CN 1 or CN 2) and the synthetic activity of carnosine synthetase, and is
greatly limited by the dietary uptake of beta-alanine and essential amino acid histidine [10].

Dietary carnosine and beta-alanine are absorbed in the human small intestine on the
apical side by specific transporters: carnosine by a peptide transporter, beta-alanine by a
specific transporter for beta-amino acids and taurine, and histidine by a sodium dependent
neutral amino acid transporter [2]. In enterocytes, carnosine is hydrolyzed by CN 2 [2].
Carnosine and histidine cross the basolateral membrane of enterocytes to the blood by
a proton coupled transporter, and beta-alanine by a specific transporter for beta-amino
acids [2]. Nearly all ingested carnosine enters the portal circulation [30]. In the blood,
carnosine is hydrolyzed by CN1 and the half-life of carnosine in the human serum is
under 5 min [31]. Histidine and beta-alanine cross the membrane of target cells in the
extraintestinal tissues, mainly, muscle, the liver and the brain, by specific transporters [2],
where they are used for the synthesis of carnosine.

The carnosine molecule is enzymatically hydrolyzed in the human body by CN1 and
CN2 [31], which act as the regulators of carnosine level [32].

In the central nervous system (CNS) [33], carnosine is hydrolyzed, and the resulting
histidine is enzymatically converted by histidine decarboxylase in specific parts of the brain
to the neurotransmitter histamine [34].

The metabolism of carnosine and beta-alanine, along with their synthesis and degra-
dation cycle, is summarized in Figure 3.
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Figure 3. Metabolism of carnosine and beta-alanine. Carnosine (Car) enters the enterocyte by a
peptide transporter (PepT1); beta-alanine (b-Ala) enters by a specific transporter for beta-amino
acids, a proton-assisted amino acid transporter (PAT1) and a taurine transporter (TauT); and histidine
(His) enters by a sodium-dependent neutral amino acid transporter (NAT). Proton-coupled peptide-
histidine transporter 2 (PepT2) carnosine transporting is expressed in the membrane on majority
extraintestinal tissue. b-Ala is transported from the circulation by beta-amino acid specific transporter
(ßAAT) and His by PHT1. In the extraintestinal tissues, carnosine is cleaved by carnosinases CN1
or CN2 into b-Ala and His, respectively, and formed from these two amino acids through carnosine
synthetase (CS).

4. Supplementation and Food Sources

Increasing the dietary intake of carnosine enhances its concentrations in, mostly, skele-
tal muscle, the brain and the heart [10]. An important source of carnosine is provided by
foods such as chicken meat [35], fish and shrimp, as well as asparagus, green peas and white
mushrooms [36]. Interestingly, it is suggested that some components in beef inhibit serum
CN1 [10]. A daily dietary intake of 30 g of dried beef should be able to completely supply
daily carnosine requirement of a 70 kg adult to ameliorate human nutrition and health [2].
Even though its limiting precursor beta-alanine is produced endogenously in the liver, its
main source is from a person’s diet. Humans acquire beta-alanine through the consumption
of foods with large beta-alanine content, such as poultry, beef and fish [25]. The administra-
tion of beta-alanine seems to be more convenient and effective than carnosine, because the
bioavailability of carnosine is reduced by CN activity [31]; however, beta-alanine is reused
for carnosine synthesis by skeletal muscle, the heart, and the olfactory bulb of the brain.

In a meta-analysis of the adverse effects and risks of oral beta-alanine supplementation,
no adverse effects on human health were observed (at doses from 4 to 6 g per day) [23].
The only adverse effect was paresthesia and a small increase in alanine aminotransferase
activity was described (the increase was within reference ranges) [23]. There is no risk of
overdose when carnosine is administered because carnosine is cleaved by CN1 into amino
acids, which are then involved in metabolism [10].
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5. Carnosine, Beta-Alanine and Diabetes Mellitus

The formation of AGEs and RC is one of the causes of diabetic complications. In pa-
tients with type 2 diabetes mellitus (T2DM), RC levels correlate with insulin resistance [37].
Carnosine can interact with these reactive molecules and, thus, prevent the development of
adverse complications in patients with diabetes mellitus (DM) [38].

The potential of carnosine supplementation in the prevention of T2DM was described
in a clinical trial by de Courten et al. [39]. The administration of carnosine (2 g/day
for 12 weeks) led to a reduction in fasting insulin levels and a reduction in insulin resis-
tance [39]. Furthermore, carnosine supplementation in a randomized placebo-controlled
trial has shown a nephroprotective effect (the reduction in urinary transforming growth
factor-beta) in 40 patients with diabetic nephropathy [40]. The effect of supplementation
was also suggested by a different randomized trial, in which it reduced glycaemia in
82 patients with T2DM; however, this study combined carnosine supplementation and
2 other supplements, so this effect cannot be attributed to carnosine alone [41]. The benefits
of beta-alanine administration (4 g/day in 3 doses, over 28 days) in combination with
increased physical activity in patients with T2DM led to a reduction in glycaemia and
a simultaneous improvement in physical capacity [42]. Another placebo-controlled ran-
domized trial described the effect of carnosine supplementation (500 mg twice daily, over
12 weeks) on complications of type 1 diabetes (T1DM) in children and adolescents. The
dose was well tolerated by the subjects, and a decrease in parameters capturing oxidative
stress, an increase in antioxidant capacity and an improvement in glycated hemoglobin
(HbA1c) and renal metabolism (alpha-1 microglobulin) were observed [43]. After carnosine
supplementation (2 × 500 mg/day, over 12 weeks) in T2DM patients, fasting glycaemia,
HbA1c, serum triglyceride (TAG) and tumor necrosis factor-alpha (TNF-α) levels were
lowered [44].

A meta-analysis showed that supplementation with carnosine and beta-alanine led
to reductions in fasting glycaemia, a decrease in HbA1c levels and insulin resistance [45].
Another meta-analysis including only randomized trials confirmed the effect of carnosine
supplementation on DM patients, specifically on their HbA1c and fasting glucose levels [46].
This is supported by the results of yet another meta-analysis on 30 clinical trials of the
effect of carnosine and related dipeptides in obese subjects, which showed reductions in
fasting glycaemia and HbA1c, as well as reductions in obesity (waist circumference) [47].
Available trials on the effectiveness of supplementation are summarized in Table 1.

Table 1. Carnosine, beta-alanine and diabetes mellitus.

Author (Year) Study Design Intervention Number of Patients Effect

de Courten et al.
(2016) [39] double-blind RCT

Carnosine orally (2 g in
2 doses/day) or placebo;

12 weeks
30

Preserved insulin sensitivity and
insulin secretion, normalized

glucose intolerance and reduced
2-h insulin levels after o-GTT in a

subgroup of individuals with
impaired glucose tolerance

Siriwattanasit et al.
(2021) [40] RCT Carnosine (2 g/day) or

placebo; 12 weeks 40
Nephroprotective effect of oral
supplementation to decrease

urinary TGF-β.

Karkabounas et al.
(2018) [41] double-blind RCT

Alpha-lipoic acid (7 mg/kg
bodyweight), carnosine
(6 mg/kg bodyweight),

thiamine (1 mg/kg
bodyweight) or placebo;

8 weeks

82
Supplementation effectively

reduced glucose concentration in
patients with T2DM.

Nealon et al. (2016)
[42] double-blind RCT

Beta-alanine (4 g split into
3 doses/day) or placebo;

28 days
12

Beta-alanine supplementation can
increase exercise capacity in

individuals with T2DM.
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Table 1. Cont.

Author (Year) Study Design Intervention Number of Patients Effect

Elbarbary et al.
(2018) [43] double-blind RCT

Patients with diabetic
nephropathy received

supplemented carnosine
(1 g/day) or placebo; 12 weeks

90

Oral supplementation with
L-carnosine for 12 weeks resulted
in a significant improvement of

oxidative stress, glycemic control
and renal function.

Houjeghani et al.
(2018) [44] double-blind RCT

Patients with T2DM received
carnosine (500 mg, 2×/day,

capsules) or placebo
54

Carnosine supplementation
lowered fasting glucose, serum

levels of triglycerides, AGEs and
tumor necrosis factor-α without
changing sRAGE, IL-6 or IL-1β

levels in T2DM patients.

AGEs: advanced glycation end products; IL-6: interleukin 6; IL-1β: interleukin 1-beta; o-GTT: oral glucose
tolerance test; RCT: randomized controlled trial; sRAGE: soluble receptor for advanced glycation end products;
TGF-β: transforming growth factor-β; T2DM: type II diabetes mellitus.

Findings from clinical trials show that supplementation with carnosine (ranging from
500 mg to 2 g per day) and beta-alanine (4 g per day) is important in preventing and
slowing the progression of T2DM. At the same time, it reduces complications associated
with obesity, T1DM and T2DM, including oxidative stress, and improves carbohydrate
metabolism [45–47].

6. Carnosine, Beta-Alanine, and Neurological Diseases

In addition to muscle tissue, carnosine is also found in the CNS. Due to its properties,
carnosine participates in the maintenance of homeostasis in the CNS, acting as a neuro-
protective agent [48]. Through the mechanism of neuroprotection by reactions with ROS,
RNS, AGEs and RC, it has the potential to promote cognitive maintenance and prevent the
development of neurodegenerative diseases. Even the precursor of carnosine, beta-alanine,
affects many neurocirculatory processes through competitive inhibition of taurine [49].
The activity of CN1 increases with age, leading to a lower accumulation of carnosine in
muscle, the brain and other tissues [50]. This is also related to the clinical entity of dementia
(specifically in the aging population), which is accompanied by increased production of
ROS, RNS and AGEs and inflammation [51].

The increasing prevalence of neurological and neurodegenerative diseases is a social
issue. These diseases are often associated with disability and their treatment is still inad-
equate. The potential of carnosine or beta-alanine supplementation in clinical trials was
extensively described in the review by Schön et al., in which the authors describe promising
results in the field of neurology, for diseases such as Alzheimer’s disease (AD), Parkinson’s
disease (PD), and multiple sclerosis [52]. This section of the review presents the results
of selected clinical trials focusing on the CNS, and available studies are summarized in
Table 2.

Table 2. Carnosine, beta-alanine and neurological diseases.

Author (Year) Study Design Intervention Number of Patients Effect

Rokicki et al. (2015)
[53] double-blind RCT

Carnosine/anserine (1:3 ratio;
500 mg/day) or placebo;

3 months
31

Intervention group had better
verbal episodic memory

performance and decreased
connectivity in the default mode
network, the posterior cingulate

cortex and the right frontal parietal
network. A correlation between

the extent of cognitive and
neuroimaging changes

was observed.
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Table 2. Cont.

Author (Year) Study Design Intervention Number of Patients Effect

Szcześniak et al.
(2014) [54] RCT

Chicken meat extract
containing anserine and

carnosine (2:1 ratio; 1 g/day)
or placebo; 13 weeks

51

Mean values of Short Test of
Mental Status (STMS) scores

increased in the intervention group
(in the subscores of

construction/copying, abstraction
and recall), and promising effects

on physical capacity.

Katakura et al.
(2017) [55] double-blind RCT Anserine/carnosine (3:1 ratio;

1 g/day) or placebo; 3 months 60

Supplementation may preserve
verbal episodic memory, probably
owing to inflammatory chemokine
CCL24 suppression in the blood.

Hisatsune et al.
(2015) [56] double-blind RCT Anserine/carnosine (3:1 ratio;

1 g/day) or placebo; 3 months 39

MRI analysis showed a
suppression in the age-related

decline in brain blood flow in the
posterior cingulate cortex area.
Delayed recall verbal memory

showed significant preservation in
the intervention group.

Baraniuk et al.
(2013) [57] double-blind RCT

Carnosine (500, 1000 and
1500 mg/day, increasing at

4-week intervals) or placebo;
12 weeks

25

Supplementation may have
beneficial cognitive effects.
Fatigue, pain, hyperalgesia,

activity and other outcomes were
resistant to treatment.

Solis et al. (2015)
[58] double-blind RCT

Beta-alanine (6.4 g/day)
supplementation or placebo;

28 days
19

Supplementation did not influence
cognitive function before or after

exercise in trained cyclists.

Masuoka et al.
(2019) [59] double-blind RCT

Anserine (750 mg/day) and
carnosine (250 mg/day) or

placebo; 12 weeks
54

Protective effects against cognitive
decline in APOE4 (+) MCI subjects

exist.

Boldyrev et al.
(2008) [60] two-arm, prospective

In addition to basic PD
therapy, carnosine (1.5 g/day);

30 days
36

The combination of carnosine with
basic therapy may be a useful way

to increase efficiency of PD
treatment.

Cornelli et al. (2010)
[61] two-arm, RCT

Carnosine (100 mg/day) with
a mixture of antioxidants
(beta-carotene, selenium,

cysteine, ginko biloba and
coenzyme Q10) and vitamins
(B1, B2, B3, B6, B9, B12, C, D

and E) on Alzheimer’s disease
(AD) patients treated with

donepezil; 6 months

52

A reduction in oxidative stress
parameters and an improvement
in mini-mental state examination,
version 2 (MMSE-2) scores were

observed.

AD: Alzheimer’s disease; MCI; Mild Cognitive Impairment; MMSE-2: mini-mental state examination, version 2;
PD: Parkinson’s disease; RCT: randomized controlled trial; STMS: Short Test of Mental Status.

The investigation of improving cognition and slowing the progression of neurode-
generative diseases was conducted in an interventional, double-blind, placebo-controlled
trial by Rokicki et al. [53]. The results showed that supplementation with carnosine in
combination with anserine (500 mg in a 1:3 ratio, for 3 months) had a positive cognitive
effect in elderly people (40–78 years) [53]. Similarly, another double-blind trial in an elderly
population (56 subjects aged 65+) combining carnosine with anserine (2.5 g of anserine
and carnosine in a 2:1 ratio, for 13 weeks) revealed improvements in cognitive function
and physical capacity [54]. Another study that investigated supplementation of carnosine
with anserine (1 g of carnosine and anserine in a 3:1 ratio for 3 months) in elderly patients
resulted in a significant improvement in verbal memory and correlated with the suppres-
sion of the inflammatory chemokine CCL24, which may be responsible for these cognitive
symptoms [55]. However, none of the previous three trials could completely attribute the
results to carnosine, given the ratio of active ingredients.
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Hisatsune et al. observed a decrease in blood levels of pro-inflammatory cytokines
and an increase in cerebral blood flow after carnosine supplementation [56]. The effect
of carnosine was studied in a double-blind randomized trial on Gulf War veterans who
suffered from complex cognitive and multisystemic symptoms (Gulf War Illness, GWI,
or Chronic Multisymptom Illness). The etiology of GWI is thought to be associated with
increased ROS production. Study participants were given increasing doses of carnosine
(0.5–1 g daily at 4-week intervals for 12 weeks), which significantly improved their Wechsler
Adult Intelligence Test scores [57]. Solis et al. did not confirm an effect on cognitive function
after beta-alanine supplementation (6.4 g/day for 28 days), but this trial was limited by the
small number of participants [58].

The beneficial properties of carnosine and its components (beta-alanine and histidine)
have been described in the additional literature [53,56,57]. A meta-analysis of randomized
trials confirmed the effects of carnosine supplementation on the Wechsler memory scale-
revised logical memory delayed recall (WMS-LM2), specifically in doses of around 300 mg
of carnosine per day [46].

Neurodegenerative Diseases

Globally, neurodegenerative diseases represent a significant burden on the healthcare
system. Three of the major neurodegenerative diseases are AD, PD and amyotrophic lateral
sclerosis (ALS). The prevalence and incidence of these diseases increase dramatically with
age, and, therefore, the number of cases is expected to increase as life expectancy continues
to rise [62].

Patients with probable AD (pAD) showed changes in plasma amino acids, including a
reduction in carnosine levels, which may be related to reduced antioxidant capacity in AD
patients [63].

After supplementation with anserine and carnosine (54 subjects; 750 and 250 mg/day
for 12 weeks), no significant effect on cognitive function was observed in patients with a
mild form of cognitive dysfunction; however, in a follow-up analysis, it was found that
there was an improvement in cognitive function in participants who are Apo E4 carriers
(Apo E4 functions as a risk factor for AD development). For these patients, supplementation
had a protective function against cognitive deterioration in patients with mild cognitive
impairment [59]. Only one randomized placebo-controlled trial investigated carnosine
supplementation (1.5 g/day for 1 month) in 36 patients with PD, according to the basic
treatment protocol. Carnosine led to improvements in neurological symptoms associated
with improved antioxidant capacity. The administration of carnosine together with the
basic therapy not only improved the clinical parameters but also improved the antioxidant
status of the PD patients [60].

In another clinical trial, the effect of a mixture of antioxidants and vitamins, including
carnosine (100 mg/day), on AD patients treated with donepezil was investigated. After a
six-month treatment with this mixture, a reduction in oxidative stress parameters and an
improvement in mini-mental state examination, version 2 (MMSE-2) scores were observed
in the donepezil-treated group when compared to the placebo [61].

Slowing the progression and improving the symptoms of certain neurodegenerative
diseases, specifically AD and PD, has been confirmed sporadically in clinical trials in specific
patient groups [59–61,64]. A meta-analysis of randomized trials confirmed the positive
effect of carnosine supplementation (in doses of up to 1.5 g per day) in the Alzheimer’s
Disease Assessment Scale and the Beck’s Depression Inventory [46]. Unfortunately, the
number of clinical trials is very small. Nevertheless, we suggest that preventive long-term
supplementation with these substances in the aging population could slow down and delay
the onset of degenerative changes in the CNS. High-quality clinical studies are needed to
confirm this theory.
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7. Carnosine, Beta-Alanine, and Psychiatric Diseases

The increasing prevalence of psychiatric illness is considered a major social problem.
Recently, there has been an increase in the number of cases of psychiatric illnesses and
associated rising demands on the healthcare system worldwide. For example, the negative
symptoms of schizophrenia, with a prevalence of about 25%, are a challenging aspect of
this disease, precisely because of the inconsistent efficacy of current antipsychotic medica-
tion [65]. Several mechanisms are thought to be responsible for the negative symptoms,
such as, for example, the effect of the disease on glutaminergic synapses [66]. Carnosine
and its effect on these synapses could lead to the clinical effect of reducing these symptoms
of schizophrenia. The potential of supplementation in clinical trials has been extensively
described in a review by Schön et al., in which the authors present promising results of
carnosine or beta-alanine supplementation in clinical trials concerning psychiatric disorders,
autism spectrum disorders and many others [52].

An 8-month randomized double-blind placebo-controlled trial of 60 patients with
chronic schizophrenia treated with risperidone focused on studying the effects of carnosine
(2 g/day). The administration of carnosine along with therapy resulted in a reduction
in negative symptoms of schizophrenia without an increase in side effects [67]. This
was confirmed in a randomized trial of 75 patients with chronic schizophrenia, in which
carnosine supplementation (2 g/day for 3 months) improved executive functions [68].

In addition, the depletion of beta-alanine and histidine may not occur in active disease
exclusively. Increase in the levels of these amino acids might show potential to monitor
treatment effect [52]. In a study of patients with depressive disorders treated with selective
serotonin reuptake inhibitors (SSRIs), plasma beta-alanine levels were decreased compared
to healthy controls [69]. This has also been indicated in people suffering from depression.
The use of the antidepressant quetiapine led to a decrease in carnosine levels. If the
medication was not administered, there was a gradual increase in serum carnosine levels
over the course of the depression (over 40 months). The authors assume that this is a
defensive reaction of the organism to this condition [70].

Isolated published studies suggest a benefit of carnosine supplementation on schizophre-
nia symptomatology [67,68], but further high-quality studies are needed to confirm the benefit
in practice. The compounds’ ability to monitor treatment effect is only theoretically suggested,
currently, without robust data to support it.

Autism Spectrum Disorders in Children

Autism spectrum disorders (ASD) are complex disorders accompanied by impair-
ments in certain brain functions and represent a global healthcare issue. The etiology
of ASD is multifactorial [71]. Studies show that imbalances in transit metals (increased
levels of lead, cadmium, mercury and nickel and decreased levels of zinc) can disrupt
mitochondrial function and antioxidant capacity; induce synapse dysfunction; impair
myelination; and affect neurogenesis and neural differentiation, synapses, myelination and
neuroinflammation development [72,73]. Carnosine could reduce oxidative stress in ASD
sufferers due to its antioxidative properties and ability to chelate transit metals.

Most clinical trials evaluating levels of carnosine and similar peptides in neurolog-
ical and neurodevelopmental disorders have been conducted in children with ASD [74].
Reduced levels of carnosine, including histidine and beta-alanine, have also been demon-
strated in children and adolescents with ASD [75,76], suggesting the potential use of
carnosine in the treatment of autistic patients.

Carnosine supplementation (800 mg/day for 8 weeks) resulted in improved communi-
cation skills and behavior in autistic children. The authors also reported improvements in
receptive speech and social attention, a reduction in apraxia and an overall improvement
in brain function [77]. Mehrazad-Saber et al. observed a reduction in the frequency of
sleep disturbances in children with ASD with carnosine supplementation (500 mg daily for
2 months), but the effect on the course of the disease was not confirmed in the trial [78]. In a
double-blind randomized trial of 70 children with ASD, carnosine supplementation (800 mg
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daily for 10 weeks) resulted in a reduction in hyperactivity and non-compliance [79], al-
though these results were not confirmed in another randomized placebo-controlled trial
on 63 participants [74]. The effectiveness and safety of carnosine has also been studied
in children with ADHD (Attention-Deficit/Hyperactivity Disorder). In a randomized
double-blind placebo-controlled trial, either carnosine or a placebo was administered in
addition to methylphenidate (0.5–1.5 mg/kg/day). Treatment with carnosine (2 g/day
for 8 weeks) and risperidone showed good tolerability and significant beneficial effects on
negative symptoms in patients with stable disease [80].

Studies with carnosine have pointed to its potential use in improving sleep in children
and adolescents with ASD; however, Esposito et al., in their review, stress the need for
further research to confirm the efficacy of this molecule for the treatment of sleep disorders
in patients with ASD [81]. Although it appears from the results of individual trials that
the administration of carnosine, or its components beta-alanine and histidine, could be
beneficial for children with ASD [77–80], carnosine was also included in a meta-analysis on
the use of drugs and dietary supplements in ASD, and the available data were considered
insufficient and, therefore, carnosine cannot be therapeutically recommended [82]. Based
on the results of a clinical trials meta-analysis on the effect of carnosine supplementation
(up to 2 g per day) on children with ASD (only 5 eligible studies with 215 participants were
selected), it is not possible to recommend carnosine supplementation for children with
ASD [74].

Further high-quality clinical trials with a larger number of patients will be needed to
verify the effect of these agents on children’s health and possibly recommend them as an
add-on to conventional therapy. Available trials are summarized in Table 3.

Table 3. Carnosine, beta-alanine and psychiatric diseases and their monitoring treatment effects.

Author (Year) Study Design Intervention
Number of

Patients
Effect

Ghajar et al.
(2018) [80] double-blind RCT Carnosine (2 g/day in two

doses) or placebo; 8 weeks 60

Administration of carnosine
along with therapy resulted in a
reduction in negative symptoms

of schizophrenia without an
increase in side effects.

Chengappa et al.
(2012) [68] double-blind RCT Carnosine (2 g/day) or

placebo; 3 months 75

Intervention group performed
significantly faster on

non-reversal condition trials of
the set-shifting test. The strategic

target detection test displayed
improved strategic efficiency

and fewer perseverative errors.

Chez et al. (2002)
[77] double-blind RCT

Carnosine
supplementation

(800 mg/day) or placebo;
8 weeks

31

Improved communication skills
and behavior in children with

ASD. The authors also reported
improvements in receptive

speech and social attention, a
reduction in apraxia and an

overall improvement in brain
function.

Mehrazad-Saber
et al. (2018) [78] double-blind RCT Carnosine (500 mg/day) or

placebo; 2 months 43

Carnosine supplementation did
not change anthropometric

indices and showed no effect on
autism severity, whereas it
significantly reduced sleep

duration, parasomnias and total
sleep disorders scores.
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Table 3. Cont.

Author (Year) Study Design Intervention
Number of

Patients
Effect

Hajizadeh-Zaker
et al. (2018) [79] double-blind RCT

Carnosine (800 mg/day in
2 doses) or placebo in

addition to risperidone;
10 weeks

70

Carnosine supplementation
resulted in a reduction in

hyperactivity and
non-compliance in children

with ASD.

Ghajar et al.
(2018) [67] double-blind RCT

Carnosine (2 g/day in two
divided doses) or placebo;

8 weeks
63

Carnosine add-on therapy
reduced the primary negative

symptoms of patients with
schizophrenia.

Ann Abraham
et al. (2020) [83] double-blind RCT

Carnosine (10–15 mg/kg in
2 divided doses/day) or

placebo; 2 months
63

No statistically significant
difference was observed for any

of the outcome measures
assessed.

Woo et al. (2015)
[69] two-arm prospective SSRI; 6 weeks 68/22

(90 total)

A potential was shown to
measure therapeutic response.

Patients with MDD, after
6 weeks of SSRI treatment, had

alterations of amino acids,
including beta-alanine (and

alanine, beta-aminoisobutyric
acid, cystathionine,

ethanolamine, glutamic acid,
homocystine, methionine,
O-phospho-L-serine and

sarcosine).

Ali Sisto et al.
(2023) [70] two-arm, prospective Antidepressant quetiapine;

40 weeks
99/253

(352 total)

The use of any antipsychotic
medication was associated with

lowered carnosine levels.
Elevated serum levels of

carnosine were also associated
with a longer duration of the

depressive episode.

ASD: autism spectrum disorders; MDD: major depressive disorder; RCT: randomized controlled trial; SSRI:
selective serotonin reuptake inhibitors.

8. Carnosine, Beta-Alanine and Cataract

Cataracts are a global healthcare concern in both developed and developing countries.
The main cause of cataracts is aging, but it is also related to other exogenous factors
such as UV radiation and trauma, and endogenous factors such as DM or hereditary
predisposition [84]. The potential of carnosine in slowing the process of degenerative
changes in vision and in the treatment of senile cataracts itself is summarized in the article
by Wang et al. [85]. Although cataract surgery is effective and safe, using an antioxidant
in the form of topical carnosine eye drops can provide patients with another treatment
option. Carnosine might have the potential, through its antioxidant and antiglycation
properties [7], to delay visual impairment with aging, effectively preventing and treating
senile cataracts [85]. The beneficial effect of NAC on senile cataracts was found in 49 elderly
patients (mean age 65 years) with variously advanced cataracts in a randomized, placebo-
controlled, double-blind trial with eye drops of 1% aqueous NAC solution (2 drops/2 times
daily for 6 and 24 months) [86]. NAC’s positive effect on eye health and its safety have also
been described in other clinical trials from the same author [87,88].

Although the results of the abovementioned trials appear promising, an externally
conducted analysis of randomized clinical trials (including only two randomized trials)
concluded that there is no credible evidence at this time that NAC has preventive effects
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against, or that it slows the development of, cataracts. The primary reason for this decision
was the lack of information on the methodology of the trials conducted [89]. Furthermore,
well-designed clinical trials with a larger number of participants will be needed to confirm
or refute the effect.

9. Carnosine, Beta-Alanine and Sarcopenia

Sarcopenia is a complex and multifactorial progressive muscle disorder that devel-
ops with age. In elderly patients, sarcopenia is associated with a greater likelihood of
adverse events, including falls, fractures, physical disability and even mortality [90]. The
deterioration of the human organism in old age may be associated with reduced tissue
concentrations of carnosine, and, therefore, a lack of antioxidant capacities [91]. The activity
of CN increases with age, leading to less accumulation of carnosine in muscle, the brain
and other tissues [50]. It is believed that a diet rich in carnosine can slow the process of
sarcopenia, aging and the development of age-related diseases [92,93]. Considering the
confirmed functions of carnosine, increasing its levels in muscle could at least partially
slow down the progression of sarcopenia.

In a double-blind, placebo-controlled trial of 18 subjects (60–80 years), supplemen-
tation with the carnosine precursor beta-alanine (1.6 g twice daily for 12 weeks) resulted
in an increase in muscle carnosine content and improved physical performance [94]. In a
double-blind placebo-controlled trial, when 2 doses of beta-alanine (800 mg and 1200 mg
for 12 weeks) were administered, a significant increase in work capacity was seen compared
to the placebo group [95]. Similar conclusions were reached in a trial that found a positive
effect of beta-alanine (2.4 g/day) on exercise performance and subsequent muscle recovery
in elderly subjects (60.5 ± 8.6 years) [96].

Supplementation with beta-alanine (in doses up to 3.2 g per day) could potentially
represent one possible strategy to increase muscle activity in old age and slow down the
sarcopenia process. This dietary intervention represents one option that could, therefore,
lead to increased muscle performance and delay the problems associated with sarcopenia,
thereby improving the quality of life of the elderly [94–96]. Available trials are summarized
in Table 4.

Table 4. Carnosine, beta-alanine and sarcopenia.

Author (Year) Study Design Intervention
Number of

Patients
Effect

del Favero et al.
(2012) [94] double-blind RCT

Beta-alanine (3.2 g divided
into 4 doses/day) or placebo;

12 weeks
18

Supplementation is effective in
increasing the muscle

carnosine content in healthy
elderly subjects, with

improvement in exercise
capacity.

McCormack et al.
(2013) [95]

double-blind RCT,
three-arm

(1) ONS (containing 8 oz;
230 kcal; 12 g protein, 31 g

cholesterol, 6g fat); 12 weeks
(2) ONS plus beta-alanine

(800 mg, 2×/day); 12 weeks
(3) ONS plus beta-alanine

(1200 mg, 2×/day); 12 weeks

60

ONS fortified with
beta-alanine may improve
physical working capacity,

muscle quality and function in
older men and women.

Furst et al. (2018)
[96] double-blind RCT Beta-alanine (2.4 g/day) or

placebo; 28 days 12

Supplementation increased
exercise capacity and
eliminated endurance

exercise-induced declines in
executive function seen after

recovery.

ONS: oral nutritional supplement; RCT: randomized controlled trial.

12



Nutrients 2023, 15, 1770

10. Carnosine, Beta-Alanine and Diseases of the Cardiovascular System

Cardiovascular disease (CVD) remains the leading cause of death globally. Endothe-
lial dysfunction represents one of the earliest pathophysiological factors leading to the
development of CVD [97]. Carnosine may also be useful in the treatment and prevention
of CVD [97]. Both in vitro and experimental studies have documented the benefits of
carnosine supplementation in reducing the risk of atherosclerosis [98] and have described
anti-ischemic effects [99].

One of the few studies in human medicine to address carnosine’s effect on CVD, a
randomized placebo-controlled clinical trial, found that adding carnosine (500 mg/day
for 6 months) to established treatments for chronic heart failure improved cardiopul-
monary stress tests, 6-min walk test scores and quality of life [100]. In a randomized
placebo-controlled trial of 50 patients after acute myocardial infarction and percutaneous
coronary intervention, the anti-inflammatory effect of ZnC (75 mg twice daily for 9 months)
was confirmed along with an improvement in cardiac function compared to the placebo
group [101].

In some experimental studies, mostly performed in vitro, the added value of carnosine
supplementation is suggested [98,99]. The results of very few human clinical trials are
available [100,101] and the effect was not confirmed in the published meta-analysis [46].
High-quality clinical trials confirming these mechanisms are still lacking.

11. Zinc-Carnosine and Oral Mucositis, Loss of Taste and Gastrointestinal Tract

Zinc is a biogenic element that is essential for the proper function of a wide range of
biomolecules. Zinc acts as a cofactor of a number of antioxidant enzymes and is essential
for cell proliferation and cell repair [102]. ZnC has several biological effects, including
maintenance, prevention and treatment of mucosal and epithelial tissue damage [26,103,104].

Loss of taste is a common side effect of chemoradiotherapy. Oral mucositis, oe-
sophagitis and other gastrointestinal complications are common following radiotherapy
or chemotherapy. Although these are not life-threatening conditions, they significantly
reduce quality of life, and, therefore, it makes sense to investigate the possibilities of their
prevention and treatment. Since Zn is involved in the healing processes of connective and
epithelial tissue [105], the next part of the review is devoted to Zn.

Evidence supports the use of ZnC in the maintenance, prevention and treatment of
mucosal and epithelial tissue damage, and in the treatment of oral mucositis and taste
disorders in cancer patients undergoing radiotherapy and chemotherapy [104].

The efficacy of ZnC was confirmed in trials investigating taste receptors, in which
ZnC supplementation (17 mg, 34 mg or 68 mg/day for 12 weeks) resulted in a faster return
of taste [106]. Patients with taste dysfunction experienced faster symptom disappearance
after ZnC supplementation (150 mg twice a day until symptom disappearance) [107]. A
prospective trial on patients with radiation-induced oral mucositis confirmed the effect
of an oral ZnC rinse, which led to a lower incidence of grade 3 oral mucositis, both
by mucosal findings and subjective symptomatology [108]. Similar benefits were also
described by Hayashi et al. [109,110]. In a trial of patients with hematological malignancies
after chemoradiotherapy followed by hematopoietic stem cell transplantation, a benefit was
also demonstrated. Patients rinsed their mouths with ZnC mouthwash containing sodium
alginate (P-AG), which reduced the incidence of moderate to severe oral mucositis [109].
P-AG has also been shown to reduce the time to hospital discharge after radiotherapy in
patients with head and neck cancer [111]. In a trial involving 10 patients, ZnC was found
to reduce damage to the stomach and small intestine and contribute to gastrointestinal
mucosal stabilization [112]. In one randomized study, ZnC oral rinse had a beneficial effect
when it came to the use of analgesics [113]. Available trials on the effectiveness of ZnC
supplementation are summarized in Table 5.
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Table 5. The effects of carnosine on oral mucositis, taste disorders, gastritis and
gastrointestinal dysfunctions.

Author (Year) Study Design Intervention Number of Patients Effect

Doi et al. (2015)
[108] two-arm, prospective 1 min ZnC mouth rinse

(37.5 mg/10 mL, 4×/day) 32

Grade 3 mucositis was observed
less frequently according to clinical

findings and symptomatology.
ZnC promoted recovery.

Watanabe et al.
(2010)
[113]

RCT ZnC oral rinse 16/15
(31 total)

Use of analgesics was less frequent
and the amount of food intake was

significantly higher. Tumor
response rate was not affected in

patients receiving ZnC.

Hayashi et al. (2016)
[110] prospective, three-arm

ZnC lozenge (18.75 mg 4×/day),
ZnC suspension (75 mg in

4 doses/day)

19/31/16
(66 total)

ZnC lozenge was highly effective
for prevention of moderate to

severe oral mucositis in patients
receiving high-dose chemotherapy
for HSCT. The efficacy of lozenge

preparation was comparable
suspension.

Hayashi et al. (2014)
[109] retrospective ZnC (500 mg) in 20mL P-AG,

mouth rinse 36

Reduced the incidence of
moderate-to-severe oral mucositis,
and pain was significantly relieved.
Incidence of xerostomia and taste
disturbance tended to be lowered,

but not significantly.

Yanase et al. (2015)
[114] retrospective 60 mL P-AG and 150 mg ZnC

(3×/day)
19/19

(38 total)

ZnC highly effective in
suppressing the development of

radiation esophagitis without
affecting the tumor response rate.

Sakagami et al.
(2009) [106]

double-blind RCT,
multi-center

ZnC (17 mg, 34 mg or
68 mg/day; 12 weeks)

28/27/26/28
(109 total)

An amount of 68 mg of ZnC
showed a significant improvement

in gustatory sensitivity.

Fujii et al. (2018)
[107] retrospective ZnC (150 mg; 2×/day), until

symptom disappearance 80

The administration of 150 mg of
ZnC to patients (with pancreatic

cancer treated with
fluoropyrimidines) with grade

2 dysgeusia significantly shortened
its duration.

Mahmood et al.
(2007) [112] RCT

ZnC (37.5 mg; 2×/day) before
and after 5 days of indomethacin

treatment (50 mg; 3×/day)
10

ZnC, at concentrations likely to be
found in the gut lumen, stabilized

gut mucosa.

Tan et al. (2017)
[115] RCT, multi-center

ZnC (150 mg/day) combined
with triple therapy; ZnC

(300 mg/day) combined with
triple therapy; triple therapy

113/108/111
(332 total)

Confirmed the effectiveness of the
zinc compound in improving HP

eradication rate.

Takaoka et al. (2010)
[116] two-arm, prospective 150 mg of ZnC orally 12/28

(40 total)

No significant correlation between
improvement of VAS pain score
and the zinc concentration in the

serum after zinc supplementation.

Masayuki et al.
(2002) [117] two-arm, prospective ZnC and 2% carmellose sodium 19

ZnC was found to have efficacy
and safety as a preventive drug for

radiation-induced stomatitis.

Suzuki et al. (2016)
[111] retrospective P-AG oral rinse 104

P-AG was found to be effective in
preventing severe oral mucositis

and reducing the irradiation
period and median time to

discharge after completion of
radiotherapy.

Baraniuk et al.
(2013) [57] RCT

Carnosine (500 mg, 1000 mg and
1500 mg increasing at 4-week

intervals)
25 Decrease in diarrhea associated

with irritable bowel syndrome.
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Table 5. Cont.

Author (Year) Study Design Intervention Number of Patients Effect

Kitagawa et al.
(2021) [118] RCT, multi-center

ZnC lozenge (18.75 mg) 4×/day,
until 35 days after

transplantation

47/41
(88 total)

In patients receiving high-dose
chemotherapy followed by

hematopoietic stem cell
transplantation, grade ≥2 oral

mucositis was significantly
reduced in the intervention group.

Jung et al. (2021)
[119] RCT

ZnC (150 mg/day),
pantoprazole or rebamipide

(300 mg/day), and pantoprazole
200

ZnC plus PPI treatment showed
noninferiority to rebamipide, with
PPI treatment of the ulcer healing
rate at 4 weeks after endoscopic

submucosal dissection.

HP: Helicobacter pylori; HSCT: hemopoetic stem cell transplantation; P-AG: polaprezinc suspension sodium alginate
solution; PPI: proton pump inhibitor; RCT: randomized controlled trial; VAS: visual analogue scale; ZnC: zinc
carnosine.

However, in another study, the effect of ZnC supplementation was not described [116].
ZnC supplementation reduced the incidence of esophagitis by more than two grades and
delayed the onset of grade 2 esophagitis [114].

Supplementation of ZnC (4 × 18.75 mg/day) affected mucositis grade >2 in a trial
involving 88 patients after high-dose chemotherapy before hematopoietic cell transplan-
tation [118]. Supplementation also reduced diarrhea associated with irritable bowel
syndrome [57], and reduced the incidence of radiation-induced stomatitis in a placebo-
controlled trial [117].

ZnC as a supplement has been approved in the USA, Canada and Australia for
use in the prevention and mitigation of post-radiation oral mucositis, loss of taste after
chemotherapy and as a regulator of zinc release into tissue structures [120]. In Japan
and South Korea, ZnC is prescribed for use in the treatment of surgical wounds after the
removal of gastric ulcers and the eradication of Helicobacter pylori [115]. Its usability as an
add-on therapy (omeprazole 20 mg, amoxicillin 1 g and clarithromycin 500 mg, each twice
daily) for the eradication of H. pylori was confirmed in a randomized placebo-controlled
prospective multicenter trial [115]. ZnC (150 mg/day) and proton pump inhibitor together
showed non-inferiority to the standard treatment in the gastric ulcer healing rate [119].
ZnC is officially approved for this purpose in Japan [120]. A review by Hewlings et al.
described the effect of ZnC on oral mucositis, taste disorders and the gastrointestinal
system and presented more evidence in the area of promoting the mucosal integrity of the
gastrointestinal tract [120].

ZnC has also been investigated by the European Food Safety Authority (EFSA), which
mentioned limited bioavailability, since ZnC is insoluble in water at neutral pH, and
also expressed reservations about the nature of the particles being absorbed [26]. ZnC
is absorbed by the human body and effectively provides zinc to the tissues [26]. The
molecule has also been reviewed for safety and use in humans by the US Food and Drug
Administration (FDA) and was granted “new dietary ingredient” status in 2002 [121].

12. Conclusions

Data from clinical trials demonstrate the potential benefits of beta-alanine (4–6 g
per day) and carnosine (up to 2 g per day) supplementation mainly in the prevention
of sarcopenia, neuroprotection and cognitive preservation, neurodegenerative diseases
and the improvement of diabetes mellitus parameters. The effectiveness has also been
demonstrated for a synthetic derivative of zinc-L-carnosine (68–500 mg per day) to improve
symptoms and clinical findings of oral mucositis, to treat and prevent taste disorders after
chemotherapy, to regress symptoms of esophagitis, to protect the gastrointestinal mucosal
layer and as an additive to the eradication treatment of Helicobacter pylori.
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Conversely, in the areas of senile cataracts, cardiovascular disease, autistic disorders
in children and schizophrenia in adults, the results to date are inconclusive and further
clinical trials are needed to confirm a possible effect.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/nu15071770/s1, Table S1. Molecular functions of carnosine.
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Abstract: With lifestyle changes, chronic diseases have become a public health problem worldwide,
causing a huge burden on the global economy. Risk factors associated with chronic diseases mainly
include abdominal obesity, insulin resistance, hypertension, dyslipidemia, elevated triglycerides,
cancer, and other characteristics. Plant-sourced proteins have received more and more attention in
the treatment and prevention of chronic diseases in recent years. Soybean is a low-cost, high-quality
protein resource that contains 40% protein. Soybean peptides have been widely studied in the
regulation of chronic diseases. In this review, the structure, function, absorption, and metabolism of
soybean peptides are introduced briefly. The regulatory effects of soybean peptides on a few main
chronic diseases were also reviewed, including obesity, diabetes mellitus, cardiovascular diseases
(CVD), and cancer. We also addressed the shortcomings of functional research on soybean proteins
and peptides in chronic diseases and the possible directions in the future.

Keywords: chronic diseases; soybean peptides; diabetes mellitus; obesity; cardiovascular diseases; cancer

1. Introduction

With the development of urbanization and the increase in sedentary habits, chronic
diseases have become a worldwide public health problem. Chronic diseases are non-
infectious diseases, but not some specific diseases, with complex etiology, slow develop-
ment, and long duration [1]. Chronic diseases may be caused by lifestyle, environment,
diet, or genetic factors. There were 28 million people who died of chronic diseases world-
wide in 1990, and this number increased to 36 million in 2008 and 39 million in 2016 [1].
More than two-thirds of the deaths worldwide are believed to be caused by chronic
diseases [1]. In 2019, seven of the top ten causes of death were due to non-communicable
diseases, according to the World Health Organization (WHO) [2]. At present, chronic
diseases mainly include obesity, diabetes, cardiovascular diseases (CVD), and cancer,
and they are key causes of premature death in humans [3]. The pathogenesis of chronic
diseases is relatively complex, such as imbalances in the protease network, which can
lead to malfunctions in the cellular signal network [4].

The expression of matrix metalloproteinases (MMPs) and the imbalance of the phos-
phoryladylinositol 3-kinase (PI3K)/AKT/major target of rapamycin (mTOR) signaling
pathway may both have an impact on the development of chronic diseases such as CVD,
type 2 diabetes (T2D), and cancer [4,5].

As metabolic diseases, chronic diseases are associated with metabolic syndrome (MetS).
MetS is not a disease itself but a comprehensive concept, representing factors that increase
the risks of individual diseases (as shown in Figure 1) [6]. It has been reported that
several components of MetS led to a significant increase in the risk of chronic diseases and
that the risk factors for chronic diseases and the definition of MetS partially overlap [7].
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Therefore, MetS may be a risk factor leading to the development of chronic diseases. Several
diseases associated with both conditions have been identified, including obesity, T2D, CVD,
and cancer [7].

Figure 1. Main diagnosis of MetS. Three of the above five conditions are considered MetS [8].

Among these conditions (Figure 1), obesity is a major cause of MetS. Obesity may
increase the susceptibility to insulin resistance, thus causing MetS. In 2005, the International
Diabetes Federation recognized obesity as a necessary factor in the diagnosis of MetS [9],
while Dr. Reaven objected to this and believed that insulin resistance might be the main
cause of MetS [10]. MetS is an important risk factor for T2D and CVD (see Figure 2). With
the increase in the number of patients with MetS, the number of patients with T2D and
CVD also increased significantly [8].

Figure 2. The relationship between chronic diseases and MetS-related diseases (some picture elements
are from the BioRender). MUO—metabolic unhealthy obesity; NAFLD—nonalcoholic fatty liver
disease; LDL-C—low-density lipoprotein cholesterol; HDL-C—high-density lipoprotein cholesterol;
ACE—angiotensin-converting enzyme; FFAs—free fatty acids.
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Obesity includes metabolic healthy obesity (MHO) and metabolic unhealthy obesity
(MUO) [11], while MHO is unstable and transient, and most patients with MHO will
transition to MUO stage with the accumulation of fat [12]. Morgan Mongraw Chaffin and
colleagues found that MHO would develop into MUO when it exceeded a certain baseline
(odds ratio [OR]: 1.60; 95% confidence interval [CI]: 1.14 to 2.25), and the risk of CVD for
those with MUO increased significantly [13]. Due to the fact that obesity is the cause of
heart diseases and the relationship between obesity and CVD is mediated by MetS, MetS
can be regarded as a sign of obesity accumulation at the exposure threshold [13].

On the other direction, obesity can cause MetS to develop into diabetes, while nonalco-
holic fatty liver disease (NAFLD), the most common metabolic liver disease, is a continuum
between them [14]. In the United States, about 30% of adults have NAFLD, and 20% of them
are developed by individuals with obesity [15]. In a meta-analysis of 24 studies involving
35,599 type 2 diabetic patients, the prevalence of NAFLD in ordinary diabetes patients was
59.67% but increased to 77.87% in diabetes patients with obesity [16]. MetS leads to an
increase in glucose levels in the body and excessive production of free fatty acids [17], and
the degree of dysfunction of pancreatic beta cells was related to the severity of MetS [18].
When pancreatic beta cells exceed a certain metabolic capacity for a long time, their quality
and function will be reduced, and their metabolic function will be damaged [17].

At present, the treatments for chronic diseases include physical exercise and diet
therapy, as well as drugs for related symptoms. Bioactive peptides derived from food
proteins have been recognized by the industry as improving health because of their low
costs and low side effects. A variety of bioactive peptides from different foods have been
reported for their bioactivities, including anti-hypertension, anti-diabetes, and anti-cancer
activities [19–21]. Studies have shown that increased intake of plant proteins is associated
with decreased risk of obesity, CVD, diabetes, cancer, and other symptoms [21]. Soybean
peptides, as one of the popular bioactive ingredients derived from soybean proteins, have
been utilized in many health aspects, such as anti-obesity, anti-diabetes, anti-CVD, anti-
cancer, and antioxidant activities [22].

As a traditional plant, soybean has been planted in China for nearly 5000 years [23].
The United States introduced soybeans in 1965 [24] and has now become the world’s
highest soybean production country, with the production volume reaching 45% of the
world’s total output [25]. Later on, the cultivation of soybeans gradually developed in
other countries, and it has become a popular cash crop in the world. Proteins are the
most abundant nutrient in soybean, accounting for about 40% of all nutrients, and they
are a very important plant source of dietary proteins [26]. Soybean proteins contain all
twenty types of amino acids, including nine essential amino acids [27,28]. Its nutritional
value is equivalent to that of animal protein, and therefore, it is considered to be a
full-value protein [22].

Soybean peptides are derived by the hydrolysis of soybean proteins using different
proteases, and they are mixtures of oligopeptides with 3–6 amino acids and molecular
weights of 300–700 Da [29]. The physiological activities of soybean peptides are determined
by the size of their relative molecular weights and the sequences of amino acids [30]. Their
amino acid composition and proportion are the same as those in soybean proteins, but they
are easier to absorb and more stable [31]. Soy proteins and peptides have been shown to be
safe and non-toxic in the past, which is important for their further utilization [32].

In this paper, we reviewed the structure, function, absorption, and metabolic charac-
teristics of soybean peptides. We also discussed their potential effects on the regulation
and improvement of chronic diseases.

2. Structure and Metabolism of Soybean Peptides

Bioactive peptides are sequences consisting of 2–20 amino acids that can regulate or
improve physiological functions and thus prevent or treat chronic diseases [33]. Enzymol-
ysis is an effective method to produce functional peptides, but different durations of the
hydrolysis process and different enzymes used in the process have a great impact on their
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functions and intensity [33]. Soybean peptides are also generated with the enzymolysis
approach (Figure 3). The separation and identification of protein hydrolysates can help us
understand the relationship between the structures and functions of some peptides. This is
very important for improving the bioavailability of bioactive substances in the future.

Figure 3. Preparation process of soybean peptide segments (some picture elements are from BioRender).

2.1. Structure and Function

The structures of bioactive peptides are very important for their biofunctions. Un-
derstanding the structures of the peptides, including disulfide bond position, amino acid
composition and sequence, molecular weight, hydrophobicity, and other structural char-
acteristics, is very important for the design of new peptides and the improvement of
their efficacy, bioavailability, physical, and chemical properties [34]. For instance, peptide
segments with three or more disulfide bonds have higher stability [35].

Peptides with specific functions generally have certain structural characteristics. On
the other hand, specific structures may contribute to specific functions. For instance, pep-
tides with proline or hydroxyproline at the C or N ends have good angiotensin-converting
enzyme inhibitory (ACE-I) activity [34]. The ability of peptides to bind to ACE [36] and
the antioxidant activity of soybean protein hydrolysates [37] depend on the presence of hy-
drophobic amino acids at the C-terminus. The presence of three aromatic amino acids (Trp,
Tyr, and Pre), hydrophilic and basic amino acids (His, Lys, and Pro), and hydrophobic amino
acids (Leu, Phe, and Val) in the polypeptides enhances their antioxidant capacity [38,39].
Soybean β-conglycinin is one of the most abundant proteins in soybean, accounting for
24.7–45.3% (w/w) of total protein components [40]. Compared with normal soybean
β-conglycinin, deglycation enhanced its antioxidant performance, and thus deglycosy-
lation may be an innovative strategy to improve its performance [41]. The presence of
Glu, His, Asp, Met, and Val can significantly enhance the antioxidant capacity of soybean
peptides, even for those with large molecular weights [42]. Although it is generally believed
that peptides with low molecular weights have strong antioxidant properties, the functional
effectiveness of peptides is also related to the processing methods. For example, higher
substrate concentration in the digestive process generates more small soybean peptides,
which enhance the free radical scavenging activity of, α, α-diphenyl-β-picrylhydrazyl
(DPPH)—an important indicator for the evaluation of antioxidant activity [43]. These
studies indicate that the structures of soybean peptides play an important role in their
functions. Lingrong Wen et al. identified 46 peptides with immunomodulatory activity, and
most of them contained Try, Glu, and hydrophobic amino acid residues (Pro, Gly, Phe, Val,
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Leu) [29]. The binding of hydrophobic amino acids with Cys, Glu, Tyr, Asp, Trp, and Gln
in the sequence is also important for immune regulatory activity [44]. Soybean peptides
are mixtures of small peptides with different molecular weights. There is still a lot to do for
the isolation and identification of small peptides with different functions.

The functions of soybean peptides have been studied in many aspects, including
reducing blood fat [45], acting as an antioxidant [46], being anti-cancer [47], intestinal
flora [48], being immunomodulatory [49], being anti-inflammatory [50], being anti-
hypertensive [51], being anti-diabetic [52], and other physiological activities. However,
there are still relatively few studies focusing on the effect of structures on the functions of
peptides. Some peptides derived from soybean proteins have displayed many functions,
yet there is not enough evidence to conclude that specific functions are associated with
specific structures. Daliri and colleagues believed that peptides with multiple biological
activities are better than those with a single biological activity. This is because peptides
with multiple activities can play multiple beneficial roles at the same time [53]. Therefore,
how to efficiently derive stable soybean peptides with specific structures and multiple
functions merits further research.

2.2. Absorption and Metabolism

Bioactive peptides play physiological roles beyond their nutritional values. However,
most bioactive peptides are in an encrypted state when they exist in the parent protein,
where they cannot perform their functions [54]. Short peptides containing 2–20 amino acids
have to be released from the parent proteins through enzymatic hydrolysis to activate their
bioactivities [55]. Protein hydrolysates or short peptides have higher biological activities
than complete proteins and/or amino acid mixtures [55]. After being digested in the
digestive tract, some bioactive peptides can be absorbed through the intestinal tract to enter
the blood circulation completely and play a role when they reach the corresponding target
organs, while the others have local effects in the gastrointestinal tract [55].

Intestinal epithelial cells are a major obstacle to the absorption of any food ingredient.
The activity of proteases on the surface of intestinal epithelial cells covered by microvilli may
be the key factor that affects the stability and integrity of peptides as well as their operation
and biological activities [56]. Differentiated Caco-2 cells have the morphology and function
of mature intestinal epithelial cells and express brush border peptidase and transporters.
They are useful in vitro models and can be used to study the stability, absorption, and
transport of peptides [57]. To determine the effective utilization of a bioactive peptide,
the differentiated Caco-2 cell lines were also used as an intestinal model to investigate
the absorption of the peptides [58]. Although the Caco-2 cell model has been used as the
best model in vitro for studying the absorption of different compounds for 35 years [57],
its use in studying the absorption of food bioactive peptides is relatively new. One study
examined the absorption of soybean β-conglycinin on Caco-2 cells after in vitro digestion
mimicking the gastrointestinal tract and showed that 22 of 25 different peptide segments
from the apical chamber samples were detected at the basolateral side of the transwell. This
indicates that they could be absorbed by Caco-2 cells in vitro [41]. Gilda Aiello et al. found
that three soybean peptides (IAVPGEVA, IAVPTGVA, and LPYP) were partially absorbed
by Caco-2 cells in vitro and improved cholesterol metabolism in HepG2 cells by inhibiting
the activity of 3-hydroxy-3-methylglutamate CoA reductase (HMGCoAR) [59].

In addition to absorption, Caco-2 cells are also used to evaluate the stability of bioac-
tive peptides [60]. This is because Caco-2 cells can express brushborder peptidases and
transporters, which can affect the stability and transport of peptide segments [60]. The
transport of the peptide KPVAAP was detected for up to 60 min in the apical and basolateral
sides of the transwell, indicating that it can be stably absorbed by Caco-2 cells [60]. After
the soybean peptide segment, WGAPSL is digested in the gastrointestinal tract. The degra-
dation of WGAPSL on both sides of apical and basal samples during the transportation of
Caco-2 cells is determined. This indicates that WGAPSL can pass through the intestinal
peptidase and mucus layer and be completely absorbed by the human body. This shows
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that WGAPSL has good stability after being digested in the gastrointestinal tract [61]. Due
to the hydrolysis and absorption of the gastrointestinal tract, the biological activity and
absorption stability of bioactive peptides in vivo may be different from those in vitro, while
peptides need to be in active form to exert their biological activity in vivo. Therefore, we
should pay attention to the biological stability and metabolic changes after the peptides are
transported to the blood.

As peptidases exist widely in the body, including in the liver, kidney, blood, and other
tissues, the mode, rate, and degree of how soybean peptides metabolize may be different in
different target organs [62]. After entering the body, the peptide bonds within bioactive
peptides are cut by the endopeptidases to form oligopeptides, and then the N-terminals
or C-terminals are hydrolyzed by the exopeptidase (carboxypeptidase, aminopeptidase)
into amino acids [62]. In addition, due to the high molecular weight, charged functional
groups, and low lipophilicity of some peptide segments, they are easily blocked by the
intestinal epithelial barrier. This results in a decrease in their bioavailability [63]. To improve
their stability and bioavailability, various biochemical methods have been adopted, such
as the substitution of unnatural amino acids and D-amino acids, cyclization, chemical
modification (N-terminal and C-terminal), main chain modification, and nanoparticle
formulation [64]. Understanding how bioactive peptides are metabolized and degraded
by endogenous proteases is very important for functional food or drug design and the
improvement of the metabolic stability of peptides [65].

The absorption and metabolism of soybean peptides are crucial to their biological
effectiveness. It is very significant to investigate their absorption rate in vitro and the
pathways they may have an impact on in vivo.

3. The Effects of Soybean Peptides on Chronic Diseases

Researchers are interested in exploring peptides and protein hydrolysates as active
ingredients to prevent or treat chronic diseases. As a potent bioactive with an abundant
source, soybean peptides have attracted a lot of attention, and the functions of soybean
peptides have been widely investigated (Table 1). The functions of soybean proteins and
peptides on chronic diseases, including anti-obesity, anti-diabetes, anti-CVD diseases, and
anti-cancer activities, are of interest in this review (Table 1 and Figure 4).

Table 1. The functions of soybean proteins and peptides in relation to chronic diseases.

Function
Bioactive Substances of

Soybean Peptides
Detection Model

(Females or Males)
Main Results References

Anti-obesity effect

β-conglycinin C57BL/6 mice (males) Weight decreased. [66]
β-conglycinin C57BL/6 mice (males) FGF21 increased. [67]
β-conglycinin Obese rats (males) Abdominal fat and lipid contents decreased. [68]

β-conglycinin Rats (males)
Serum cholesterol decreased from 146 mg/dL

to 124 mg/dL, and liver triglycerides
decreased from 214 mg to 163 mg.

[69]

Soybean protein isolates Obese rats (females)
AST level decreased from 222.5 U/L to 103.4
U/L, and ALT level decreased from 71.9 U/L

to 56.2 U/L.
[70]

Soybean proteins Obese OLETF rats (males) Serum cholesterol decreased to 142 mg/dL. [71]

Soybean proteins C57BL/6J mice (males) Firmicutes to Bacteriodetes increased;
Serum triglycerides decreased. [72]

Anti-diabetes effect

Glu-Ala-Lys and
Gly-Ser-Arg

The inhibitory effect of α-glucosidase activity
was 45.89%. [73]

Soybean protein isolates
and soybean peptides Human (both) Plasma insulin response significantly

increased after 30 min of SPI consumption. [74]

Soybean proteins Patients with diabetes (both) Fasting blood glucose decreased by 1.68%
after 2 months. [75]

VHVV H9c2 cells and ICR mice
(males)

Cell viability increased;
Cell apoptosis decreased;

Postprandial
blood glucose level decreased.

[76]
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Table 1. Cont.

Function
Bioactive Substances of

Soybean Peptides
Detection Model

(Females or Males)
Main Results References

Anti-CVD

VAWWMY/ Soystatin Rats (males) Serum and liver cholesterol levels were
reduced to 0.03%. [77]

IAVPTGVA, IAVPGEVA
and LPYP HepG2 cells Catalytic activity of

HMGCoAR and the level of LDL decreased. [78]

Soybean protein
hydrolysates Caco-2 cells The solubility of dietary

cholesterol micelles decreased. [79]

YVVNPDNDEN and
YVVNPDNNEN HepG2 cells After 24 h, the relative expression of LDL-C

and PCSK9 decreased by about 20%. [80]

ALEPDHRVESEGGL and
SLVNNDDDRDSYRLQS-

GDAL
Caco-2 cells Blood lipids decreased. [45]

VHVV Hypertensive rats (males) ACE activity and
inflammatory factors decreased. [51]

Small molecule peptides Hypertensive rats (males)
The inhibition rate of ACE activity was about

60% and the
concentration of angiotensin II decreased.

[81]

Polypeptide content of
soybean meal ACE activity decreased. [82]

Anti-cancer effect

Lunasin NSCLC cell line H661 Decreased proliferation of cancer cells. [83]
Lunasin Human breast cancer cells Decreased proliferation of cancer cells. [84]

Lunasin Colorectal cancer HCT-116
cells

After treatment with 10 μM lunasin for 72 h,
cell growth decreased by 12.9%. [85]

Germinated soybean
peptides

Human colon cancer cell
lines

After treatment with 10 mg/mL soybean
peptide segments for 24 h, cell viability

decreased by 82–66%.
[86]

Black soybean peptides
Leu/Ile-Val-Pro-Lys

HepG2 cells
MCF-7cells
HeLa cells

With high cytotoxicity, the IC50 values are
0.22, 0.15, and 0.32 μM, respectively. [47]

Note: FGF21: fibroblast growth factor 21 gene; AST: aspartate aminotransferase; ALT: alanine aminotransferase;
SPI: soybean protein isolates; HMGCoAR: 3-hydroxy-3-methylglutamate CoA reductase; LDL-C: low-density
lipoprotein cholesterol; PCSK9: protein convertase subtilisin/kexin type 9; ACE: angiotensin-converting enzyme;
IC50: half maximal inhibitory concentration.

3.1. The Effect of Soybean Peptides on Obesity

The rapid increase in the prevalence of obesity has become a major public health issue
globally. According to the WHO, when a person’s BMI is ≥ 30 kg/m2, it is considered
obesity, and BMI ≥ 25 kg/m2 is considered overweight [87,88]. In 2016, more than 39% of
adults worldwide were overweight and about 13% were obese [89]. Abdominal obesity
is closely related to chronic metabolic diseases such as T2D and CVD [87]. There are
many treatments for obesity, such as drugs, surgery, and diets, with diet being the easiest
and cheapest way to lose weight with no side effects. Protein has been widely used as a
diet strategy to lose weight because of its high satiety effect [90]. It has long been shown
that soybean protein has an anti-obesity effect, even better than whey and casein [91]. A
random cross-balance experiment showed that fermented soybean had a better regulation
effect on appetite regulating hormones (Acyl-ghrelin, insulin, and arginine) in obese girls
than non-fermented soybean [92]. It showed a higher insulin-stimulating effect, which
may be because the fermentation process can accelerate the degradation rate of protein
and increase the bioavailability of short peptides [92]. Current studies show that soybean
protein components can play a certain anti-obesity role.

β-conglycinin accounts for about 20% of the total soybean proteins, making it an
important component for the beneficial effects of soybean proteins. Studies have found that
β-conglycinin can reduce serum triglyceride and cholesterol levels, and thus it may have an
anti-obesity effect [69]. The diet containing soybean protein reduced weight and fat tissue
accumulation in C57BL/6 mice, which showed that β-conglycinin played an anti-obesity
role [66]. After a single intake of β-conglycinin, both fibroblast growth factor 21 gene
(FGF21) expression in the liver and FGF21 in the circulating body of the mice increased
significantly [67]. In addition, β-conglycinin feeding for up to 9 weeks kept FGF21 levels in
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the liver and circulating FGF21 at a certain level, thereby reducing weight gain associated
with a high-fat diet and thus ameliorating obesity [67]. Similarly, conglycinin peptide
also reduced the liver lipase activity in obese rats, thereby reducing the abdominal fat
accumulation and lipid contents. This indicates that it may have an anti-obesity effect [68].
As shown above, β-conglycinin, as the main component of soybean proteins, may be a
potential compound for the treatment of obesity. In the future, the anti-obesity effect of
β-conglycinin and the underlying mechanism will need further investigation. It may be a
good choice for patients with obesity to lose weight.

Figure 4. Partial potential mechanisms of the various activities of soybean proteins and peptides on
chronic diseases (some picture elements are from the BioRender). JAK—Janus kinase; STAT—Signal
transducer and activator of transcription; PTP—protein tyrosine phosphatases; SOCS—suppressor of
cytokine signaling; POMC—proopiomelanocortin; AgRP—Agouti-related peptide; NPY—neuropeptide
Y; PIP2—phosphatidylinositol-4,5-biphosphate; PIP3—phosphatidylinositol-3,4,5-triphosphate;
ox-LDL—oxidized low-density lipoprotein; PI3K—phosphoinositide 3-kinase; PTEN—phosphatase
and tensin homolog; ROS—reactive oxygen species; MMP—matrix metalloproteinase; NICD—Notch
intracellular domain; MAML1—Mastermind-like proteins; MEK—mitogen-activated protein kinase;
ERK—extracellular signal-regulated kinases; mTOR—mammalian target of rapamycin.

Soybean proteins were also involved in the regulation of the gastrointestinal micro-
biome and bile acid homeostasis [21,71,72,93]. The diverse microbiota plays a key role in the
development of obesity, and their interactions (via signaling molecules/communication)
can be maintained through diet/supplements [94]. The maintenance of the microbiota
through dietary strategies may be of great importance in the treatment of chronic dis-
eases. Consumption of soybean proteins improved the intestinal microbiota, increased the
diversity of intestinal microbes, and improved the transmission of bile acid metabolism
signals [71]. Muhammad Umair Ijaz et al. found that in high-fat diet-fed C57BL/6J mice,
soybean protein supplementation increased the ratio of Firmicutes to Bacteriodetes, im-
proved the composition of intestinal microorganisms, and reduced the accumulation of
serum triglycerides [72]. The changes in intestinal microorganisms have a big impact on
the risk of chronic diseases. Soybean proteins can improve the microbial diversity of the
gastrointestinal tract, regulate fat synthesis, and thus have an anti-obesity effect. Soybean
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proteins can also reduce adipocyte hypertrophy, the concentrations of free fatty acids, and
the accumulation of triglycerides in the liver after high-fat diet intake [21]. Reza Hakkak
and colleagues reported that in obese Zucker rats, soybean protein isolate (SPI) feeding for
8 weeks reduced the denaturation of fat in the liver and decreased the levels of aspartate
aminotransferase (AST) and alanine aminotransferase (ALT) in serum, which were benefi-
cial to bile acid homeostasis, and the effect was even better than that of casein [70]. Soybean
protein consumption also reduced the production of fat in the liver of obese OLETF rats
and reduced their cholesterol levels [71]. In another study, SPI reduced the weight and
improved the body fat of rats significantly, and this may be related to the reduction of
perirenal fat [93].

Previous studies have focused on the effect of soybean proteins on serum hormone
levels, cholesterol metabolism, and gut microbiota, through which soybean proteins showed
their anti-obesity effect [69,72]. However, there are relatively few studies investigating
the anti-obesity effect of soybean peptides and the underlying mechanisms. As soybean
peptides have been released from the parent soybean protein, they have a big potential to
show anti-obesity effects. Further research is needed to unravel the anti-obesity effect of
soybean peptides.

3.2. The Effect of Soybean Peptides on Diabetes Mellitus

At present, diabetes has become a public health problem worldwide, being the seventh
leading cause of death globally [95,96] and causing a huge burden for the families of patients
and the world economy. According to the WHO and the International Diabetes Federation,
the prevalence of diabetes is increasing year by year. Diabetes is a systemic metabolic
disease caused by abnormal blood glucose levels, and it is one of the fastest-growing and
most common chronic diseases in the world [97]. There are two main types of diabetes, type
1 diabetes (T1D) and T2D [97]. T1D is mainly an early-onset autoimmune disease caused by
genetic factors, which occurs in childhood mainly due to the reduction of pancreatic beta
cells [97]. T2D is a late-onset non-autoimmune disease caused by environmental factors
and characterized by beta cell dysfunction of the pancreas and insulin resistance [97]. The
incidence of T2D is as high as 90%, and it is associated with a high mortality rate and
high medical costs, as well as various complications, including retinopathy, kidney disease,
microvascular complications, and nerve damage [97]. It is of great importance to find
effective treatments for diabetes. Of many options, diet intervention is easy and cheap.
Food-derived bioactive substances could be a good strategy to control blood glucose as a
diet intervention strategy.

Soybean proteins are also high-quality proteins, but with different amino acid patterns,
so they stimulate insulin secretion to different degrees than caseins [68]. Not only soybean
proteins, but bioactives with amino acid patterns similar to soybean proteins also improved
insulin sensitivity [68]. Soybean proteins are known as a hypoglycemic functional food as
they contain specific amino acids, including Leu, Arg, Ala, Phe, Ile, Lys, and Met, which
can stimulate insulin secretion and act as a trypsin inhibitor [98].

The relationship between the consumption of legumes and soybean products and the
incidence of T2D was analyzed by Jun Tang and colleagues, and the results showed that
specific soybean components, including soybean isoflavones and soybean proteins, were
negatively related to the risk of T2D [99]. An increase of 10 g of soybean protein per day can
reduce the risk of T2D by 9% [99]. The intake of soybean proteins was negatively correlated
with the risk of diabetes in women in a dose-dependent manner but not in men [100]. Judit
Konya et al. administered soybean proteins with or without soybean isoflavones to 60
diabetic patients aged 45–80 years and found that soybean proteins without isoflavones had
a certain intrinsic activity in controlling blood glucose. This demonstrates the hypoglycemic
effect of soybean proteins [75]. The structure, activity, and mechanism of plant compounds
with therapeutic and ameliorative effects on T2D have been reviewed, and it showed that
soybean proteins and bioactives play a certain role in the regulation of blood glucose [101].
Soybean proteins are rich in glycine and arginine, and their amino acid pattern is conducive
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to insulin sensitivity and glucose utilization [100]. These studies showed that the structural
pattern of soybean proteins and their special amino acids can improve the sensitivity of
pancreatic β cells and stimulate insulin secretion. Therefore, some soybean proteins and
their derived bioactives may become effective substances for regulating blood glucose.

Dipeptidyl peptidase-IV (DPP-IV), α-glucosidase, and α-amylase are key enzymes
that directly regulate blood glucose, and inhibition of these enzymes is an effective strat-
egy for the treatment of T2D [102]. Gonzalez-Montoya et al. derived soybean peptides
with different molecular weights after in vitro simulated gastrointestinal digestion. They
found that peptides at 5–10 kDa inhibited DPP-IV, α-amylase, and α-glucoside, and further
separation of these peptides yielded four components, three of which contained most
polypeptides with encrypted dipeptide and tripeptide amino acid sequences, whose struc-
ture may be the main reason for their diabetes-inhibiting effects [52]. Another study showed
that the soybean protein hydrolysates inhibited α-glucosidase activity and the peptides
with molecular weight < 5 kDa and amino acid sequences Glu-Ala-Lys and Gly-Ser-Arg
showed the strongest inhibitory effect [73]. Val-His-Val-Val (VHVV) is also a short peptide
isolated from soybean protein hydrolysates. VHVV could restore the viability of H9c2
cells at high glucose conditions, and 10 μg/mL VHVV reduced the number of H9c2 cells
undergoing apoptosis and postprandial blood glucose level in diabetic mice and improved
the morphological structure and number of pancreatic cells [76]. Hatsumi Ueoka et al. ob-
served an increase in plasma insulin levels after oral administration of both soybean protein
isolate solution and soybean peptide solution, with even higher plasma insulin levels in the
soybean peptide group at 30 min. This demonstrates a greater insulin secretion-stimulating
effect of the peptide due to easier digestion and absorption [74].

Both soybean proteins and peptides have good amino acid sequences and absorption
characteristics. However, most research still focuses on the study of the phenotype of
diabetic mice, and the underlying mechanisms remain unknown. More in-depth research
is still needed. In addition, more refined screening, separation, and purification of peptides
with anti-diabetes effects will shed light on the regulation and treatment of diabetes.

3.3. The Effect of Soybean Peptides on CVD

CVD is a type of disease involving the heart and blood vessels, including hyperlipi-
demia, hypercholesterolemia, hypertension, atherosclerosis, and other major diseases. The
risk of CVD is closely related to insulin resistance and obesity [103]. At present, CVD
accounts for 46.2% of global non-communicable disease deaths, which is one of the main
causes of premature death [104]. Nearly 17.9 million people die from CVD each year, and
the number of deaths is estimated to increase to 23.6 million by 2030 [105].

The effect of soybean proteins on the improvement and prevention of CVD has re-
ceived much attention. As early as 1999, the United States Food and Drug Administration
(FDA) approved the food label containing soybean proteins to prevent CVD [106]. The
FDA approved the health statement that 25 g of soybean proteins per day can reduce the
risk of CVD [106]. A large-scale meta-analysis showed that soybean intake was negatively
correlated with CVD risk [107]. This may be due to the fact that the soybean bioactive
peptides could reduce the total cholesterol levels in the body [108]. Another meta-analysis
showed that a daily intake of 25 g of soybean proteins can reduce low-density lipoprotein
cholesterol (LDL-C) levels in adults by 3–4% [109].

Both hyperlipidemia and hypercholesterolemia are major risk factors for CVD [110].
Soybean peptides have been reported to lower cholesterol levels. In 2010, scientists first
found a new peptide, VAWWMY, with a cholesterol-lowering effect in soybean glycine,
named “soystatin,” which has the same binding capacity with bile acid as cholesterol-
lowering drugs, although soystatin is the only low-cholesterol peptide isolated from soy-
bean [77]. Three soybean globulin glycin peptides (IAVPTGVA, IAVPGEVA, and LPYP)
downregulated the catalytic activity of HMGCoAR, activated the LDLR-SREBP2 pathway,
and improved the ability to absorb LDL in vitro, which in turn regulated the cholesterol
metabolism of HepG2 cells [78]. In another study, digested soybean protein hydrolysates
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reduced the solubility of dietary cholesterol micelles by 37.6% and the absorbability by
18.99%, respectively, in Caco-2 cells [79].

Abnormality in blood lipids, especially the elevation of plasma LDL-C levels, is
a major risk factor for CVD [80]. In addition to pharmacological methods, researchers
are paying more and more attention to nutritional intervention strategies to prevent
chronic diseases. In a previous study, two soybean peptides, YVVNPDNDEN and
YVVNPDNNEN, both reduced the levels of LDL-C by inhibiting HMG-CoAR activity,
while the latter one downregulated the protein level of protein convertase subtilisin/kexin
type 9 (PCSK9), a key regulator of LDL-R [80]. In another study, oral administration of
two other soybean peptides, ALEPDHRVESEGGL and SLVNNDDDRDSYRLQSGDAL,
up-regulated trans-intestinal cholesterol excretion (TICE), inhibited the expression of
cytochrome P450 family members (CYP7A1 and CYP8B1), reduced bile acid synthesis,
and increased cholesterol excretion in the liver, and thus both peptides have blood lipid-
lowering effects [45]. The blood lipid regulatory effect of soybean peptides may play an
important role in the treatment of CVD.

Hypertension is also a major risk factor for CVD. Effective treatments for hypertension
can reduce the burden of the population with CVD related to high blood pressure [111]. The
soybean peptide VHVV inhibited the ACE activity in hypertensive rats and activated the
SIRT1-PGC1α/Nrf2 pathway, which reduced the production of renal inflammatory factors
and the apoptosis of renal cells. This suggests that VHVV can improve hypertensive renal
damage [51]. Another study found that soybean peptides hydrolyzed by alkaline protease
and neutral protease had the highest inhibitory effect on ACE activity in hypertensive rats,
with an inhibition rate of 71.2% [81]. Ultrasonic fermentation increased the polypeptide
content of soybean meal by 36.2%, and thus the ACE inhibitory activity of the soybean meal
was increased in vitro by up to 70.05% [82]. In spontaneously hypertensive rats, feeding
with soybean oligopeptide at 4.50 g/kg for 30 days significantly reduced both systolic and
diastolic blood pressure as well as the quality and concentration of angiotensin II [81]. The
investigation of the blood pressure-lowering effect of soybean peptides has mostly focused
on the ACE inhibitory activity, and only a very few studies have seen the direct effects of
soybean peptides on blood pressure. More studies will be needed to investigate the direct
blood pressure-lowering effect in vivo and the effect of anti-hypertension on CVD.

There have been relatively few studies on the effects of soybean peptides on CVD.
Relatively few peptides were screened out. Further studies are still needed to screen more
potent peptides for CVD-regulating effects and to investigate the underlying mechanisms
of the anti-CVD activity of the peptides.

3.4. The Effect of Soybean Peptides on Cancer

Cancer has become the second-leading cause of death in the United States [112]. More
than 600,000 people in the United States died of cancer in 2021 [112]. Traditional cancer
treatments such as drug therapy and chemotherapy are expensive and can cause adverse
reactions or complications [113]. In recent years, some anti-tumor peptides have been reported,
including soybean peptides [114]. As a relatively inexpensive method, soybean peptides will
play an important role in the prevention and remission of cancer development [114].

Lunasin is a bioactive peptide with 43 amino acids and a molecular weight of 5.5 kDa,
originally isolated from soybean [83]. It has chemopreventive and therapeutic effects [83].
Studies have shown that Lunasin can effectively inhibit the proliferation of the non-small
cell lung cancer (NSCLC) cell line H661 by inhibiting the G1/S phase of the cell cycle
and altering the expression of related protein kinase complex components [83]. Thus, the
expression level of p27Kip1 and the phosphorylation level of Akt at S473 are altered, and
finally, the anti-cancer effect is achieved [83]. Lunasin had a significant inhibitory effect on
cell proliferation of human breast cancer cells, and the inhibitory rates of Lunasin extracted
from transgenic soybean and wild-type soybean were 43 and 23.8%, respectively [84].
Lunasin at the concentrations of 40 and 80 μM significantly increased the apoptosis of
colorectal cancer HCT-116 cells by reducing the level of the DNA repair enzyme (PARP)

32



Nutrients 2023, 15, 1811

protein (a marker of cell apoptosis) and increasing the expression of caspase-3 protein and
playing a certain role in inhibiting the tumorigenesis by prolonging the G1 phase [85]. As
discussed above, Lunasin can inhibit cell proliferation or increase apoptosis in various
cancer cells. It could be a potent substance for the prevention and treatment of cancer.

The size of soybean peptides also has a certain influence on the inhibition of cancer
cells. Gonzalez-Montoya and colleagues treated three human colon cancer cell lines (Caco-
2, HT-29, and HWT-116) with peptides of different lengths obtained after simulating
gastrointestinal digestion in vitro. They showed that the inhibitory effects of germinated
soybean peptides of different lengths on the proliferation of cancer cells were different [86].
However, more research on the underlying mechanisms of the most active peptides and
their potential protective effect on colon health in animal models with colon cancer is
still needed. Soybean peptides with different molecular weights inhibited cancer cell
proliferation in human blood, breast, and prostate at different degrees, with the 10–50 kDa
peptide from the N98-4445A soybean strain inhibiting CCRF-CEM blood cancer cells by
68% [115]. Peptides with different molecular weights from black bean also inhibited the
human hepatoma cell line (HepG2), cervical cancer cell line (HeLa), and lung cancer cell line
(MCF-7) at different rates, and the inhibitory effects of those with molecular weight < 4 kDa
on the growth of HepG2, HeLa, and MCF-7 cancer cells were 2.28-, 1.96-, and 5.91-fold,
respectively [47]. The maximum inhibition rate of these peptide segments on the growth of
HeLa cancer cells can reach 6.44-fold, which may be related to their hydrophobic interaction
and hydrogen bonds with target proteins such as Bcl-2, caspase-7, and caspase-3 [47].

Cancer is a chronic disease that cannot be completely cured at present. The anti-cancer
research on soybean peptides is helpful in inhibiting cancer cells. However, only a few
studies are focusing on the anti-cancer properties of soybean peptides. More studies will
be needed to screen and investigate the anti-cancer effect of more soybean bioactives in
animal models with different cancers.

4. Conclusions

Chronic diseases are comprehensive diseases with complex pathogenetic mechanisms.
With lifestyle changes, chronic diseases have become the main cause of human death in
the world. Finding bioactive substances that can regulate and treat chronic diseases has
become the unanimous desire of researchers. Bioactive peptides have been more and
more recognized for their activities in improving health and preventing or treating chronic
diseases. In addition to providing nutrition, food protein peptides can also provide more
functions through changes in specific biochemical pathways. Soybean-derived peptides
have received a lot of attention for their potent activities of anti-obesity, anti-diabetes, CVD
regulation, and anti-cancer, which are very important for the prevention and treatment of
chronic diseases (see Figure 4). After digestion, most peptides can be completely absorbed
by intestinal cells and transported to the corresponding target organs and cells.

This paper reviewed the bioactivity-related structures of soybean proteins and pep-
tides. It briefly introduced absorption and metabolism in the body and broadly reviewed
their functions related to chronic diseases, including anti-obesity, anti-diabetes, CVD reg-
ulation, and anti-cancer activity. According to previous reports, soybean proteins and
peptides are potent ingredients that may have a major impact on chronic diseases. It is
worth further investigation for more potential bioactivities and the underlying mechanisms
for these functions.

5. Prospect

In the past 20 years, soybean proteins and peptides have attracted extensive attention
for their variety of functions. Although it has fewer side effects, it is not as effective as drug
therapy. Functional studies on soybean peptides are extensive and inaccurate.

Single-functional soybean peptides have been widely studied, while multifunctional
peptides are still a challenging topic. It is necessary to extend the research from single-
functional peptides to multifunctional peptides in the future. This change should focus on
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the method of protein hydrolysis, as protein hydrolysates are complex mixed peptides, and
only some of these peptides have bioactive functions.

Although soybean peptides have multiple biological activities, their sensitivity to
gastrointestinal proteases and peptidases may lead to a loss of activity before reaching the
target organs. This aspect needs to be taken into account, and in vivo or clinical validation
will be needed before they can be utilized as a treatment strategy. The application of
advanced multi-omics technology and bioinformatics may be of great significance.

The main disadvantage of bioactive peptides is that they are easily degraded by
proteases and could be quickly cleared by the kidney, resulting in low bioavailability
and poor transmembrane absorption [64]. Small peptides are more easily absorbed than
large peptides because they can cross the intestinal barrier more easily and reach their
target organs [116]. Soybean peptides have great potential for improving human health.
However, there is still a lack of clinical data. In terms of commercialization, how to
improve the production technology and their bioavailability while ensuring their quality
needs further study.

Generally, food-derived bioactive peptides are characterized by poor absorption, dis-
tribution, metabolism, excretion, and toxicity (ADME-T). Currently, ADME characteristics
of bioactive peptides have been evaluated in vitro, in vivo, and in silico using various
tools [117]. However, how to improve their undesirable characteristics through struc-
tural modification or other aspects is still under investigation. The research on improving
the bioavailability of soybean peptides will bring great potential and challenges to the
development of functional foods or drugs.

Finally, long-term or excessive consumption of soybean peptides may cause allergic
reactions and other side effects or reduce digestive capacity in a small group of people.
Further research should also investigate the dose and duration for the effective utilization
of soybean peptides and avoid potential side effects for the small population. By addressing
most of these concerns, soybean peptides will play a significant role in the prevention and
treatment of chronic diseases.
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Abstract: Alcohol can cause injury and lead to an inflammatory response in the liver. The NF-
κB/AMPK signaling pathway plays a vital role in regulating intracellular inflammatory cytokine
levels. In this study, corn oligopeptides (CPs), as the research objects, were obtained from corn gluten
meal, and their regulation of the activation of the Kupffer cell NF-κB/AMPK signal pathway induced
by LPS was investigated. Results showed that ALT, AST, and inflammatory cytokines in mice serum
after the administration of CPs at 0.2, 0.4, and 0.8 g/kg of body weight displayed a distinct (p < 0.05)
reduction. On the other hand, the CPs also inhibited the expression of recognized receptor CD14 and
TLR4, down-regulated P-JNK, P-ERK, and P-p-38, and thus inhibited inflammatory cytokine levels in
Kupffer cells (KCs). Furthermore, four kinds of dipeptides with a leucine residue at the C-terminus
that might exhibit down-regulated inflammatory cytokines in the NF-κB/AMPK signaling pathway
functions were detected using HPLC-MS/MS. These results indicated that CPs have a potential
application value in acute alcoholic liver disease.

Keywords: corn oligopeptide; ALD; Kupffer cell; inflammatory cytokines; NF-κB/AMPK

1. Introduction

Alcoholic liver disease (ALD) is the hepatic manifestation of alcohol overconsumption.
ALD could be generally aroused by excessive and acute ingestion of alcohol [1,2]. According
to disease courses and severity, there are many forms of ALD, including fatty liver, alcoholic
hepatitis, and chronic hepatitis with hepatic fibrosis or cirrhosis [3,4]. It has been the major
cause of liver diseases in western countries. In the United States, the predicted number
of ALD patients is over two million [5]. In China, according to general statistics, there
are about 300 million drinkers. Varying degrees of alcoholic fatty liver can be observed
in about 80% of the people in this group, and 20% have suffered from severe alcoholic
liver disease [6]. With the increasing population of heavy drinkers, especially in northern
regions, ALD has become the second-largest liver disease in China, following the viral
hepatitis A and hepatitis B [7].

ALD has also given rise to a high mortality rate because of ineffective treatments. The
Veterans Administration Cooperative Studies have shown that the mortality rate of patients
with alcoholic hepatitis and cirrhosis exceeds 60% after 4 years [4,8,9]. Until now, no
satisfactory effects have been obtained by the treatments for ALD. This is mainly attributed
to the severe side effects of the drugs used in current treatments [10]. Thus, ALD has become
a major cause of morbidity and mortality worldwide [11,12]. Various mechanisms have
been proposed as the consequences of ALD, such as inflammatory cytokines, mitochondrial
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injury, and oxidative stress. Thus, the development of treatment for ALD has mainly
focused on drugs targeting these mechanisms, aiming to find safer treatments with fewer
side effects [13,14].

Food-derived oligopeptides are functional components derived from food protein
and exist in dietary protein with a specific amino acid sequence. After the protein is
degraded, these functional peptides are released and exhibit superior biological activities
in the process, including antioxidant, anti-inflammatory, immune regulating, antibacterial,
etc. Recently, several bioactive peptides extracted from natural products were studied, such
as ganodermalucidum peptides [15] and cassia seed peptides [16]. The protective impacts
of these peptides against hepatic damage induced by D-galactosamine or acetaminophen
have been proven [4]. Thus, the ALD-protective ingredients extracted from plants and
animals have attracted attention from researchers in academia and industry. Numerous
studies have confirmed that food-derived oligopeptides can be used as potential dietary
therapeutics and new functional raw materials for enhancing health [17].

Corn gluten meal (CGM) is a byproduct in the starch processing industry, and it
includes roughly 60% (w/w) protein [18]. Corn oligopeptides (CPs) are low molecular
weight peptides decomposed from CGM using enzymolysis [18,19]. In previous studies,
multiple functions of CPs have been studied and verified, such as the alleviation of fatigue,
resistance to the peroxidative reaction of lipids, suppression of angiotensin I-converting
enzyme, and promotion of ethanolic metabolism [1,19,20]. However, few studies have
detailed the effects and relevant mechanism of CPs on ALD, although existing results have
shown that they would be beneficial for treating ALD due to their antioxidant activity and
ethanolic metabolism promotion [3].

This study investigated the effects of CPs on alcoholic hepatic damage in an animal
model of mice. Biochemical markers assessed hepatic damage and treatment effects in
mice serum. In addition, the primary culture of KCs and relevant cytokines were applied
to explore the potential molecular mechanism of protective effects from CPs on alcoholic
hepatic damage. This work aims to provide a reference for functional activity research of
anti-inflammatories in ADL, nutritional food development, and the clinical applications
of CPs.

2. Materials and Methods

2.1. Preparation of CPs

CPs were prepared from CGM [21]. The CPs involved in this study were provided
by CF Haishi Biotechnology Ltd. Co. (Beijing, China). The CPs were prepared with
the following protocols: the CGM was suspended in distilled water after being ground
with a 60-mesh sieve (1:10, w/w). The suspension was then hydrolyzed at pH 11.0 and
90 ◦C for 1 h. The suspension was neutralized and centrifuged to recover the insoluble
protein precipitate. The insoluble protein precipitate was resuspended and subjected to the
procedures above. The wet corn protein isolate (CPI) was thus obtained.

The wet CPI was resuspended with a concentration of 6% (w/w) and subjected to a
two-step enzymatic hydrolysis. In the first step, the enzymatic hydrolysis was performed
with crude alkaline proteinases at pH 8.5 and 55 ◦C for 3 h. The second step was performed
with crude neutral proteinases at pH 7.0 and 45 ◦C for 2 h (Angel Yeast, Hubei, China).
The obtained hydrolysates were centrifuged to remove the insoluble impurities. The
supernatant was filtered successively through 10 and 1 kDa MWCO ceramic membranes.
The step of nanofiltration was carried out to remove the mineral salt. The salt-removed
solution was concentrated by cry concentration under vacuum at 70 °C, with an evaporation
rate of 500 kg/h. When the solution concentration was about 30 Baumé degrees, it was
decolored with 12% active carbon at 75 ◦C for 1 h. The carbon was then removed by
normal filtration after de-coloration. Most of the water was removed by spray drying
with a pressure of 20 MPa. The CP powder was obtained, and it was applied in the
following experiments.
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2.2. Identification of Corn Oligopeptides

CPs have been analyzed to determine the chemical components, amino acid composi-
tions, and molecular weight distribution. The crude protein, moisture, and ash content were
determined according to the methods specified by the Association of Official Analytical
Chemists. The amino acid composition was determined using an amino acid analyzer
(L-8900, Hitachi, Tokyo, Japan). The molecular weight distribution of the corn oligopep-
tide was established using HPLC (LC-20AD, Shimadzu, Kyoto, Japan) according to the
previously reported method. A total amino acid analysis was conducted with an amino
acid analyzer (835–50, Hitachi, Tokyo, Japan) [4,22]. The amino acid sequences of CPs were
detected by HPLC-MS/MS (8060, Shimadzu Corporation, Japan) with reference to Wei’s
method [23], and their main structures were revealed. Contents of the peptides in CPs were
estimated using LC−MS/MS in the multiple reaction monitoring (MRM) mode by using
the same RP-HPLC condition as described above. The synthetic peptides were used for the
optimization of the MRM condition using LabSolution Ver. 5.80 software.

2.3. Animal Models

Male Kunming mice were used for this study (approval number: 2016-0006). The
mice were aged 6 to 12 weeks and weighed 20 ± 2 g. All the mice were maintained in an
environmentally controlled room at 22 ± 1 ◦C, with a 12 h light/dark cycle (light from
7:00 to 19:00). The treatment and maintenance of animals were conducted according to the
Principle of Laboratory Animal Care (NIH Publication No. 85-23, revised 1985) and the
Peking University Animal Research Committee guidelines.

All mice were fed a normal AIN-93M rodent diet (Vital River Limited Company,
Beijing, China), and the main protein source was casein. The animals were randomly
assigned to 5 groups: a normal control group (defined as the standard group; n = 5), an
alcohol control group (defined as the control group; n = 10), and 3 CPs intervention groups
with different doses (designated as the LCP, MCP, and HCP groups; n = 10).

The mice in the control and experimental groups were administered with 50% ethanol
on day 7 in addition to the standard diet with a dose of 12 mL/kg of body weight. The
standard group was administered with saline solution in the same manner. In the experi-
mental groups, mice were pretreated with CPs 1 h before the ethanol administration, and
the dose was 0.2, 0.4, and 0.8 g/kg of body weight (respectively designated as CP-0.2,
CP-0.4, and CP-0.8) (the amount of corn peptides to be gavaged was based on the optimal
recommended daily dosage for humans (≤4.5 g/day)). The mice in the control group
were administrated with ethanol, without any treatment. All the mice fasted for 12 h after
ethanol treatment. Then, all the mice were anesthetized with pentobarbital. Blood was
taken from the mouse’s heart, and serum was obtained from the blood by centrifugation at
3000× g for 20 min at room temperature. The liver was carefully removed and immediately
frozen in liquid nitrogen and stored in a −80◦ freezer until use.

2.4. Evaluation of Hepatic Biomarkers
2.4.1. Enzyme Activities

The activities of alanine aminotransferase (ALT) and aspartate aminotransferase (AST)
in mice serum were analyzed by the Mouse Aspartate Aminotransferase ELISA Kit (Cusabio
Biotech Co., Ltd. Lot: CSB-E12649m, Wuhan, China) and Mouse Alanine Aminotransferase
ELISA Kit (Cusabio Biotech Co., Ltd. Lot: CSB-E16539m, Wuhan, China) following the
manufacturer’s instructions.

2.4.2. ELISA for TNF-α, IL-1, and IL-6 in Mice Serum

Mouse serum samples were analyzed for TNF-α, IL-1, and IL-6 levels with ELISA
following the manufacturer’s instructions. The involved ELISA kit was obtained from
Jiancheng Bioengineering Institute (Nanjing, China).
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2.4.3. Real-Time Quantitative PCR

Total RNA was extracted from the liver with the SV Total RNA Isolation System.
cDNA was synthesized from 1 μg of RNA by the First Strand cDNA Synthesis Kit for
RT-PCR (AMV). Real-time PCR was performed for TNF-a, IL-1, IL-6, and the housekeeping
gene, encoding glyceraldehyde-3-phosphate-dehydrogenase (GAPDH). It was carried out
with ABI PRISM 7000 Sequence Detection systems (Applied Biosystems, USA). The reaction
mixture was composed of Absolute TM QPCR SYBR Green Mixes (12.5 μL), forward and
reverse primers (5 μM and 1 μL each), nuclease-free water (8 μL), and a cDNA sample
(2.5 μL).

All primers were synthesized by Invitrogen (Invitrogen, Hong Kong, China). The
GAPDH gene was used as an internal control. The real-time PCR primer sequences for
these genes are shown in Table 1. The PCR conditions were as follows: 30 s at 95 ◦C for
1 cycle; 5 s at 95 ◦C; 31 s at 60 ◦C for 45 cycles; 15 s at 95 ◦C; 1 min at 60 ◦C; and 15 s at 95 ◦C.
Results were analyzed with ABI sequence Detection System software (Applied Biosystems,
Foster, CA, USA).

Table 1. PCR primers of mice used in this study.

Gene Primer Sequences (5′-3′) Product Length

TNF-α forward: CATCTTCTCAAAATTCGAGTGACAA 447 bp
reverse: TGGGAGTAGACAAGGTACAACCC

IL-1 forward: CTTCATCTTTGAAGAAGAGCCC 418 bp
reverse: CTCTGCAGACTCAAACTCCAC

IL-6 forward: TTCACAAGTCCGGACAGGAG 488 bp
reverse: TGGTCTTGGTCCTTAGCCAC 3

GAPDH forward: GAAGGTGAAGGTCGGAGTCA 402 bp
reverse: TTCACACCCATGACGAACAT

2.4.4. Isolation and Culture of Murine Kupffer Cells (KCs)

KCs were isolated according to the method described previously [24]. Briefly, each
liver was first perfused with calcium- and magnesium-free D-Hank’s solution until the liver
became completely blanched. After gently mashing the liver, the digestion was allowed to
proceed in this solution for 10 min at 37 ◦C, with stirring. It was then centrifuged at 300× g
at 4 ◦C for 5 min, and the pellet was washed three times with 40 mL cold HBSS containing
10 mmol/L HEPES and 10 mg/mL DNase (HBSS + HEPES/DNase). The final pellet
was resuspended in 40 mL HBSS + HEPES/DNase and centrifuged at 100× g at 4 ◦C for
1 min. The resulting supernatant (containing most of the hepatic non-parenchymal cells)
was layered on a sterile Percoll gradient (15 mL 25% Percoll over 15 mL 50% Percoll), which
was then centrifuged at 900× g for 20 min. The lower zone, including the interface zone,
was collected and resuspended in 40 mL cold HBSS + HEPES/DNase and centrifuged at
900× g for 5 min. The pellet was resuspended, washed twice with HBSS + HEPES/DNase,
and then resuspended in RPMI 1640 medium with 10 mmol/L HEPES. The final cell
pellets were resuspended in the appropriate volume of RPMI 1640 medium supplemented
with 10% endotoxin-free FCS, 100 U/mL penicillin, 100 U/mL streptomycins, 15 mM
L-glutamine, and 10 mM HEPES to achieve a final concentration of 1 × 106 viable cells/mL.
The cell suspensions were seeded in 90 mm culture dishes and incubated at 37 ◦C in
5% CO2 air for 3 h to allow the adhesion of KCs. Non-adherent cells were removed by
vigorous washing with Hank’s solution. Over 90% of the adherent cells were identified
to be KCs by positive peroxide staining. The adherent cells were then trypsinized for
cell detachment. They were sub-cultured at 2 × 106 cells/mL in 35 mm dishes for 24 h
to recover from isolation and adherence for in vitro stimulation. The cells were exposed
to E. coli LPS (60 ng/mL); at the same time, the CPs with a concentration of 0.1, 0.5, and
1 mg/mL were added respectively and incubated at 37 ◦C for 1 h or 12 h. Kupffer cell
viability with CPs was assessed using the MTT, as described previously [25].
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2.4.5. Extraction of Proteins

After 1 h incubation, the cells (2 × 106) were washed with ice-cold phosphate-buffered
saline (PBS) and were lysed by adding ice-cold SDS sample buffer containing 62.5 mM
Tris-HCL (pH 6.8), 2% SDS, 10% glycerol, 50 mM DTT, and 0.1% bromphenol blue. The cell
extract was collected into a microfuge tube and was sonicated for 10 to 15 s to shear DNA
and reduce sample viscosity. The sample was followed by heating to 95 ◦C to 100 ◦C for
5 min, and it was spun for 20 min at 4 ◦C at 15,000 g in a microfuge. The supernatant was
decanted, and a small aliquot was removed for protein assessment. The rest of the sample
was aliquoted and frozen at −70 ◦C until the application for western blotting.

2.5. Western Blot Analyses

Protein samples were resolved by SDS-PAGE and transferred to nitrocellulose mem-
branes (Roche Diagnostics, Rotkreuz, Switzerland). These nitrocellulose membranes were
blocked with 5% skimmed milk powder/Tris-buffered saline with 0.1% Tween20 (w/v)
at 4 ◦C overnight. After that, the membranes were incubated with the primary antibod-
ies:inhibitor of κB kinase-α (IκB-α; Santa Cruz Biotechnology, Delaware Ave Santa Cruz,
CA, USA; dilution ratio; 1:1000), TLR4, CD14 (Santa Cruz Biotechnology, USA; dilution
ratio; 1:200), p-p38, p-JNK, p-ERK, total p38, total JNK, total ERK (Cell Signaling Tech-
nology, Boston, CA, USA; all at 1:200), and β-actin (Cell Signaling Technology, Boston,
CA, USA; 1:500); the samples were incubated overnight at 4 ◦C. Then, membranes were
treated with HRP-conjugated anti-rabbit IgG (H + L) as the second antibody (Promega,
Madison, WI, USA; dilution ratio; 1:2000). Chemiluminescent HRP Substrate examined the
immunoblotting (Cat. NO: WBKLS0100; ImmobilonTMWestern, MA, USA) according to
the manufacturer’s instructions. Membranes were exposed by a FUJIFILM Luminescent
Image Analyzer LAS-1000 (Macintosh TM, USA). The intensities of the resulting bands
were quantified by Quantity One software on an AGS-800 densitometer (BioRad, Hercules,
CA, USA).

2.6. Statistical Analyses

The data were expressed as mean ± SD. ANOVA and multiple comparisons were
applied to calculate the statistical difference between groups. The significance level was set
at 95%. All statistical calculations were performed with the SPSS 21.0 software for windows.

3. Results

3.1. The Chemical Composition of CPs

Table 2 displays the specific chemical compositions obtained by the analysis and
indicates that corn oligopeptide had a high protein (83.60%) and peptide (79.23%) content.
Other components in the powder had 3.78% water and 3.90% ash. The results of Table 1
show that corn oligopeptide contained considerable amounts of branched-chain amino
acids (21.44%), including valine (2.72%), leucine (16.73%), and isoleucine (1.99%). Rich
branched-chain amino acid compositions play an essential role in the regulation of human
liver physiological functions.

Table 2. Chemical composition of CPs.

Corn Oligopetides

Moisture (%) 3.78 ± 0.11
Ash (%) 3.90 ± 0.13

Protein (%) 83.60 ± 1.21
Peptide (%) 79.23 ± 1.19

Amino acid composition (%)
Ala 8.17
Pro 6.52
Val 2.72
Met 1.97
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Table 2. Cont.

Corn Oligopetides

Ile 1.99
Leu 16.73
Phe 4.33
Trp 0.23
Asp 4.73
Ser 4.14
Glu 22.72
His 1.03
Gly 1.18
Arg 1.35
Thr 2.22
Cys 2.17
Tyr 4.29
Lys 0.25

Table 3 and Figure 1 show that 96.51% of the peptides in the CPs were below a
molecular weight of 1000 Da and that the average molecular weight in the CP mixture
was 349 Da. The average molecular weight of amino acids was 137 Da, and the mean
peptide length was approximately 2.5 residues. Peptide compositions of CPs mostly were
represented by dipeptides or tripeptides, which can be absorbed and transported more
efficiently than either amino acids or intact proteins.

Figure 2 shows that the main peptide sequences in the CPs are pEL, LL, VL, and TL,
and their proportions in the CPs are 0.72%, 0.27%, 0.17%, and 0.14%, respectively. Previous
studies have shown that VL and LL exhibit protect liver effects [1,26] and TL exhibits
inflammatory level inhibitory effects [27,28]. Therefore, CPS may have anti-inflammatory
and protect liver functions due to the presence of these peptides.

Table 3. Molecular weight distributions of corn oligopeptides.

Molecular Weight (u) Over 10,000 3000–10,000 1000–3000 150–1000 Below 150

Distributions (%) 0.0000 0.1513 3.3431 77.5960 18.9096

Figure 1. Corn oligopeptide chromatogram (220 nm).

45



Nutrients 2022, 14, 4194

Figure 2. CPs main peptides sequences.

3.2. The Inhibition Effects of CPs on AST and ALT in Mice Serum

AST and ALT exist in organs, including the liver, heart, skeletal muscle, and kidneys.
The concentrations of AST and ALT in serum were maintained within a certain level.
When there was liver cell damage, the levels of AST and ALT increased correspondingly.
Therefore, in clinical practice, liver damage will be reflected by testing AST and ALT. In
this work, the ALT and AST in the standard group were less than 70 IU/L and 100 IU/L
(Figure 3A,B). With the treatment of ethanol, the levels of AST and ALT were increased to
more than 600 IU/L and 180 IU/L. If mice were pretreated with CPs (0.2, 0.4, and 0.8 g/kg
of body weight), after ethanol treatment, the levels of AST and ALT were reduced with
the increased concentration of CPs (Figure 3A,B). In the group of CP-0.8, the levels of both
AST and ALT were close to that of the standard group without ethanol treatment, with no
significant damage to liver cells. This indicated that CPs had an excellent protective effect
on the liver.
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Figure 3. The effects of CPs on transaminase activities in mice serum at 12 h after ethanol treatment.
(A) The level of AST. (B) The level of ALT. Values are expressed as means ± SEM (n = 5–10). Values
with different letters are significantly different (p < 0.05).

3.3. The Inhibition Effects of CPs on Inflammatory Factors in Mice Serum

IL-1, IL-6, and TNF-α are pro-inflammatory cytokines in the inflammatory response. The
pathogenic role of pro-inflammatory factor signaling in ALD is attributable to the activation of
the inflammatory response. In this work, after the treatment of ethanol, the level of IL-1, IL-6,
and TNF-α were all dramatically increased compared with standard groups without ethanol
(Figure 4A–C). However, with the pretreatment of CPs, the factors maintained a relatively low
concentration. The level was decreased with the increased CPs concentration.

Figure 4. The effects of CPs on the levels of IL-1 (A), IL-6 (B), and TNF-α (C) in mice serum at 12 h
after ethanol treatment. Values are expressed as mean ± SEM (n = 5–10). Values with different letters
are significantly different at p < 0.05.
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The mRNA expression levels of pro-inflammatory cytokines IL-1, IL-6, and TNF-α
in the liver were analyzed after ethanol treatment with or without CPs pretreatment.
Real-time PCR was performed to quantify the mRNA expression level. This is expressed
as the ratio to the housekeeping gene encoding GAPDH. In this study, the mRNA
expression levels of IL-1, IL-6, and TNF-α were upregulated after ethanol treatment,
compared to that of the standard group without any treatment (Figure 5A–C). With the
pretreatment of CPs (CP-0.8), the IL-1, IL-6, and TNF-α were maintained at relatively
low levels compared to the control group after ethanol treatment (Figure 5A–C). These
results indicated that CPs played an essential role in regulating the mRNA expression
levels of inflammatory cytokines.

Figure 5. The effects of CPs on the mRNA expression of IL-1 (A), IL-6 (B), and TNF-α (C) in mice
liver at 12 h after ethanol treatment. Values are expressed as means ± SEM (n = 5–10). Values with
different letters are significantly different at p < 0.05.

3.4. The Molecular Mechanism of Effects from CPs on LPS-Induced Kuffer Cells (KCs)

The LPS-induced signaling is typical and critical in the initiation and process of ALD.
LPS can be recognized by cell differentiation antigen (CD14) and toll-like receptor 4 (TLR4).
The downstream signaling pathways are activated and end in activating transcription
factors, including nuclear factor (NF)-κB [13,29].

The cell viability of Kupffer cells was determined after treatment with different concen-
trations of CPs (0.1, 0.5, 1, 2, 5, 10 mg/mL). The results are shown in Figure 6. Compared
with the control, the cell viability after treatment with 1 mg/mL did not show significant sta-
tistical difference for 12 h, while the treatment at the concentration of 2–10 mg/mL slightly
decreased the cell viability; thus, the optimal concentration of CPS is below 2 mg/mL.
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Figure 6. Effect of CPs concentration on cell viability in Kupffer cells after 12 h treatment. Different
letters represented the significant difference at p < 0.05.

The western blot analysis was used to compare the expression of CD14 and TLR4 in
three groups: standard group without any treatment, LPS treated group, and both LPS and
CPs treated group (1 mg/mL, Figure 7A). In the LPS treated group, the expression level of
CD14 was upregulated to be 150% and 180%, respectively, compared to the expression of
β-actin (Figure 7B,C). However, in the presence of CPs with a concentration of 1 mg/mL,
the expression of CD14 and TLR4 in the LPS treated group was down-regulated. The
expression level was approximately equal to or a little more than that in the standard group
(Figure 7B,C).

Figure 7. The effects of protein expression at 1 h after LPS administration in Kupffer cells: (A) Bands
of proteins. The values of CD14 (B) and TLR4 (C) were normalized by the value of the total protein.
(D) The effects of CPs on IkB-α degradation at 1 h after LPS administration in Kupffer cells. The
expression levels of phosphorylated and total JNK, ERK, and p-38 protein were detected by western
blotting. The value of JNK (E), ERK (F), and p-38 (G) were normalized by the value of the total
protein. The effects of CPs on the TNF-α (H) and IL-1 (I) expression level in supernatants of KCs at
12 h after LPS treatment. Different letters represented the significant difference at p < 0.05.
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In the LPS treated group, the NF-κB was activated, and JNK, ERK, and p-38 protein
phosphorylation was enhanced. This led to an inflammatory response and the upregulated
expression of inflammatory cytokines, such as TNF-α and IL-1. It also led to additional liver
cell damage. In the western blot analysis, after adding both CPs and LPS, the expression
level of IkB-α was increased, and its inhibition effect on NF-κB was enhanced (Figure 2D).
As a result, the phosphorylation of JNK, ERK, and p-38 protein was down-regulated
compared to the LPS treated control group (Figure 7E–G). After adding CPs and LPS,
the expression of TNF-α and IL-1 were significantly down-regulated, although the level
was still higher than that in the standard group and the group treated only with CPs
(Figure 7H,I). Therefore, CPs as a functional food have the potential activity to prevent
up-regulation of inflammation levels induced by alcohol.

4. Discussion

The pathogenesis of ALD involves many factors, such as genetics and nutrition, in
addition to many injurious factors such as oxidative stress, bacterial lipopolysaccharides
(LPS) and cytokines [30,31]. The development of treatment of ALD has been limited since
the 1970s [11,32], and most of the treatments have been associated with side effects. As a
result, more and more research is beginning to explore new treatments that combine the
pathogenesis of ALD from natural active ingredients with the ability to protect the liver
from alcohol damage.

Maize is a popular food for people all over the world. Studies have proven the safety
of CPs. They also have various functions, such as antioxidant, anti-inflammatory, anti-
hypertensive, immune boosting, and anti-fatigue [4,17]. Some researchers have found a
protective effect of CPs against early alcoholic liver injury in mice and rats [33,34]. They
focused mainly on AST, ALT, and SOD activity and MDA levels in serum. In addition,
abnormal lipid metabolism could be improved [4]. Our results found that maize peptides
contain a large number of branched-chain amino acids, including valine, leucine, and
isoleucine. The study showed that oral BCAA supplements improved the manifestations
of recurrent hepatic encephalopathy in patients with cirrhosis, without effects on mortality,
nutrition, or adverse events [35]. Tedesco, Laura et al. found that branched-chain amino
acid supplementation could be used to reduce the risk of cirrhosis, improves mitochondrial
functional integrity against EtOH toxicity, and preserves liver integrity in mammals [36].

In recent years, an increasing number of studies have focused on the inflammatory
mechanisms (innate immune mechanisms) of ALD. It is believed that activation of KCs is
a major trigger of hepatotoxicity and liver injury [37]. KCs are macrophages in the liver
and account for 15% of all liver cells. lPS is phagocytosed by KCs, which then produce
TNF-α and other inflammatory mediators. Degeneration and necrosis of hepatocytes
is promoted [38,39]. The LPS-Kupffer cell signaling modality has been implicated in
the protective effect of CPs against ALD. Previous studies have demonstrated that CPs
are an effective model for screening drugs for ALD treatment [40,41]. The researchers
demonstrated that the protective effect of the Chinese herbal formula Qing Gan Hou
Pu Fang was achieved by regulating related molecules in a similar signaling pathway
to LPS-KCs.

In previous studies, ethanol ingestion led to damage to the gut barrier. Gut barrier
dysfunction results in an elevation of circling bacterial endotoxins, which plays a key role
in triggering LPS as recognized by the ethanol-induced expression of the CD14/TLR4
receptor. This leads to the production of pro-inflammatory cytokines. In our study, we
found that liver tissue inflammatory factors were abundantly expressed. We speculated that
this was caused by elevated LPS [42]. Therefore, we examined the role of LPS in inducing
inflammation onset in KCs cells. The results showed that the presence of CPs tended to
reduce the expression of CD14/TLR4 on the cell membrane of KCs. The translocation of
NF-κB was significantly inhibited in the nucleus of KCs. Then, the phosphorylation of JNK,
ERK, and p-38 protein was down-regulated. The expression of inflammatory cytokines
such as TNF-α and IL-1 could be reduced. Thus, the inflammatory response could be
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inhibited. The results were consistent with the concentration variation of TNF-α and IL-1
in serum and the level of ALT and AST. Therefore, it was concluded that CPs could inhibit
intracellular inflammation by improving LPS-induced KCs cell activation and reducing
intracellular NF-κB and MAPK cell pathway activation to protect mice from hepatocyte
injury. However, it is worth noting that, although the CPs have natural ingredients, more
clinical studies should be carried out to prove the clinical performance of CPs on ALD. KCs
signal pathway-based evaluation methods could also be applied to evaluate other natural
ingredients in ALD treatments.

5. Conclusions

In this study, the role of natural CP in protecting the liver from alcohol damage by
inhibiting LPS-induced activation of KCs cells was successfully demonstrated. It proves
to be potential food therapy for patients with ALD. The primary culture was involved
in evaluating the effect mechanism from CPs on KCs. The KCs-related signal pathway
could also be applied to evaluate other treatments for ALD. In addition, the KCs are closely
related to liver transplants. Further studies should be performed to develop treatments
based on the functions of CPs and other natural ingredients.
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Abstract: The carnosine and anserine, which represent histidine dipeptides (HD), are abundant in
chicken broth (CB). HD are endogenous dipeptide that has excellent antioxidant and immunomodu-
latory effects. The immunomodulatory effect of CB hydrolysate (CBH) and HD in cyclophosphamide
(CTX)-induced immunosuppressed mice was examined in this study. CBH and HD were given to
mice via oral gavage for 15 days, accompanied by intraperitoneal CTX administration to induce
immunosuppression. CBH and HD treatment were observed to reduce immune organ atrophy
(p < 0.05) and stimulate the proliferation of splenic lymphocytes (p < 0.05) while improving white
blood cell, immunoglobulin M (IgM), IgG, and IgA levels (p < 0.05). Moreover, CBH and HD strongly
stimulated interleukin-2 (IL-2) and interferon-gamma (IFN-γ) production by up-regulating IL-2
and IFN-γ mRNA expression (p < 0.05) while inhibiting interleukin-10 (IL-10) overproduction and
IL-10 mRNA expression (p < 0.05). In addition, CBH and HD prevented the inhibition of the nitric ox-
ide (NP)/cyclic guanosine monophosphate-cyclic adenosine monophosphate (cGMP-cAMP)/protein
kinase A (PKA) signaling pathway (p < 0.05). These results indicate that CBH and HD have the
potential to prevent immunosuppression induced by CTX. Our data demonstrate that CBH can
effectively improve the immune capacity of immunosuppressed mice similar to the same amount of
purified HD, which indicates that CBH plays its role through its own HD.

Keywords: chicken broth hydrolysate; histidine dipeptides; carnosine; anserine; immunomodulatory;
cyclophosphamide; immunosuppressed mice

1. Introduction

Chicken broth (CB) is an ideal food for those recovering from illness since it is nu-
tritious, easily digestible, and contains high levels of proteins, free amino acids, and
polysaccharides [1,2]. Since it is easy to prepare, healthy, and delicious, CB has become a
typical dish on family and restaurant tables. In Asia, CB has long been used as a nutritional
supplement because it boosts immunity, combats fatigue, and prevents colds [3].

Histidine dipeptides (HD) represent a class of water-soluble dipeptides typically
found in the skeletal muscles and brain tissue of many vertebrates and primarily include
carnosine (CAR), anserine (ANS), and balenine [4]. The CAR and ANS structures are
shown in Figure 1A. CAR and ANS can be synthesized in the body or ingested through
diet. CAR and its derivatives are present in substantial levels in red and white meats (beef,
chicken, and pork), as well as fish, in the human diet [5]. The order of the HD content in
various common animals are as follows: Turkey > chicken > horse > pig > rabbit > cattle [6].
The HD content of meat products can be altered via Specific food processing technology.
Papain and flavourzyme protease are often used in food processing to improve CB flavor
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and protein concentration, and the subsequent CB exhibited better taste and flavor than
traditional chicken soup [7]. In addition, chicken meat extract contains high CAR and ANS
concentrations at a 1:2 to 1:3 ratio [8].

Figure 1. The structure of CAR and ANS (A). The protein and free amino acid content in CB (B). The
effect of different enzymatic hydrolytic treatments on the HD content in the CB (C). Different letters
indicated significant differences among the groups (p < 0.05).

HD can fulfill many physiological functions in the human body. The antioxidant
and anti-inflammatory characteristics of HD are responsible for the majority of its ben-
eficial effects, including immunological modulation, anti-aging, anti-neurodegenerative
illness, anti-diabetes, and others. The ability of HD to act as an antioxidant is its their
primary function [9]. CAR supplementation can decrease levels of advanced glycation end-
products, malondialdehyde, protein carbonyl, and advanced oxidized protein product, as
well as the generation of reactive oxygen species in the serum and liver of elderly rats [10].
Antonini et al. [11] proved that a diet rich in meat and CAR increased the antioxidant
activity of human serum. Additionally, CAR has been shown to play an anti-aging role
by suppressing telomere shortening, antioxidant activity, carbonyl scavenging, glycolysis
suppression, the upregulation of mitochondrial activity, and the rejuvenation of senescent
cells [12]. It also improves collagen content in the skin and may prevent skin aging [13].
Daily ANS/CAR supplementation is beneficial to the memory, cognitive function, and
physical activity of elderly people [14]. In addition, CAR was indicated to possess immune
regulation effects [15]. During the last 5 years, the ability of CAR to modulate different
activities of immune cells such as macrophages has been demonstrated [16,17]. It has been
demonstrated that the interaction of CAR with particular receptors on the cell membrane
could modify macrophage function by enhancing their phagocytotic activity [18,19]. It
has also been demonstrated that HD can influence NO production and macrophage po-
larization [20,21]. CAR maintained spleen lymphocyte number by inhibiting lymphocyte
apoptosis and stimulating lymphocyte proliferation, thus preventing immunocompromise
in mice [22]. Deng et al. [23] suggested that CAR can protect murine bone marrow cells
from cyclophosphamide (CTX)-induced DNA damage via its antioxidant activity. Thus,
HD has a significant impact on immune response regulation.

HD is a beneficial functional component of CB. The resistance immunosuppression
function of CB may be played through HD. Therefore, we increased the HD content of CB
by enzymatic hydrolysis pretreatment with suitable enzymes in this study. Additionally, in
order to understand the immunity-enhancing effect of CB hydrolysate (CBH) and identify

54



Nutrients 2022, 14, 4491

its major functional constituents, we studied the immunomodulatory effects of CBH and
HD on CTX-treated mice. If CBH aids in the recovery of immunosuppression, it could be a
safe and effective booster for postoperative patients.

2. Materials and Methods

2.1. Materials and Chemicals

Hetian chicken was purchased from the Hetian Chicken Development Co., Ltd. (Fujian,
China). Neutrase, Bromelain, Papain, Flavourzyme, and Protamex were obtained from the
Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). CTX was purchased from
the Jiangsu Hengrui Medicine Co., Ltd. (Jiangsu, China). The CAR and ANS standards
were acquired from the Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China).
Levamisole was purchased from the Novozymes (China) Investment Co., Ltd. (Beijing,
China). Roswell Park Memorial Institute (RPMI) 1640 medium and fetal bovine serum
(FBS) were procured from Gibco (Grand Island, NY, USA). Concanavalin A (con A) and
3[4,5-dimethylththiazoyl-2-yl]2,5-diphenyltetrazolium bromide (MTT) were purchased
from Sigma Aldrich Co. (St Louis, MO, USA). The enzyme-linked immunosorbent assay
(ELISA) kits for the immunoglobulin M (IgM), immunoglobulin G (IgG), immunoglobulin
A (IgA), interleukin-2 (IL-2), interleukin-10 (IL-10), interferon-gamma (IFN-γ), nitric oxide
(NO), cyclic guanosine monophosphate (cGMP), cyclic adenosine monophosphate (cAMP),
and protein kinase A (PKA) were purchased from the Meimian Biotechnology Co. Ltd.
(Jiangsu, China). All chemical reagents were of analytical grade.

2.2. Preparation of the CB
2.2.1. Extracting the HD from the Chicken Breast

A meat grinder was used to mince the chopped chicken breast meat. Following that,
100 g of the minced chicken breast flesh was combined with 100 mL of deionized water and
maintained in a water bath at 100 ◦C for 15 min to inactivate the CAR enzymes, followed
by 30 min of ultrasonic extraction. Next, the mixture was centrifuged at 12,000 r/min for
8 min at 4 ◦C. The supernatant was then filtered to a constant volume of 1000 mL with a
0.22 μm nylon filter.

2.2.2. Traditional CB

The chicken breast was cut into small pieces of 1 cm3. Next, 200 mL deionized water
was added to 100 g minced chicken breast flesh. The mixture was added to a steamer and
stewed for 4 h at a pressure of 0.07 MPa at 100 ◦C. The prepared CB was centrifuged at
4 ◦C for 8 min at 12,000 r/min. The supernatant was then filtered to a constant volume of
1000 mL with a 0.22 μm nylon filter.

2.2.3. Enzymolysis of the CB

The chicken breast was cut into small pieces of 1 cm3. Subsequently, 200 mL deionized
water was added to 100 g minced chicken breast flesh. The mixture was hydrolyzed using
Neutrase (pH 7, 45 ◦C), Papain (pH 6.5, 55 ◦C), Bromelain (pH 6.5, 45 ◦C), Flavourzyme
(pH 7.5, 50 ◦C), and Protamex (Papain: Flavourzyme 1:1, pH 7, 45 ◦C) according to the
amount of enzyme added at 1000 U/g, respectively, adjusted to the optimum temperature
and pH of the enzyme. In the process of enzymatic hydrolysis, 1 mol/L NaOH was added
to adjust the pH value of the system to remain constant, and the system was enzymatic
for 2 h. After enzymatic hydrolysis, the mixture was heated to 100 ◦C for 10 min to
inactivate the enzymes. Next, the mixture was placed in a steamer and stewed for 4 h at a
pressure of 0.07 MPa at 100 ◦C. The CBH was cooled and centrifuged at 4 ◦C for 30 min at
12,000 r/min. The supernatant was then filtered to a constant volume of 1000 mL with a
0.22 μm nylon filter.
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2.3. Protein and Free Amino Acid Analysis of the CB

The Kjeldahl method (Kjeltec 8000, FOSS Analytical A/S, Denmark) was used to assess
the protein concentrations in the CB. The CB was centrifuged for 10 min at 9600 r/min
under 4 ◦C. The fat from the supernatant was removed and lyophilized to produce CB
Powder. Separately, CB Powder was redissolved by Sodium Loading Buffer. The solutions
were analyzed with an automatic amino acid analyzer (Biochrom 30+, Biochrom Ltd.,
Cambridge, England) after filtration through a 0.45 μm nylon filter membrane (Cleman,
Beijing, China). Absorbance was recorded at 570 nm and 440 nm.

2.4. UPLC Analysis of the HD

UPLC was used to analyze the CAR and ANS in chicken breast, CB, and CBH. A 10 μL
sample was injected into the UPLC system (Agilent, 1290 Infinity II), and the separation
was performed using the Poroshell 120 HILIC-Z column (2.1 mm × 100 mm, 2.7 μm). The
mobile phase was composed of 90% acetonitrile and 0.1% trifluoroacetic acid at a liquid
flow rate of 0.2 mL/min. The detection wavelength was 210 nm.

2.5. Animals

In this case, 50 eight-week-old ICR male mice (SPF Beijing Biotechnology Co., Ltd.,
Beijing, China) weighing 35 ± 2 g were used. All mice were housed under controlled
temperature (22 ± 2 ◦C) and humidity (50–60%), with a 12 h light: 12 h dark cycle. The
experimental protocol was approved by the Institutional Animal Care and Use Committee
at the Pony Testing International Group Co., Ltd., Beijing, China (No. PONY-2021-FL-03).

2.6. Experimental Procedures

After a one-week acclimatization period, all mice were randomly divided into five
groups (10 per group): (1) Normal group, (2) CTX group, (3) Levamisole group, (4) CBH
group, and (5) HD group. Mice in the Levamisole group received Levamisole daily by oral
gavage for 15 days at a dose of 10 mg/kg body weight. Mice in the CBH group and HD
group received CBH and HD daily by oral gavage for 15 days. After negative pressure
concentration, the HD concentration in the CBH was 30 mg/mL, including 9.41 mg/mL
CAR and 20.59 mg/mL ANS. The HD doses were equivalent to the HD concentration and
proportion in the CBH. Whereas mice in the Normal group and CTX group were treated
with the same volume of distilled water. Each group of mice had a gavage volume of
0.1 mL (10 g·bw)−1. The immunosuppressed mouse model was established by intraperi-
toneal injection of CTX. On days 13 to 15, the mice in groups (2) to (5) were intraperitoneally
administered with CTX (80 mg/kg/d). The identical volume of physiological saline was
given intraperitoneally to group (1). The mice were fasted for 12 h after the last injection
and then executed by cervical dislocation.

2.7. Determination of the Body Weight and Immune Organ Index

Take measurements of the mice’s body weight before and after the experiment. After
the mice were sacrificed, the thymus and spleen tissues were immediately dissected,
washed in pre-cooled normal saline at 4 ◦C, dried using filter paper, and weighed. The
organ index was calculated as follows:

Organ index (mg/g) = Organ weight (mg)/Bodyweight (g) (1)

2.8. Determination of Splenic Lymphocytes Proliferation

The spleens of the sacrificed mice were aseptically dissected and placed in cold Hank’s
solution. The spleens were then pulverized using a sterilized glass rod and gently pressed
through a 200 mesh, sterile metal strainer, after which the single-cell suspension was
obtained. The suspension was centrifuged at 1000 r/min for 10 min at 4 ◦C after being
rinsed twice with Hank’s solution. The cells were then moved to an RPMI-1640 medium
with 10% FBS after the supernatant fluid was discarded. The cell concentration was adjusted
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to 3 × 106 cells/mL. The cells were seeded at a density of 3 × 106 cells per well in a 24-well
flat-bottomed plate with or without Con A (7.5 μg/mL) and incubated with 5% CO2 for 72 h
at 37 ◦C. The plates were then centrifuged at 200× g for 10 min, after which the splenocyte
culture supernatants were collected and stored at −80 ◦C until analysis for cytokines. Next,
the splenic lymphocyte proliferation was detected by MTT assay.

2.9. Hematological Analyses

Blood was collected from the eyes of the mice 12 h after the last drug administration.
The white blood cells (WBC), neutrophils (NEU), lymphocytes (LYM), red blood cells (RBC),
hemoglobin (HGB) concentration, and platelet (PLT) number were determined using a
hematology analyzer (HEMAVET 950, Drew Scientific Group, Dallas, TX, USA).

2.10. Assay of Immunoglobulins in the Serum

Serum was extracted from the blood taken from the eyes of mice after centrifugation.
The serum IgM, IgG, and IgA concentrations were determined using ELISA kits.

2.11. Measurement of the Cytokines

The IL-2, IL-10, IFN-γ, and NO levels in the splenocyte culture supernatants were
detected using ELISA Kits.

2.12. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) Analysis

In this case, qRT-PCR was used to evaluate the mRNA expression levels of IL-2, IL-10,
and IFN-γ. The mice’s spleens were extracted in a sterile setting and washed twice in
PBS. The spleens’ total RNA was isolated using Trizol reagent. The RNA concentration
and purity were determined using an Ultra-micro spectrophotometer (Nanodrop 2000c,
Thermo Fisher Scientific, Chicago, IL, USA). The total RNA (2 μg) was converted into cDNA
using PrimeScript RT Master Mix (Takara-bio, Shiga, Japan), while qRT-PCR amplification
was performed using Probe qPCR Mix (Takara-bio, Japan). The 18s rRNA was used to
normalize the IL-2, IL-10, and IFN-γ mRNA expression. The relative expression levels of
the target genes were calculated based on 2−ΔΔCt.

2.13. Measurement of cAMP/cGMP Levels and PKA Activity

After an incubation period of 72 h, the splenocytes were rinsed three times with PBS
and centrifuged at 1500 r/min for 5 min at 4 ◦C. RIPA buffer was used to lyse the cells for
30 min. The splenocyte supernatants were collected via centrifugation at 12,000 rpm for
5 min at 4 ◦C. The cAMP/cGMP levels and PKA activity were detected using ELISA kits.

2.14. Statistical Analysis

Data were expressed as the mean ± standard deviation (SD). The results were analyzed
with one-way analysis of variance (ANOVA) followed by Tukey’s method, using SPSS 23
software, while the graphs were created using Graph Pad Prism 7.

3. Results and Discussion

3.1. Characterization of the CBH

As shown in Figure 1B, CB had a protein content of 3.59 ± 0.07 g/100 mL. CB contained
334.43 mg/100 mL of total free amino acids, with His being the most abundant, followed
by Glu, Ala, and Ser. In this study, chicken breasts containing a high level of HD were
selected to prepare the CB. Enzymatic hydrolysis is a standard method used during chicken
processing to improve the flavor and taste of the products [7]. It also increases the hydrolytic
degree of chicken protein and produces more peptides that are easily absorbed. Different
proteases were used in the experiment to prepare the CBH. The results showed that different
enzymatic hydrolysis treatments significantly increased the HD content in the CBH. As
shown in Figure 1B, ANS content in the CBH ranked as follows: Protamex > Papain
> Flavourzyme > Bromelain > Neutrase. The ANS content in the CB hydrolyzed with
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Protamex was the highest and significantly exceeded that in the other four enzymolytic
CB groups (p < 0.05). Furthermore, CAR content was considerably greater in the CB
hydrolyzed with Papain and Protamex than in the other three enzymolytic CB groups
(p < 0.05). Therefore, after enzymatic hydrolysis using Protamex, the HD content of the
CBH can be effectively increased during the cooking process.

3.2. The Effect of CBH on the Body Weight and Immune Organ Index

Bodyweight was a good predictor of the mice’s growth status. The mice were randomly
assigned to five groups based on body weight after a week of acclimatization using the
randomized design method. Table 1 showed that although no significant differences were
evident between the final weight of the mice from each group, it was higher than the initial
weight. During the experiment, the group treated with CTX gained more weight than the
other four groups, although this difference was not statistically significant (p > 0.05). Within
three days of CTX exposure, there was no significant difference in body weight between
the CTX group and the sample-treated group; however, following 5 days of CTX exposure,
the difference in weight gain became apparent [24]. Similarly, three days following the CTX
injection, there was no significant difference between groups in terms of weight gain in this
study. The results suggested that intragastric administration of CBH and HD did not affect
the growth in immunosuppressed mice.

Table 1. The effect of CHB and HD on the body weight and hematological parameters of CTX-
treated mice.

Normal CTX Levamisole CBH HD

Initial weight (g) 36.30 ± 0.78 a 34.57 ± 1.35 b 36.04 ± 1.21 a 35.86 ± 1.43 ab 35.85 ± 1.84 ab

Final weight (g) 38.49 ± 1.31 a 36.91 ± 1.85 a 37.69 ± 1.51 a 36.87 ± 2.31 a 37.16 ± 2.45 a

Weight gain (g) 2.19 ± 0.99 a 2.34 ± 0.90 a 1.65 ± 1.02 a 1.01 ± 1.75 a 1.31 ± 1.04 a

WBC (K/μL) 7.72 ± 2.80 a 1.46 ± 0.67 b 2.50 ± 0.46 c 3.04 ± 0.56 c 2.70 ± 0.43 c

NEU (K/μL) 2.01 ± 1.13 a 0.50 ± 0.34 b 0.80 ± 0.17 bc 1.08 ± 0.34 ac 0.76 ± 0.17 bc

LYM (K/μL) 5.21 ± 1.92 a 0.79 ± 0.34 b 1.32 ± 0.27 c 1.80 ± 0.46 c 1.65 ± 0.36 c

RBC (M/μL) 10.18 ± 1.76 ac 11.69 ± 1.80 b 11.22 ± 1.14 ab 10.28 ± 0.54 ac 9.68 ± 1.07 c

HGB (g/dL) 16.20 ± 2.97 ac 18.66 ± 2.52 b 17.58 ± 1.74 ab 16.29 ± 0.80 ac 15.19 ± 1.42 c

PLT (K/μL) 1104.90 ± 166.68 a 712.10 ± 223.60 b 855.50 ± 235.86 bc 939.60 ± 215.84 ac 1029.22 ± 154.29 ac

Values are expressed as means ± SD (n = 10). WBC, white blood cell count; NEU, neutrophils; LYM, lymphocytes;
RBC, red blood cell count; HGB, hemoglobin concentration; PLT, platelet count. Means in the same row with
different letters differ significantly (p < 0.05).

The immune organ indexes can reflect the immunity moderation level to a certain
extent. CTX is a widely used drug in chemotherapy, displaying a significant anti-cancer
ability. As an inducer commonly used in immunosuppression models, CTX can damage
the immune defense of the host and suppress immune organs, immune cells, and immune
molecules [25]. As shown in Figure 2A,B, the spleen and thymus indexes in the CTX group
were significantly lower (p < 0.05) than in the Normal group, indicating that intraperitoneal
injection of CTX resulted in immune organ atrophy, successfully establishing the immuno-
suppression model. As previously reported, CTX can significantly increase the apoptotic
rate of spleen and thymus cells [26]. Furthermore, levamisole, CBH, and HD significantly
increased the spleen and thymus indexes (p < 0.05) compared to the Model group, while
no significant differences were apparent among the three groups. Levamisole was initially
developed as an anthelmintic. As an immunomodulator, the drug garnered considerable
attention later on. According to the reports, levamisole has numerous immunomodula-
tory effects, including the enhancement of antibody production to various antigens, the
enhancement of several cellular immune responses, synergistic activity with T-lymphocyte
mitogens, the enhancement of chemotaxis and the enhancement of the phagocytic activity
of polymorphonuclear and mononuclear phagocytes [27,28]. Similar to levamisole, the
results demonstrated that CBH and HD supplements could prevent and treat the immune
organ atrophy caused by CTX. Yu et al. [29] found that peptides from Nibea japonica skin
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could significantly improve the spleen and thymus indexes of CTX-induced immunosup-
pressed mice. Banerjee et al. [30] revealed that CAR treatment prevented spleen atrophy
caused by immunosuppression. Liu et al. [31] intragastrically administered phenylalanine
dipeptide to mice, significantly improving the spleen and thymus indexes of the mice.
Based on the results mentioned above, CBH effectively improved the atrophy of immune
organs caused by CTX. Considering that this has the same effect as HD supplementation, it
can be inferred that HD is the primary substance in CBH, preventing the immune organ
atrophy caused by CTX. Therefore, low molecular peptides, such as dipeptides, display
immunomodulatory activity to prevent immune organ atrophy.

Figure 2. The effect of CHB and HD on the spleen index (A), thymus index (B), and the proliferation
of splenocytes stimulated with Con A (7.5 μg/mL) (C). Data are presented as means ± SD (n = 10).
Different letters for the same index among the groups represent significant differences at p < 0.05.

3.3. The Effect of CBH on the Proliferation of Splenic LYM

The spleen is a unique organ that combines innate and adaptive immune systems. The
spleen is important for immunoregulation as well as playing a part in the immunological
response [32]. The spleen is the place where mature LYM settle, with B cells comprising
around 60% of the total amount of spleen LYM and T cells comprising around 40%. The
spleen receives a higher volume of LYM on a daily basis than all other secondary lymphoid
organs combined [33]. Consequently, these splenocytes could represent in vivo systemic
immune responses. LYM proliferation is an important event during the activation process
of the adaptive immune system. T LYM is primarily responsible for regulating the cellular
immunity of the body. The most striking feature of T LYM activation is the development of
mitotic proliferation. T LYM immunity is frequently detected using Con A-induced LYM
proliferation [34].

In this study, splenocytes isolated from all the groups were cultured with Con A, and
their proliferation is presented in Figure 2C. With Con A treatment, the LYM proliferative
ratio was lower in the CTX group (p < 0.05), whereas the splenocyte proliferation in CBH
and HD groups, was higher than in the CTX group (142.22 and 150.98%, respectively).
Moreover, there were no discernible changes among the Normal, Levamisole, CBH, and HD
groups. These results indicated that through enhancing cellular immune systems, CBH and
HD could promote Con A-induced LYM proliferation. Since the same concentrations and
proportions of HD were present in the CBH and HD groups, HD may represent the primary
functional components in CBH, preventing the decrease in splenic LYM proliferation caused
by CTX. Furthermore, some investigations have found that the food supply influences
splenocyte growth. Many low molecular peptides can enhance the proliferative ability
of splenic LYM and display immunomodulatory activity. Yang et al. [35] showed that
the peptides in Pseudostellaria heterophylla protein hydrolysate could restore splenic LYM
proliferation in mice treated with CTX. Hou et al. [36] isolated three immunomodulatory
peptides (including two pentapeptides and one dipeptide) from the Alaska pollock frame
enzymatic hydrolysates, which significantly increased the proliferation rate of splenic LYM
in mice. The results of this study indicated that CBH protects cellular immunity during
CTX-induced immune damage.
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3.4. The Effect of CBH on the Hematological Parameters

WBCs, such as NEU and LYM, represent crucial immune cells, the number of which
directly reflects the humoral immunity of the body [37]. NEUs are the most common
leukocytes in peripheral blood, accounting for 50–70% of all the circulating leukocytes in
humans and 20% of all circulating leukocytes in mice. NEU performs a vital phagocytic
function and represents the initial line of defense against microbial pathogen invasion.
LYM, such as T and B LYM and natural killer cells, make up roughly 20–30% of all the
circulating leukocytes in humans and are mainly involved in the specific immune response
of the body [38]. Previous studies have shown that CTX caused protein functional groups
to be alkylated, inhibiting medulla hemopoietic functionality and reducing the number of
WBCs in the blood [39].

Table 1 demonstrates that CTX reduced the WBC, NEU, LYM, and PLT counts in
the blood (p < 0.05), while increasing the RBC and HGB content (p < 0.05), showing that
the immunity of the mice was suppressed. One of the most noticeable side effects of
chemotherapy drugs is bone marrow suppression. WBC are believed to be involved in
immunological and defensive mechanisms, have a short lifetime, and require bone marrow
stem cells to develop continuously [40]. The second day of CTX treatment deeply affected
bone marrow architecture, and recovery began on day 5. Thus, there was a dramatic drop in
white blood cell count in the blood of mice 3 days after the CTX injection. Juaristi et al. [41]
suggest that the proliferation and differentiation of erythroid progenitor cells after the
acute early injury inflicted by CTX, is associated with changes in EPO-R expression during
spontaneous recovery. Therefore, the increased RBC and HGB levels in the CTX group
may be related to EPO-R expression promotion. This study is consistent with previous
studies that CTX significantly reduced the amount of WBC and PLT in the blood while
increasing the content of RBC and hemoglobin HGB [42]. Compared to the CTX group,
CBH prevented a decrease in WBC, NEU, LYM, and PLT (p < 0.05), alleviating the RBC and
HGB (p < 0.05) increase in the blood. Consequently, the immunosuppression caused by
CTX was improved. The HD group had considerably greater WBC, LYM, and PLT counts
than the CTX group (p < 0.05). RBC and HGB levels, on the other hand, were considerably
lower in the HD group than in the CTX group (p < 0.05). These results suggest that CBH
and HD prevented and treated CTX-induced WBCs decline, with an effect comparable
to levamisole. Therefore, HD may represent the main functional components in CBH
that prevent the decrease in WBCs caused by CTX. Previous studies have shown that
immunoregulatory selenium-enriched peptides from soybean can restore the CTX-induced
decrease of WBCs [43]. Lis et al. [44] revealed that a low molecular weight dipeptide
bestatin significantly improved the CTX-induced decrease in the number of peripheral
blood LYM. These results indicated that the administration of CBH and HD restored normal
blood indices, implying that CBH and HD protect against immunosuppression induced
by CTX.

3.5. The Effect of CBH on the Immunoglobulin Levels

Serum immunoglobulins are critical markers of humoral immunity and are involved
in immune response and regulation [45]. Secreted IgM, IgG, and IgA represent the primary
antibody components in serum and are vital effector molecules during the humoral immune
response. During the early stages of the first humoral immune response, IgM is the primary
antibody produced. It is the largest molecular weight immunoglobulin with a strong
bactericidal, bacteriolytic, hemolytic, phagocytotic, and anti-infection ability [45]. In the
phagocytotic process of monocytes, IgG, the most abundant and prominent antibody in
serum, plays a crucial role [46]. IgG is more likely to diffuse through the capillary wall to the
interstitial space, playing an essential anti-infection, toxin neutralization, and conditioning
role. IgA, being the primary antibody class in the secretions that bathe these mucosal
surfaces, serves as an important first-line of defense. IgA acts against various microbial
antigens and can neutralize toxins and viruses [47].
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To examine the effect of CBH and HD on the humoral immunity of CTX-treated mice,
the serum IgM, IgG, and IgA levels of each group were determined. The results are shown
in Figure 3A–C, respectively. CTX significantly reduced serum IgM, IgG, and IgA levels
as compared to the Normal group (p < 0.05). Compared with the CTX group, the IgM
and IgA levels were substantially higher in the serum of the Levamisole, CBH, and HD
groups (p < 0.05), while no significant differences were evident between these three groups.
Furthermore, no significant differences were apparent between the serum IgA levels of
the CBH and Normal groups (p > 0.05). This indicated that CBH effectively prevented
a decrease in the serum IgA content caused by CTX, maintaining it at a normal level.
Although the IgG levels in the Levamisole, CBH, and HD groups exceeded that in the
CTX group, the differences were not significant (p > 0.05). The results showed that the
supplementation of CBH or HD prevented a CTX-induced decrease in the immunoglobulin
content and that the effect was similar to that of levamisole. Both pretreatment and
treatment mediated the effect of CBH and HD on increasing immunoglobulin content in this
study. The findings also suggest that HD may represent the main functional components in
CBH responsible for preventing a CTX-induced decrease in serum immunoglobulin.

Figure 3. The effect of CHB and HD on the IgM (A), IgG (B), and IgA (C) content in the serum of
CTX-treated mice. Data are presented as means ± SD (n = 10). Different letters for the same index
among the groups represent significant differences at p < 0.05.

B LYM primarily participates in the humoral immune response and is transformed
into plasma cells via antigen stimulation. Major humoral immune components include
immunoglobulins, which are secreted by plasma cells (differentiated B cells). Immunoglob-
ulins interact with immune response mediators and specific cell receptors to mediate a
variety of protective activities [26]. Peptides stimulate the receptors on the surface of the B
cells, causing them to proliferate and differentiate, transforming them into plasma cells to
produce immunoglobulin [48]. Yu et al. [49] investigated the in vivo immunomodulatory
activity of a novel pentadecapeptide RVAPEEHPVEGRYLV (SCSP) from a cellular and
humoral immunity perspective in a CTX-induced immunosuppression mouse model. The
results indicated that SCSP significantly enhanced the serum IgA, IgM, and IgG levels of
the mice. In this study, HD may also increase the number and activity of B cells by acting
on the receptors on the B cell surfaces, increasing the level of serum immunoglobulin.

3.6. The Effect of CBH on the Cytokine Levels and Gene Expression

Cytokines are synthesized and secreted by immune cells (B cells, T cells, and NK cells)
and non-immune cells (endothelial cells, epidermal cells, osteoblasts, neurons, and fibrob-
lasts), which can regulate immune functions [50,51]. Furthermore, cytokines play a crucial
function in the intercellular communication of the immune system. They regulate the mat-
uration, proliferation, and responsiveness of certain cell populations, as well as the balance
between humoral and cell-based immune responses. The secretion of cytokines is a crucial
indicator of immune function in the body. IL-2 has been shown to improve T cell killing
activity, cause T cells to secrete IFN-γ, increase NK cell differentiation and activation, and
promote B LYM proliferation and differentiation as well as immunoglobulin synthesis [52].
IFN-γ is a key element for the immune system to effectively act against infections and is
produced mostly by NK cells, Th1, and CTL. IFN-γ can activate macrophages, enhance their
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phagocytotic ability, improve NK cell activity, increase antibacterial and anti-tumor ability,
and stimulate antigen presentation [53]. Negative regulators are also important for immune
response maintenance. IL-10 is a key Th2 negative regulatory cytokine. IL-10 plays a crucial
immunosuppressive and anti-apoptotic role by suppressing the release of inflammatory
mononuclear macrophage factors. In addition, IL-10 may inhibit the activation of inflam-
matory cytokines (such as IL-1, IL-12, and TNF-α) and chemokines (MCP family) secreted
by antigen-presenting cells, indirectly inhibiting the function of T cells [54]. Cytokines
are often used as indicators for evaluating immune response regulation in experiments.
IL-2 can promote the activation and proliferation of T cells and NK cells, resulting in the
secretion of IFN-γ and the enhancement of immune function [55]. IL-10 can reflect immuno-
suppression levels. TNF-α, which is secreted primarily by mononuclear macrophages, is
an essential component of the host defense system and can induce the expression of other
immunoregulatory and inflammatory mediators to eliminate the tumor cell. TNF-α is not
secreted primarily by splenic lymphocytes; therefore, TNF-α levels were not measured. In
this study, IL-2, IL-10, and IFN-γ were measured in the supernatants of splenic lymphocyte
cultures to investigate the regulatory effect of CBH and HD on immune suppression.

It is generally acknowledged that splenic LYM represents the principal immune re-
sponse effector cells, synthesizing various immunomodulation factors, including cytokines
and cell adhesion molecules. To further illustrate the immunomodulatory action of CBH
and HD, the levels of IL-2, IFN-γ, and IL-10 in the splenic LYM were measured. As shown
in Figure 4A,B, the levels of IL-2 and IFN-γ in the splenic LYM of the CTX group were
markedly reduced compared with the Normal group (p < 0.05), while these reductions were
observed to a lesser extent in the Levamisole, CBH, and HD groups (p < 0.05). Figure 5C
demonstrates that the levels of IL-10 in the splenic LYM of the CTX group were consider-
ably higher than the Normal group (p < 0.05). However, the concentration of IL-10 in the
Levamisole, CBH, and HD groups was markedly lower than in the CTX group (p < 0.05).
In addition, the effect of CBH on the downregulation of IL-10 level exceeded that of HD,
and no differences were evident between the CBH and Normal groups. Although this may
be attributed to the contribution of other functional peptides in the CBH to the downregu-
lation of IL-10, HD provided 72% of its down-regulation ability. These findings indicated
that CBH improved the immune responses by increasing IL-2 and IFN-γ secretion while
decreasing IL-10 secretion in the splenic LYM of the CTX-induced immunosuppressed mice.
Moreover, HD represents the main functional CBH component for regulating cytokine
secretion. Jia et al. [56] found that peptides extracted from calf spleens can improve the
immune function of CTX-induced immunosuppressed mice by regulating the levels of
cytokines, such as IL-2, IL-10, and IFN-γ. Xu et al. [57] revealed that Gly-Gln dipeptide
could significantly increase the IL-2 content secreted by the blood and splenic LYM of mice.

To further confirm the effect of CBH and HD on the regulation of the three cytokines
secreted by the splenic LYM, the induction of the IL-2, IFN-γ, and IL-10 transcriptional reg-
ulation was investigated using qRT-PCR. As shown in Figure 4D,E, the mRNA expression
of IL-2 and IFN-γ were substantially lower in the splenic LYM of the CTX group than in
the Normal group (p < 0.05), while these reductions were observed to a lesser extent in the
Levamisole, CBH, and HD groups (p < 0.05). However, the mRNA expression of IFN-γ was
substantially higher in the CBH group than in the HD group. Figure 4E illustrates that the
IL-10 mRNA expression in the splenic LYM of the CTX group was considerably higher than
in the Normal group (p < 0.05). However, the mRNA expression of IL-10 in the Levamisole,
CBH, and HD groups was markedly lower than in the CTX group (p < 0.05). IL-10 mRNA
expression was substantially lower in the CBH group than in the HD group. The results
showed that CBH and HD enhanced the IL-2 and IFN-γ mRNA expression while inhibiting
IL-10 mRNA expression in the splenic LYM. Therefore, the IL-2 and IFN-γ secretion was
increased, while that of IL-10 was reduced. Yoo et al. [58] found that Phellinus baumii
extract contained HD that increased the IFN-γ mRNA expression and other cytokines in
the spleen of immunosuppressed mice induced by CTX. In this study, CBH and HD played
an immunomodulatory role by regulating the mRNA expression of IL-2, IFN-γ, and IL-10
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in the splenic LYM, regulating the content of the three cytokines secreted by the splenic
LYM. It is speculated that HD represents the functional component in CBH with significant
immunomodulatory ability. In this study, CBH and HD mediated their regular effects on
cytokine secretion from splenic LYM through a combination of pretreatment before CTX
injection and therapeutic effects after CTX injection.

Figure 4. The effect of CHB and HD on the IL-2 (A), IFN-γ (B), and IL-10 (C) levels in the splenocytes,
and the mRNA expression levels of IL-2 (D), IFN-γ (E), and IL-10 (F) in the spleens of CTX-treated
mice. Data are presented as means ± SD (n = 10). Different letters for the same index among the
groups represent significant differences at p < 0.05.

Figure 5. The effect of CHB and HD on the NO (A), cGMP (B), and cAMP (C) content, as well as the
PKA (D) activity in the splenocytes of CTX-treated mice. Data are presented as means ± SD (n = 10).
Different letters for the same index among the groups represent significant differences at p < 0.05.
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3.7. The Effect of CBH on the NO/cGMP and cAMP/PKA Signaling Pathways

When external stimuli act on the receptors on LYM surfaces, second messengers are
activated via transmembrane transmission. The second messenger transmits the signal
to the downstream protein kinase, where it becomes phosphorylated to regulate gene
expression and cell function. cAMP and cGMP are the primary second messengers in cells
catalyzed by adenylate cyclase (AC) and guanylate cyclase (GC), respectively [59].

During the immune response, cGMP is involved in cell differentiation, chemotaxis,
cell proliferation, and the release of soluble mediators. NO plays a crucial role in inflamma-
tion and immunity, with numerous physiologic and pathophysiologic effects [60]. NO is
generated from the L-arginine and catalyzed by one of three NO synthase (NOS) isoforms:
neuronal NOS (nNOS), endothelial NOS (eNOS), and inducible NOS (iNOS) [61]. The
only isoform of NOS really implicated in the immune response is the iNOS, while nNOS
and eNOS are constitutively activated [21,62]. The primary physiological stimulant of
cGMP synthesis is NO, which activates soluble GC (sGC). In addition, activation of the
sGC pathway results in the production of cGMP. Once produced, cGMP exerts its function
through protein kinase G (PKG).

This study determined the NO and cGMP content in the splenic LYM of the mice.
Figure 5A,B show that the NO and cGMP levels in the CTX group were significantly lower
(p < 0.05) than in the Normal group. The NO and cGMP levels in the Levamisole, CBH, and
HD groups were considerably higher than in the CTX group (p < 0.05), and no significant
differences (p > 0.05) were apparent between the three groups. The results showed that
the CBH and HD could significantly increase the NO and cGMP content in the splenic
LYM of immunosuppressed mice. The activation of the NO/cGMP pathway can promote
cell proliferation [63]. Carvalho et al. [64] showed that decreased cGMP and NO levels in
T LYM decreased the cytokines mRNA levels, such as IFN-γ and IL-2. In this study, CBH
and HD regulated the proliferation of splenic LYM via the NO/cGMP signaling pathway
and regulated cytokine gene transcription, affecting cytokine secretion and fulfilling an
immunomodulatory function.

Signal transduction via the cAMP/PKA pathway is essential for many processes in a
variety of cells. cAMP is a crucial component in the G protein-mediated signaling pathway.
When exposed to external stimuli, the intracellular cAMP content can rapidly increase over
a short time, forming signal molecules. PKA is made up of tetramers consisting of two
regulatory and two catalytic subunits that are found in every cell and govern a variety of
functions. When two cAMP molecules are bound by the regulatory subunits, the catalytic
subunits are released, phosphorylating their target proteins.

This study determined the cAMP and PKA activity in the splenic LYM of the mice.
Figure 5C,D show that the cGMP levels and PKA activity in the CTX group were signifi-
cantly lower (p < 0.05) than in the Normal group. The cGMP levels and PKA activity in
the Levamisole, CBH, and HD groups were substantially higher than in the CTX group
(p < 0.05). The results showed that CBH and HD could significantly increase the cAMP
content and PKA activity in the splenic LYM of immunosuppressed mice. Liopeta et al. [65]
demonstrated the suppressive effect of cAMP/PKA on the IL-10 levels. Zuo et al. [66]
found that an increase in the cAMP and PKA levels in rat spleen cells reduced the serum
IL-10 levels. In this study, the CBH and HD may regulate the transcription and secretion
of cytokines via the cAMP/PKA signaling pathway. The activation of the NO/cGMP and
cAMP/PKA intracellular signaling cascades in immune cells suggests that pretreatment
and treatment with CBH and HD display immunomodulatory activity.

4. Conclusions

In summary, this study provides in vivo evidence that CBH and HD have an im-
munomodulatory effect on CTX-induced immunosuppression in mice. CBH and HD
significantly increase the spleen and thymus indexes. Moreover, peripheral WBC, RBC,
HGB, and PLT show that CBH and HD treatment inhibits CTX-induced immunosuppres-
sion in mice, restoring splenocyte proliferation. Furthermore, IgM, IgG, and IgA secretion
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are modified following CBH and HD treatment, significantly increasing IL-2 and IFN-γ
production and mRNA expression in splenic LYM. CBH and HD also significantly decrease
IL-10 production and mRNA expression in splenic LYM. Moreover, CBH and HD play an
immunomodulatory role in splenic LYM via the cAMP/PKA and NO/cGMP signaling path-
ways. The immunotherapy effects of CBH and HD in this study included both a preventive
effect from 0 to 12 days and a therapeutic effect after CTX injection. Although, in theory,
many molecules can potentially be responsible for the immunomodulatory effect, this
study suggests that HD plays a pivotal role in CBH. These observations indicate that CBH
supplements exhibit considerable potential for preventing immune system suppression.
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Abstract: Atherosclerosis (AS) is a chronic inflammatory disease that serves as a common pathogenic
underpinning for various cardiovascular diseases. Although high circulating branched-chain amino
acid (BCAA) levels may represent a risk factor for AS, it is unclear whether dietary BCAA supple-
mentation causes elevated levels of circulating BCAAs and hence influences AS, and the related
mechanisms are not well understood. Here, ApoE-deficient mice (ApoE−/−) were fed a diet supple-
mented with or without BCAAs to investigate the effects of BCAAs on AS and determine potential
related mechanisms. In this study, compared with the high-fat diet (HFD), high-fat diet supplemented
with BCAAs (HFB) reduced the atherosclerotic lesion area and caused a significant decrease in serum
cholesterol (TC) and low-density lipoprotein cholesterol (LDL-C) levels. BCAA supplementation
suppressed the systemic inflammatory response by reducing macrophage infiltration; lowering serum
levels of inflammatory factors, including monocyte chemoattractant protein-1 (MCP-1), tumor necro-
sis factor-α (TNF-α), interleukin-1β (IL-1β) and interleukin-6 (IL-6); and suppressing inflammatory
related signaling pathways. Furthermore, BCAA supplementation altered the gut bacterial beta
diversity and composition, especially reducing harmful bacteria and increasing probiotic bacteria,
along with increasing bile acid (BA) excretion. In addition, the levels of total BAs, primary BAs,
12α-hydroxylated bile acids (12α-OH BAs) and non-12α-hydroxylated bile acids (non-12α-OH BAs)
in cecal and colonic contents were increased in the HFB group of mice compared with the HFD
group. Overall, these data indicate that dietary BCAA supplementation can attenuate atherosclerosis
induced by HFD in ApoE−/− mice through improved dyslipidemia and inflammation, mechanisms
involving the intestinal microbiota, and promotion of BA excretion.

Keywords: atherosclerosis; branched-chain amino acids; inflammation; gut microbiota; bile acids

1. Introduction

Atherosclerosis (AS) is a chronic inflammatory disease that narrows the arterial lumen
through complex atherosclerotic plaque formation. AS is the common pathological basis of
many cardiovascular and peripheral vascular diseases [1,2]. Cardiovascular disease (most
commonly coronary atherosclerotic disease) is the leading cause of death in both developed
and developing regions [3–5]. Early detection and early intervention represent effective
strategies to reduce cardiovascular morbidity and mortality.
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Atherosclerosis is often accompanied by dyslipidemia, including elevated serum
cholesterol (TC), triglycerides (TGs), low-density lipoprotein cholesterol (LDL-C) levels
and decreased high-density lipoprotein cholesterol (HDL-C) levels. Excess serum LDL-C
deposition accumulates in the arterial wall endothelium and is oxidized to oxidized low-
density lipoprotein (ox-LDL). Macrophages can recognize and engulf ox-LDL and convert
it into foam cells, which accumulate to form streaks or lipid patches [1,6,7]. Atherosclerosis
encompasses more than just LDL deposition in the artery wall; it is also a chronic inflam-
matory disease, and the inflammatory response is critical to AS progression. Endothelial
damage, which frequently occurs during the early stages of AS, enhances the inflammatory
response [8–10]. In addition, activated endothelial cells release intercellular cell adhesion
molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1) and other inflammatory
factors, which help recruit monocytes. Numerous inflammatory molecules including inter-
leukin (IL), chemokines, and tumor necrosis factor (TNF) are released throughout these
processes, exacerbating inflammation [11]. Massive macrophages and inflammatory factors
infiltrate the vessel wall in the later stages of AS. Similarly, macrophages release extracellu-
lar metalloproteases that hydrolyze extracellular matrix collagen fibers and increase plaque
instability, increasing the risk of cardiovascular disease [12].

The diversity and homeostasis of the gut microbiota are closely related to the nutrition,
metabolism, diseases, and other physiological processes of the host. Dysbiosis is closely
associated with various metabolic diseases, such as obesity, metabolic-associated fatty liver
disease and AS [13–15]. Several studies suggest that the gut microbiota plays an important
role in the development of AS [16,17].

Bile acids (BAs) are catabolic metabolites of cholesterol and lipids, and their dysregu-
lated synthesis and metabolism are associated with diseases, including insulin resistance,
dyslipidemia, and AS [18–20]. Promoting BA synthesis can improve cholesterol metabolism,
which may help to prevent and alleviate AS. Furthermore, BAs may affect host physiolog-
ical activity and intestinal flora composition via the immune response and Farnesoid X
receptor [20–22].

Many epidemiological studies have shown that elevated serum BCAA levels are
independently associated with a high risk of coronary and cerebrovascular atherosclerotic
disease [23–26]. However, animal studies have found that dietary BCAA supplementation
significantly lowers TG levels in macrophages by decreasing very low-density lipoprotein
(VLDL) uptake and subsequently inhibiting lipid accumulation and macrophage foam
cell formation [27]. In addition, studies have found that gut bacteria can regulate BCAA
biosynthesis, transport, and metabolism. Our previous study demonstrated that oral
administration of BCAAs ameliorates high-fat diet-induced metabolic-associated fatty
liver disease via gut microbiota-associated mechanisms [28]. Although high circulating
BCAA levels may represent a risk factor for AS, it is unclear whether dietary BCAA
supplementation causes elevated levels of circulating BCAAs and hence influences AS.
It is also unknown whether dietary BCAA supplementation influences the development
of AS through gut microbiota-related mechanisms. Therefore, the purpose of this study
was to determine the effects of dietary BCAA supplementation on AS in ApoE−/− mice
and the underlying mechanisms, with a focus on gut microbiota remodeling and the
inflammatory response.

2. Materials and Methods

2.1. Animal Studies

ApoE−/− mice (9 weeks old, male) were purchased from Vital River Laboratory
Animal Technology Co., Ltd. (Beijing, China). The mice were raised (2–3 mice per cage) in
a special room with 22 ◦C, 40–70% humidity, and a 12-h light/dark cycle. After one week
of adaptation to a normal diet, mice were randomly divided into the following four groups:
normal chow diet group (ND, n = 10), normal chow diet supplemented with BCAAs group
(NB, n = 10), high-fat diet group (HFD, n = 10), and high-fat diet supplemented with
BCAAs group (HFB, n = 10). The normal chow diet (12% of kcal fat, 1025), normal chow
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diet supplemented with BCAAs, high-fat diet (41% of kcal fat with an extra supplement
of 0.15% (w/w) cholesterol, H10141), and high-fat diet supplemented with BCAAs were
purchased from Beijing HFK Bioscience Co., Ltd. (Beijing, China). Valine, L-leucine, and L-
isoleucine were purchased from Nanjing Jingzhu Biotechnology Co., Ltd. (Nanjing, China).
The extra amounts of L-leucine, L-isoleucine, and valine per 100 g diet supplemented with
BCAAs were 0.56 g, 0.40 g, and 0.40 g, respectively. All mice had free access to food and
water. Throughout the experiment, the padding and water were changed once a week,
whereas the food of the HFD and HFB groups was changed twice a week to prevent sudor
production via fat oxidation, which would subsequently affect model establishment. The
amount of food consumed and the body weight were recorded every two weeks.

2.2. Sample Collection

After 12 weeks of feeding, the mice were anesthetized with pentobarbital (30 mg/kg)
and sacrificed after blood samples were collected by cardiac puncture. The whole aorta
and aortic root were separated for protein extraction and staining. The livers were collected
and frozen immediately in liquid nitrogen and then stored at −80 ◦C. The contents of the
cecum and colon were collected in a sterile manner, immediately frozen in liquid nitrogen,
and then stored at −80 ◦C until use.

The animal experiments were approved by Peking University Biomedical Ethics
Commitment Experimental Animal Ethics Branch (LA2022010) and complied with the
Guide for the Care and Use of Laboratory Animals established by the National Institutes of
Health (NIH).

2.3. Histological Analysis

The aortas were carefully obtained from the mice and stained with Oil Red O. The
lesion area was calculated as a percentage of the total aorta area. The fresh aortic roots were
collected and immediately fixed in 4% paraformaldehyde solution, dehydrated, embedded,
and then sectioned. Paraffin-embedded sections (5 μm) were used for hematoxylin and
eosin (HE) staining, Masson staining, and immunohistochemical staining; frozen sections
(8 μm) were used for Oil Red O staining. Immunohistochemistry of aortic roots was
performed with an anti-F4/80 antibody (Cell Signaling Technology, Inc., Beverly, MA, USA)
and following the instructions provided.

2.4. Serum Biochemical Assays

Serum concentrations of total TC, TG, HDL-C, LDL-C, and glucose (Glu) were mea-
sured using a 7180 automatic biochemical analyzer (Hitachi Ltd., Tokyo, Japan), according
to the manufacturer’s instructions. Wako Pure Chemical Industries, Ltd. reagents (Osaka,
Japan) and their matching calibration and quality control were used to measure HDL-C
by direct method, LDL-C by direct method, TG by deglycerin method, and TC by enzyme
method, respectively. DiaSys Diagnostic Systems GmbH (Holzheim, Germany) reagents
and their matching calibration and quality control were used to measure glucose by hexok-
inase method.

2.5. Assay of BCAAs in Serum

The previously published LC−MS/MS method was used to determine the concentra-
tions of BCAAs (Val, Leu, Ile) in serum [29]. In brief, 50 μL of serum or standard solution
was added to an equal volume of isotopically labeled internal standard solution; acetoni-
trile (containing 0.1% formic acid) was added for precipitation and extraction, and the
supernatant was transferred to vials for LC−MS/MS detection. The separation was per-
formed on an Agilent 1260 HPLC system equipped with a Kinetex HILIC column (2.6 μm,
2.1 mm × 150 mm), and mass spectrometry data were collected using an API 5500 system
(AB Sciex, Framingham, MA, USA) in ESI positive ion mode and MRM mode.
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2.6. Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA analysis was used to determine serum interleukin-1β (IL-1β), tumor necrosis
factor-α (TNF-α), monocyte chemoattractant protein-1 (MCP-1), and interleukin-6 (IL-6)
levels according to the instructions provided by the kit. The mouse IL-1β ELISA kit,
mouse TNF-α ELISA kit, and mouse MCP-1 ELISA kit were obtained from R&D Systems
(Minneapolis, MN, USA), and the mouse IL-6 ELISA kit was purchased from Novus
(St Charles, MO, USA).

2.7. Western Blotting

Protein expression was determined by Western blot assay. Protein lysate (Sigma-
Aldrich, Taufkirchen, Germany) was used to extract total protein from aorta tissues and liver
tissues, and total protein concentrations were determined using a BCA protein assay kit
(Applygen Technologies, Beijing, China). A total of 30 micrograms of protein was separated
in SDS−PAGE gels and transferred onto PVDF membranes (Roche, Indianapolis, IN, USA).
After washing with TBST, the membranes were blocked with TBST (containing 5% skimmed
milk) for 2 h at room temperature. In brief, membranes were incubated overnight with
primary antibodies at 4 ◦C, washed with TBST, and incubated with secondary antibodies for
2 h at ambient temperature. The primary antibodies against phospho-AKT, AKT, phospho-
NF-κB p65, NF-κB p65, phospho-BCKDH-E1α, BCKDH-E1α, and β-actin were purchased
from Cell Signaling Technology Inc. (Beverly, MA, USA). Bands were visualized using an
ECL detection kit (Applygen Technologies, Beijing, China). β-Actin served as an internal
reference protein. Band intensity was assessed by densitometry and expressed as the mean
density area using ImageJ software.

2.8. 16S rRNA Gene Sequencing

To determine cecal and colonic content, 16S ribosomal RNA (rRNA) gene sequencing
was performed. Amplification of the high variant region 3 (V3) and the high variant region
4 (V4) of bacterial 16S rRNA was performed using the 338F primer (5′-ACTCCTACGGAGG-
GCAGCA-3′) and the 806R primer (5′-GGACTACHVGGGTWTCTAAT-3′) for Illumina
deep sequencing. High-fidelity DNA polymerase was used for PCR amplification. The 16S
gene sequencing procedure was performed using Beijing Biomarker Technologies Co., Ltd.
(Beijing, China), and all results were based on sequencing reads and operational taxonomic
units (OTUs).

2.9. Assessment of Bile Acids in Intestines

A UPLC−MS/MS method was used to assess sixteen bile acids, including cholic acid
(CA), chenodeoxycholic acid (CDCA), deoxycholic acid (DCA), α-muricholic acid (α-MCA),
β-muricholic acid (β-MCA), ursodeoxycholic acid (UDCA), hyodeoxycholic acid (HDCA),
lithocholic acid (LCA), taurocholic acid (TCA), glycocholic acid (GCA), taurodeoxycholic
acid (TDCA), glycodeoxycholic acid (GDCA), tauro-α-muricholic acid/tauro-β-muricholic
acid (Tα-MCA/Tβ-MCA), tauroursodeoxycholic acid (TUDCA), glycoursodeoxycholic
acid (GUDCA), taurohyodeoxycholic acid (THDCA) and taurolithocholic acid (TLCA), in
cecal and colonic contents. After thawing at 4 ◦C for 30 min, the sample (~50 mg) was
placed in a 1.5-mL centrifuge tube and weighed accurately. A total of 200 μL of water
was added to a test tube, and the mixture was ultrasonicated for 5 min. Then, 1 mL of
methanol was added. The sample was vortexed for 5 min followed by ultrasonic treatment
for 1 h and centrifugation (4 ◦C, 12,000 rpm) for 5 min. The supernatant (100 μL) and
isotope standard solutions (10 μL, 2 μg/mL CA-d4 and LCA-d4) were loaded into a 1.5-mL
centrifuge tube and vortexed for 2 min. The mixture was then transferred to vials for
LC−MS/MS testing. A Waters ACQUITY UPLC I-CLASS chromatograph (Waters, Milford,
USA) equipped with a UPLC BEH Amide column (2.1 mm × 100 mm, 1.7 μm, Waters, USA)
was used for separation. The column temperature was 50 ◦C. The mobile phase consisted
of water/acetonitrile (10:1, v/v, containing 1 mmol/L ammonium acetate, phase A) and
acetonitrile/isopropanol (1:1, v/v, phase B) with a flow rate of 0.26 mL/min. Analyte
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isolation was performed by elution gradient, and the injection volume was 5.0 μL. The MS
data were collected using a QTRAP 6500+ LOW MASS system (AB Sciex, Framingham, MA,
USA) in negative ion mode. The analysis was performed based on the following parameters:
ion source voltage 2.0 kV, ion source temperature 150 ◦C, desolvation temperature 600 ◦C,
desolvation gas flow 1000 L/h, cone voltage 21 V, cone gas flow 10 L/h.

Total bile acid concentrations were calculated as the sum of the concentrations of all
sixteen bile acids. The primary BAs included CA, TCA, GCA, CDCA, α-MCA, β-MCA,
and Tα-MCA/Tβ-MCA. The secondary BAs included DCA, GDCA, LCA, HDCA, UDCA,
TLCA, THDCA, GUDCA, and TUDCA. 12α-Hydroxylated bile acids (12α-OH BAs) in-
cluded CA, DCA, TCA, GCA, GDCA, and TDCA. Non-12α-hydroxylated bile acids (non-
12α-OH BAs) included CDCA, α-MCA, β-MCA, LCA, HDCA, UDCA, Tα-MCA/Tβ-MCA,
TLCA, THDCA, GUDCA, and TUDCA. The concentrations of primary BAs, secondary BAs,
12α-OH BAs, and non-12α-OH BAs were calculated based on the sum of the concentrations
of each type of bile acid mentioned above.

2.10. Statistical Analysis

The experimental results are expressed as the mean ± standard error (SEM). The
statistical software SPSS 26.0 (Armonk, NY, USA), GraphPad Prism 8.0 (San Diego, CA,
USA), and R 3.6.1 (Vienna, Austria) were applied for data analysis, processing, and graph
generation. Two-group comparisons were performed using a t test. Multiple group com-
parisons were made using ANOVA and Tukey’s post hoc test, and repeated measures data
were statistically analyzed using multivariate analysis of variance (MANOVA). The alpha
diversity indices, including ACE, Chao1, Simpson, and Shannon indices, and beta diversity
indices, including principal coordinate analysis (PCoA), were evaluated by QI-IME. Data
were analyzed and plotted using q-values ≤ 0.05 (obtained after p value correction) as
a criterion for differential colony screening. Correlation analysis was performed using
Spearman correlation analysis. A p value < 0.05 was considered to be statistically significant.

3. Results

3.1. BCAA Supplementation Reduces Atherosclerotic Plaques Induced by a High-Fat Diet in
ApoE−/− Mice

AS is characterized by aortic plaque formation, and the lesion degree can be evaluated
based on the size of atherosclerotic plaques. Therefore, the aorta was separated and stained
with Oil Red O after feeding ApoE−/− mice for 12 weeks to assess the atherosclerotic
plaque, and the results are displayed in Figure 1A. The plaque area of whole aorta in the
NB group was slightly increased compared with that in the ND group, but the difference
was not statistically significant. The plaque area of whole aorta in the HFD group was
significantly larger than that in the ND group, whereas the plaque area in the HFB group
was significantly smaller than that in the HFD group. The aortic root atherosclerotic plaque
area is also commonly utilized to assess atherosclerotic lesions. As shown in Figure 1B,C,
the plaque area of the aortic root in the HFD group was greatly enlarged compared with
that in the ND group, and the plaque area in the HFB group was markedly less than that in
the HFD group. The aorta root intima in the ND group was smooth with neatly arranged
endothelial cells and no atherosclerotic plaque formation, whereas very few atherosclerotic
plaques were noted in the NB group. In the HFD group, apparent plaque lesions were noted
with thickening aortic intima, an increased number of foam-like cells, and willow-shaped
crystals inside the plaque. Compared with the HFD group, the plaque area and number of
foam-like cells were remarkably decreased in the HFB group. These results suggest that
dietary BCAA supplementation reduced atherosclerotic plaques induced by a high-fat diet
in ApoE−/− mice. Plaque stability was examined in this research by Masson staining of
aortic roots. In Figure 1D, the collagen fiber content was apparently lower in the HFB group
than in the HFD group.
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Figure 1. BCAA supplementation reduces atherosclerotic plaques induced by a high-fat diet in
ApoE−/− mice. (A) Representative images of Oil Red O staining of the aorta (left) and lesion area
(right). The lesion area was expressed as a percentage of the total aorta area (n = 5 for each group).
(B–D) Representative images of hematoxylin and eosin staining (B), Oil Red O staining (C), and
Masson staining (D) of the aortic root (bar = 200 μm). The data are expressed as the mean ± standard
error of the mean (SEM). * p < 0.05 vs. ND group; # p < 0.05 vs. HFD group.

3.2. BCAA Supplementation Ameliorates Dyslipidemia Induced by a High-Fat Diet in
ApoE−/− Mice

The difference in food intake between the ND and NB groups was not significant. The
HFD group exhibited greater food intake compared with that of the ND group, and HFB
group mice had significantly higher food intake compared with HFD group mice over the
first 5 weeks (Figure 2A). However, neither a high-fat diet nor BCAA supplementation
resulted in significant changes in body weight (Figure 2B).
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Figure 2. BCAA supplementation ameliorates dyslipidemia induced by a high-fat diet in ApoE−/−

mice. (A,B) The food intake (A) and body weight growth curve (B) of ApoE−/− mice (0–12 weeks).
The data were analyzed by two-way ANOVA. (C–G) Serum concentrations of (C) TC, (D) TG,
(E) HDL-C, (F) LDL-C, and (G) glucose. The data are expressed as the mean ± SEM (n = 8 for each
group). * p < 0.05 vs. ND group; # p < 0.05 vs. HFD group.

As shown in Figure 2C–F, serum TC, LDL-C, and HDL-C levels were significantly
increased in the HFD group compared with the ND group. The levels in the HFB group
were significantly reduced compared with those in the HFD group. TC, TG, HDL-C, and
LDL-C levels did not significantly differ between the NB group and the ND group. This
finding suggests that dietary supplementation with BCAAs improves dyslipidemia induced
by a high-fat diet in ApoE−/− mice. Additionally, the blood glucose levels of the NB and
HFD groups were significantly higher than those in the ND group. Compared with the
HFD group, the blood glucose levels in the HFB group decreased, but the difference was
not significant (Figure 2G).

3.3. Effects of BCAA Supplementation on Serum Levels of BCAAs and BCAA Metabolic Enzymes
in ApoE−/− Mice

As shown in Figure 3A, compared with the ND group, the total levels of the three
BCAAs were elevated in the NB group, but the concentrations of Val, Ile, and Leu did
not significantly differ between these two groups. Similarly, only the total levels of three
BCAAs increased in the HFB group compared with the HFD group. BCAAs cannot be
synthesized in mice and must be obtained through dietary supplementation. However,
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BCAAs can be catabolized in vivo, so BCAA circulating levels are also affected by BCAA
catabolism. BCKDH is the rate-limiting enzyme in BCAA catabolism, and its activity
is dependent on the level of phosphorylation of its E1α subunit. The expression levels
of hepatic p-BCKDH-E1α and BCKDH-E1α were examined using Western blotting. The
p-BCKDH-E1α/BCKDH-E1α ratio did not differ significantly among the four groups
(Figure 3B,C).

Figure 3. Effects of BCAA supplementation on serum levels of BCAAs and BCAA metabolic enzymes
in ApoE−/− mice. (A) Serum Val, Ile, Leu and total BCAA concentrations were determined by an
LC−MS/MS method. (B) Western blotting was used to assess p-BCKDH-E1α and BCKDH-E1α
protein expression in the liver. (C) The relative quantitative values for p-BCKDH-E1α/BCKDH-E1α
are indicated. Densitometry values were normalized to β-actin. The data are expressed as the mean
± SEM (n = 8 for each group). * p < 0.05 vs. ND group; # p < 0.05 vs. HFD group.

3.4. BCAA Supplementation Relieves Inflammation Induced by a High-Fat Diet in ApoE−/− Mice

F4/80 immunohistochemistry staining was applied to assess macrophage infiltration
in aortic roots (Figure 4A). Macrophage infiltration was increased in the NB and HFD
groups compared with the ND group, and was decreased in the HFB group compared with
the HFD group. Immunofluorescence staining was performed on aortic root sections to
examine the expression of intercellular cell adhesion molecule-1 (ICAM-1) and vascular
cell adhesion molecule-1 (VCAM-1), which are important indicators of the inflammatory
response (Figure 4B,C). Compared with the ND group, ICAM-1 and VCAM-1 expression
was increased at the aortic root in the NB group and markedly elevated in the HFD
group. These levels were dramatically downregulated in the HFB group compared with
the HFD group.
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Figure 4. BCAA supplementation relieves inflammation induced by a high-fat diet in ApoE−/− mice.
(A) Representative F4/80 immunohistochemical sections of aortic root (bar = 200 μm). (B,C) ICAM-1
(B) and VCAM-1 (C) expression at the aortic root was determined by immunofluorescence staining.
(D–G) The expression of inflammatory cytokines, including MCP-1 (D), IL-1β (E), TNF-α (F), and
IL-6 (G), was measured using ELISA kits. (H) Representative western blot bands of AKT, p-AKT,
NF-κB, and p-NF-κB in the aortic root (left). The relative quantitative data for AKT/p-AKT (middle)
and NF-κB/p-NF-κB (right) are indicated. The data are expressed as the mean ± SEM (n = 8 for each
group). * p < 0.05 vs. ND group; # p < 0.05 vs. HFD group.

In addition, as shown in Figure 4D–G, the levels ofMCP-1, IL-1β, and TNF-αwere
significantly increased in the HFD group compared with the ND group. In addition, the
levels of IL-6 were increased, but the result was not statistically significant. MCP-1, IL-1β,
TNF-α, and IL-6 levels were significantly decreased in the HFB group compared with the
HFD group.

The expression levels of protein kinase B (AKT) and nuclear factor κB (NF-κB), the
upstream regulatory molecules of inflammatory factors, were further analyzed, and the
data are provided in Figure 4H. The p-AKT/AKT ratio was significantly higher in the HFD
group than in the ND group. The p-AKT/AKT ratio was significantly lower in the HFB
group than in the HFD group. The p-NF-κB/NF-κB ratio in the NB group did not differ
significantly from that in the ND group, whereas it increased significantly in the HFD

77



Nutrients 2022, 14, 5065

group. The p-NF-κB/NF-κB ratio in the HFB group tended to be lower than that in the
HFD group, but the difference was not statistically significant. These results suggest that
dietary BCAA supplementation could alleviate the inflammatory response induced by a
high-fat diet by potentially affecting the NF-κB/AKT pathway.

3.5. BCAA Supplementation Alters Intestinal Flora Diversity in ApoE−/− Mice

Here, 16S rRNA gene sequencing was performed to examine and analyze the intestinal
bacteria in the cecum and colon, respectively, to investigate the effect of dietary supplemen-
tation with BCAAs on the diversity of intestinal flora in ApoE−/− mice (Figure 5). Microbial
diversity can be measured by two parameters: alpha diversity and beta diversity. Alpha
diversity is generally applied to reveal the abundance and diversity of gut microbiota,
with indicators including OTU, ACE, Chao1, Shannon indexes, and Simpson indexes. The
alpha-diversity analysis (Figure 5A–E) shows that a high-fat diet increased the richness and
diversity of intestinal flora, whereas BCAA supplementation had no significant effect on
the alpha diversity of intestinal flora. Beta diversity analysis was employed to analyze the
overall structural changes in the gut microbiota. PCoA based on UniFrac distance revealed
distinct and separate clustering of microbiota compositions between HFD mice and ND
mice, and between HFD mice and HFD supplemented with BCAA, and between ND mice
and ND supplemented with BCAA. (Figure 5F,G). Overall, the beta diversity of intestinal
flora in the cecum and colon of ApoE−/− mice was changed by BCAA supplementation in
both the normal and high-fat diets, and this alteration was more obvious when mice were
fed a high-fat diet.

Figure 5. BCAA supplementation alters gut microbiota diversity in ApoE −/− mice. (A–E) Alpha
diversity of gut microbiota in the cecum and colon was assessed by OTU (A), ACE index (B), Chao1
index (C), Shannon index (D), Simpson index (E). The data are presented as the mean ± SEM (n = 4–5
for each group). (F) PCoA based on UniFrac distance of gut microbiota in the cecum (F) and colon
(G), n = 4−5 for each group. * p < 0.05 vs. ND group.
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3.6. BCAA Supplementation Alters Gut Microbiota Composition in ApoE−/− Mice

After ApoE−/− mice were fed for 12 weeks, the effects of dietary supplementation
with BCAAs on gut microbiota composition were investigated. The results of the heatmap
and clustering analysis based on the relative abundance of intestinal flora are shown in
Figure 6. The graphs were based on the relative abundance of bacteria in the cecum, as
shown in Figure 6A. Compared with the ND group, the relative abundances of Papillibacter,
Prevotellaceae_NK3B31_group, Family_XIII_UCG-001 and Ileibacterium were upregulated,
whereas the relative abundances of Alistipes and Marvinbryantia were downregulated in
the NB group. Compared with the ND group, the relative abundances of GCA-900066225,
Ruminiclostridium_5 and uncultured_bacterium_f_Peptococcaceae at the genus level were sig-
nificantly upregulated in the HFD group, and the relative abundances of Papillibacter,
Prevotellaceae_NK3B31_group and Family_XIII_UCG-001 were significantly downregulated
at the genus level. The relative abundances of Ruminiclostridium_5, Faecalibaculum and
uncultured_bacterium_f_ Lachnospiraceae were upregulated in the HFB group compared to
the HFD group.

Heatmaps based on the relative abundance of colonic bacteria in mice are presented
in Figure 6B. The relative abundances of the 24 different bacterial groups at the genus
level revealed differences in the abundance and composition of the intestinal flora in
each group. The relative abundance of Prevotellaceae_NK3B31_group was significantly
higher in the NB group than in the ND group. Compared to the ND group, the relative
abundances of Prevotellaceae_UCG-001, Muribaculum, [Eubacterium]_xylanophilum_group
and uncultured_bacterium_f_Muribaculaceae were significantly lower, whereas Lactococcus,
Photobacterium, uncultured_bacterium_f_Mycoplasmataceae, Bifidobacterium and Leuconostoc
had significantly higher relative abundances in the HFD group. In addition, 10 genus
levels of Succinivibrio, Ochrobactrum, and Acidipila also exhibited elevated intestinal flora
abundances in the HFD group. Compared with the HFD group, the relative abundance of
Lactococcus, Photobacterium, uncultured_bacterium_f_Mycoplasmataceae and Bifidobacterium
decreased in the HFB group, and that of uncultured_bacterium_f_ Gemmatimonadaceae, uncul-
tured_bacterium_f_Ilumatobacteraceae and Succinivibrio showed significantly higher levels of
14 genera in the intestinal flora.

To further determine the changes in flora among different groups, the flora with sig-
nificantly altered relative abundances were analyzed, and the statistical results are shown
in Figure 7. In the cecum, the relative abundances of Desulfovibrio, Faecalibaculum, Pre-
votella_9, Ruminiclostridium_5, uncultured_bacterium_f_Lachnospiraceae and Weissella were
significantly higher in the HFD group compared with the ND group, whereas the rela-
tive abundances of Ileibacterium, Lachnospiraceae_NK4A136_group and Muribaculum were
significantly lower than that in the ND group. The relative abundance of Desulfovibrio in
the HFB group was significantly higher than that in the HFD group, whereas the relative
abundance of Faecalibaculum was significantly lower than that in the HFD group. In ad-
dition, the relative abundances of Lactococcus and Photobacterium in the HFD group in the
colon were significantly higher than that in the ND group, and the relative abundances
noted in the HFB group were significantly lower than that in the HFD group. The relative
abundance of Prevotellaceae_UCG-003 in the HFB group was significantly higher than that
in the HFD group.
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Figure 6. BCAA supplementation alters gut microbiota composition in ApoE−/− mice. Heatmap of
gut microbiota composition at the genus level for each group in the cecum (A) and colon (B), n = 4–5
per group. The scale bar indicates the standardized Z value of the microbial relative abundance. Red
and blue colors indicate higher and lower average expression, respectively.
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Figure 7. BCAA supplementation alters gut microbiota relative abundance in ApoE−/− mice. The
relative abundance of gut microbiota at the genus level in the cecum (A) and colon (B) The data are
presented as the mean ± SEM (n = 4–5 for each group). Letters “a” and “b” indicate possible probiotics
and pathogenic bacteria previously reported, respectively. * p < 0.05 vs. ND group; # p < 0.05 vs.
HFD group.

3.7. BCAA Supplementation Promotes Bile Acid Excretion in ApoE−/− Mice

Dyslipidemia is an important risk factor for AS, and cholesterol can be metabolized
to BAs in the liver, representing the main pathway of cholesterol metabolism. The con-
centrations of 16 types of BAs in the intestinal contents were assayed using LC−MS/MS.
As shown in Figure 8, the levels of total BAs, 12α-OH BAs, non-12α-OH BAs, primary
BAs, and secondary BAs and the ratio of 12α-OH/non-12α-OH BAs were significantly
increased in the HFD group compared with the ND group. We also found that BCAA sup-
plementation in the high-fat diet markedly increased the levels of total BAs, 12α-OH BAs,
non-12α-OH BAs, primary BAs, and the ratio of primary/secondary BAs in the intestinal
contents, but no significant differences in secondary BAs and the ratio of 12α-OH/non-
12α-OH BAs were observed between the HFB and HFD groups. These results suggest that
dietary supplementation with BCAAs may facilitate cholesterol catabolism by promoting
BA excretion.

3.8. Correlation of Intestinal Flora with Blood Glucose, Lipid Indices and Bile Acids

The above results showed that dietary supplementation with BCAAs altered lipid
profiles, BA levels, and intestinal flora diversity in ApoE−/− mice; thus, the correlation
of intestinal flora with blood glucose, lipid indices, and BA levels in mice was further
analyzed. Spearman correlation analysis (Figure 9) revealed that the relative abundances of
Eubacterium xylanophilum group, Prevotellaceae, Lachnospiraceae NK4A136 group, and Murib-
aculum were significantly negatively correlated with HDL-C, LDL-C, and TC levels. The
relative abundances of Desulfovibrio and Arcobacter were significantly and positively corre-
lated with GLU, HDL, LDL, and TC levels. The relative abundance of the intestinal flora of
5 genera, including uncultured_bacterium_f_Gemmatimonadaceae, was positively correlated
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with HDL-C, LDL-C, and TC levels. The relative abundance of intestinal flora of 10 gen-
era, including Streptococcus, was significantly and positively correlated with LDL and TC
levels. The relative abundance of Prevotellaceae_UCG-003 was significantly and positively
correlated with HDL-C and LDL-C levels. In addition, the heatmap correlation analysis
(Figure 9B) showed that the relative abundance of intestinal flora of 8 genera, including
Muribaculum, was significantly and negatively correlated with the levels of multiple BAs,
while the relative abundance of intestinal flora of 17 genera, including Romboutsia, was
significantly positively correlated with the levels of several BAs.

Figure 8. BCAA supplementation alters the bile acid composition in intestinal contents in ApoE−/−

mice. Sixteen molecular species of BAs were determined in cecal and colonic contents by an
LC−MS/MS method. (A) Total bile acid concentrations. (B) 12α-OH BA concentrations. (C) Non-12α-
OH BA concentrations. (D) Primary bile acid concentrations. (E) Secondary bile acid concentrations.
(F,G) The ratios of 12α-OH BAs to non-12α-OH BAs (F) and ratios of primary BAs to secondary BAs
(G). The data are presented as the mean ± SEM (n = 7–8 for each group). * p < 0.05 vs. ND group;
# p < 0.05 vs. HFD group.
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Figure 9. Spearman rank correlation analysis. (A) Spearman rank correlation analyses between
intestinal microbiota and serum biochemical parameters, n = 4–5 per group. (B) Spearman rank
correlation analyses between intestinal microbiota and bile acids in the cecum and colon, n = 4–5
per group. Red indicates positive correlation coefficients, and blue indicates negative correlation
coefficients. Significant correlations are indicated by * p < 0.05.

4. Discussion

AS is a common pathophysiological foundation for several types of cardiovascular
and cerebrovascular diseases that involves complicated interactions among various factors.
The pathogenesis of AS is sophisticated but not completely elucidated. In the present
study, we investigated the effect of BCAA supplementation on AS and its mechanism in
ApoE−/− mice fed with a high-fat diet. BCAA supplementation substantially reduced the
formation of aortic plaques, ameliorated dyslipidemia by enhancing the excretion of BAs,
and alleviated the inflammatory response by potentially affecting the inflammatory related
pathway. In addition, BCAA supplementation altered the gut bacterial beta diversity
and gut microbiota composition and abundance, especially reducing harmful bacterial
abundance and increasing probiotic abundance.

Atherosclerotic plaque formation is the most significant lesion characteristic of AS,
and the plaque area and size directly indicate the extent of atherosclerotic lesions. In
this study, high-fat feeding ApoE−/− mice had massive plaques on the interior of the
aorta, suggesting that the AS model had been successfully established. The lesion area
dramatically decreased in the HFB group, indicating that BCAA dietary supplementation
could attenuate AS induced by a high-fat diet. Furthermore, HE and Oil Red O-stained
aortic root slices revealed that BCAA supplementation reduced the atherosclerotic plaque
area. Zhao et al. also found that adding leucine to drinking water also significantly
reduced the size of aortic atherosclerotic lesions in ApoE−/− mice [30]. Plaque stability
is another important indicator when evaluating the risk of plaque formation. It has been
demonstrated that an elevated collagen fiber content plays an important role in enhancing
plaque stability [31]. Masson staining results from this study revealed a decrease in collagen
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content in the HFB group compared to the HFD group. Considering that except for collagen
fibers, plaque stability is also affected by factors such as lipids, macrophages, and smooth
muscle cells [32–34], further experiments are required to verify the effect of BCAAs on
plaque stability.

Dyslipidemia is widely recognized as an important risk factor for AS. In vivo, LDL-C
is the vehicle for cholesterol metabolic transport, and excessive LDL-C deposition can cause
subintimal migration and aggregation, damaging the vascular endothelium, increasing
the number of foam cells, and ultimately resulting in AS [35,36]. A cross-sectional study
showed that plasma BCAA levels are positively correlated with LDL-C levels, and increased
BCAA levels are also positively associated with metabolic dyslipidemia [37]. Oren Rom et al.
demonstrated that leucine reducedTG content in macrophages by inhibiting VLDL uptake
in vitro, thereby inhibiting lipid accumulation and macrophage foam cell formation [38].
Zhao et al. demonstrated that adding BCAAs (leucine) to drinking water improved the lipid
profile by promoting ATP-binding cassette transporter G5 (ABCG5)/ABCG 8-mediated
hepatic cholesterol efflux in ApoE−/− mice [30]. Similarly, in this study we revealed that
dietary BCAA supplementation alleviates high-fat diet-induced dyslipidemia by reducing
serum TC, LDL-C, and HDL-C levels in AS model mice. These studies indicate that dietary
supplementation with BCAAs has a beneficial effect on the lipid profile, which can help
prevent AS.

AS is a chronic inflammatory disease, and the inflammatory response is involved in the
development of AS [8,9]. The AKT/NF-κB signaling pathway is a crucial regulatory path-
way of the inflammatory response. AKT performs a crucial function in cellular metabolism
and the inflammatory response by regulating the activity of many target proteins [39].
The NF-κB pathway is regulated by phosphorylated AKT. NF-κB is a key transcriptional
regulator of most inflammatory genes and is involved in the inflammatory response by
coordinating the expression of multiple genes that control inflammation, tissue injury, and
immune response. Several studies have shown that the NF-κB signaling pathway plays
an important role in AS [40–42]. This study showed that dietary supplementation with
BCAAs inhibited the activation of AKT and NF-κB.

Inflammatory factors, including IL-6, TNF-α, and IL-1β, are released from the organ-
ism when NF-κB is activated [43]. IL-6 is an important upstream inflammatory biomarker
that can promote the development of AS by driving vascular smooth muscle cell (VSMC)
migration and inducing intracellular cholesterol accumulation [44,45]. TNF-α is an essential
cytokine that is primarily released by T cells and activated monocyte macrophages. TNF-α
promotes atherosclerosis by facilitating platelet aggregation and enhancing LDL transport
in endothelial cells [46]. IL-1β is an inflammatory cytokine that enhances the expression of
numerous proinflammatory cytokines, and monoclonal antibodies that target IL-1β may
protect against cardiovascular disease [47–49]. In addition, the increased IL-1β level was
positively correlated with the extent of coronary AS [50]. Additionally, MCP-1, a member of
the CC chemokine family, is a strong chemokine for monocytes, controlling the migration
and infiltration of monocytes and macrophages. Thus, MCP-1 plays a significant role in
the development of AS. It was also demonstrated that MCP-1 could increase macrophage
numbers and promote oxidized lipids to aggravate AS in ApoE−/− mice [51]. In the current
study, serum MCP-1, IL-6, TNF-α, and IL-1β levels were significantly elevated in ApoE−/−
mice fed with a high-fat diet, whereas dietary supplementation with BCAAs dramatically
decreased the serum levels of these inflammatory factors. Several previous animal studies
have similarly demonstrated that supplementation with Leu dramatically reduced serum
levels of inflammatory factors, including IL-6, TNF-α, MCP-1, and leptin in mice [30,52],
decreased macrophage infiltration at the aorta, and suppressed systemic inflammatory
responses to ameliorate AS [38]. Numerous studies have reported that ICAM-1 and VCAM-
1 enhance monocyte and endothelial cell adhesion, which promotes AS [53,54]. Aortic
root section staining confirmed that dietary supplementation with BCAAs reduced the
inflammatory response at aortic lesions. However, it has also been shown that ingestion of
BCAAs enhances human platelet activity and promotes arterial thrombosis in mice [55].
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Activated platelets initiate inflammatory responses and participate in AS through multiple
pathways. Results that are inconsistent with the above studies may be observed because the
effects of dietary supplementation with BCAAs on AS are influenced by the ratio and dose
of BCAAs and the approach of administration. Further studies are needed to investigate
these differences in the future.

Branched chain amino acid transaminases (BCATs) and particularly Branched chain
alpha-ketoacid dehydrogenase (BCKDH) (the rate-limiting enzyme in BCAA catabolism),
which are essential for maintaining BCAA homeostasis, regulate BCAA catabolism in vivo.
BCKDH-E1α is primarily responsible for BCKDH activity, which is regulated via phos-
phorylation and dephosphorylation [56]. BCKD kinase-mediated phosphorylation of
BCKDH-E1α can inactivate BCKDH, increasing BCAA levels in serum. Monitoring BCAA
levels can serve as an indirect indicator of the catabolism of BCAAs, which is mostly based
on dietary supplementation and catabolism of BCAAs in vivo. Therefore, serum BCAA
levels and liver p-BCKDH-E1α and BCKDH-E1α expression levels were examined in this
study to analyze BCAA metabolism. Our previous study showed that the enzymatic ac-
tivity of BCKDH was impaired by HFD feeding and that dietary supplementation with
BCAAs boosted the enzymatic activity and counteracted the accumulation of BCAAs in cir-
culation [28]. However, in this study, total serum BCAA levels were significantly increased
in the dietary BCAA supplementation group, but no significant differences in the levels of
each BCAA or BCKDH-E1α enzyme activity was noted among the four groups, suggesting
that the increased serum BCAA levels in ApoE−/− mice may primarily be attributable to
dietary BCAAs supplementation. Considering that BCAA homeostasis in vivo is related to
the balance between BCAA intake and BCAA metabolism, our studies indicated that BCAA
supplementation does not have a dramatic effect on this balance, which is consistent with a
previous study in which dietary intake of BCAA was only moderately positively correlated
with circulating BCAA levels in humans [57]. Thus, unlike the elevated circulation of BCAA
levels being risk factors for AS, BCAA supplementation may have beneficial effects on
AS, since BCAA supplementation does not necessarily lead to the impairment of BCAA
catabolism and the accumulation of BCAA in circulation and then cause diseases. In the
future, whether BCAA can be used as a supplement for disease prevention and treatment
in humans needs to be confirmed by randomized clinical trials.

Recently, a growing number of studies have shown that gut microbiota dysbiosis plays
an important role in many diseases, including AS. Dysbiosis can promote AS development
by enhancing the systemic inflammatory response. Furthermore, during AS progression,
some bacteria can promote AS development, whereas others can inhibit AS formation.
GCA-900066225 is associated with abnormal lipid metabolism, and Prevotella_9, Weissella,
Leuconostoc and Photobacterium are opportunistic bacteria [58,59]. In the present study, a
high-fat diet increased the relative abundance of these harmful bacteria. Alistipes plays a
protective role in cardiovascular disease, and Ileibacterium and Muribaculum are associated
with attenuating the inflammatory response [60–62]. Desulfovibrio, also known as sulfate-
reducing bacteria, metabolizes and produces hydrogen sulfide, which is harmful to the
intestinal epithelium and impairs the mucosal barrier [63]. Similar to previous studies, a
high-fat diet dramatically increased the relative abundance of Desulfovibrio. We found that
a high-fat diet reduced the relative abundance of these beneficial bacteria. In summary, a
high-fat diet may exacerbate AS by increasing the abundance of harmful bacteria while
reducing the abundance of beneficial bacteria.

In addition, dietary supplementation with BCAAs may have protective benefits for
AS by reducing the abundance of harmful bacteria and increasing the abundance of probi-
otics. These effects may be beneficial for intestinal health. Dietary supplementation with
BCAAs decreased the relative abundance of Faecalibaculum and Fusobacterium, two genera
of opportunistic pathogenic bacteria that boost inflammatory responses and impair the
intestinal barrier. Duan et al. [64] reported that overexpression of Prevotellaceae_UCG-003
suppresses the inflammatory response, and dietary supplementation with BCAAs signifi-
cantly increased its relative abundance in the current study. The abundance of Succinivibrio
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in patients with metabolic disorders was much lower than that in healthy patients [65], sug-
gesting that Succinivibrio is a potential metabolic probiotic and that dietary supplementation
with BCAAs increased its relative abundance.

Cholesterol is converted to BAs to maintain plasma cholesterol levels. Therefore,
the upregulation of BA biosynthesis and the excretion of BAs are closely related to low
serum cholesterol levels [66]. Cholesterol is the primary factor used in the biosynthesis
of BAs, and two main pathways are involved. The classical pathway produces mainly
12α-OH BAs, whereas the alternative pathway produces mainly non-12α-OH BAs. A low
proportion of non-12α-OH BAs has been shown to have beneficial metabolic effects [67–69].
In addition, primary BAs play critical roles in cholesterol metabolism, lipid digestion, and
host-microbe interactions, and can be converted to secondary BAs by the intestinal flora.
High-fat diets increase some secondary BAs, which are risk factors for colonic inflammation
and cancer [70]. Our results similarly showed that a high-fat diet caused an increase in
secondary BAs and a decrease in the proportion of non-12α-OH BAs, indicating that a
high-fat diet has a negative effect on ApoE−/− mouse metabolism. In addition, the levels
of total BAs, primary BAs, 12α-OH and non-12α-OH BAs in cecal and colonic contents
were all increased in the HFB group compared with the HFD group. This finding indicates
that dietary supplementation with BCAAs may enhance the excretion of total BAs, mainly
increasing primary BAs, which can affect lipid metabolism and exert a metabolic benefit.

Correlation analysis revealed that lipid-related parameters were significantly nega-
tively associated with the relative abundance of Family_XIII_UCG-001 and slightly nega-
tively associated with the relative abundance of Ileibacterium and Papillibacter. In contrast,
dietary supplementation with BCAAs significantly increased the relative abundance of
the three bacteria. In addition, serum lipids showed a significant positive correlation with
the relative abundance of Photobacterium and a mild positive correlation with the relative
abundance of Lactococcus. In contrast, dietary supplementation with BCAAs significantly
reduced the relative abundance of both. It has been reported that Bacteroides is associated
with intestinal catabolism of BCAAs, whereas Streptococcus is associated with intestinal
biosynthesis of BCAAs [71,72]. However, a correlation between Bacteroides and Streptococcus
and serum BCAA levels was not observed in this study, which may be due to the use of
different animal models and individual differences in animals. We also found that BA levels
were correlated with probiotic bacteria, such as Bifidobacterium, Lactobacillus, Phascolarcto-
bacterium, and Prevotellaceae_UCG-003, consistent with previous reports [73–76]. Overall,
dietary supplementation with BCAAs may promote BA metabolism by upregulating the
relative abundance of probiotics, such as Prevotellaceae_UCG-003.

5. Conclusions

In conclusion, this study demonstrates that dietary supplementation with BCAAs may
not only alleviate AS by suppressing the inflammatory response, but may also regulate bile
acid excretion by altering intestinal flora in ApoE-deficient mice. This research supported
the beneficial effects of BCAAs on inflammation and elucidated their potential mechanisms,
providing different perspectives on the molecular mechanisms of BCAA supplementation
to alleviate AS.
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Abstract: In traditional Chinese medicine, soft-shelled turtle protein and peptides serve as a nu-
traceutical for prolonging the lifespan. However, their effects on anti-aging have not been clarified
scientifically in vivo. This study aimed to determine whether soft-shelled turtle peptides (STP) could
promote the lifespan and healthspan in Drosophila melanogaster and the underlying molecular mech-
anisms. Herein, STP supplementation prolonged the mean lifespan by 20.23% and 9.04% in males
and females, respectively, delaying the aging accompanied by climbing ability decline, enhanced gut
barrier integrity, and improved anti-oxidation, starvation, and heat stress abilities, while it did not
change the daily food intake. Mechanistically, STP enhanced autophagy and decreased oxidative
stress by downregulating the target of rapamycin (TOR) signaling pathway. In addition, 95.18% of
peptides from the identified sequences in STP could exert potential inhibitory effects on TOR through
hydrogen bonds, van der Walls, hydrophobic interactions, and electrostatic interactions. The current
study could provide a theoretical basis for the full exploitation of soft-shelled turtle aging prevention.

Keywords: soft-shelled turtle peptide; lifespan; healthspan; TOR; molecular docking

1. Introduction

Aging is defined as biological and physiological processes at the late phase of life,
typically characterized by the increased functional decline of organs and subsequent
organismal death. The onset of age-related disorders such as atherosclerosis, type 2 diabetes,
osteoporosis, neurodegeneration, and cardiovascular disease is frequently accompanied by
the decay process [1,2]. Thus, strategies delaying the aging process should increase both
lifespan and healthspan because most people are not only concerned about how long they
will live but also care more about the length of time they can have good health and the
ability to deal with daily activities [3,4].

Bioactive peptides, which are produced by proteolysis from food protein, have been
proven to prolong lifespan and suppress the incidences of age-linked illnesses like cancer,
cognitive decline, and neurodegeneration [5–9]. Soft-shelled turtles (Pelodiscus sinensis) have
been widely consumed as a food and medicine with high nutritional value since ancient
times. Especially, the traditional remedy of soft-shelled turtles in oriental medicine claims a
longevity-promoting effect. A previous study demonstrated that soft-shelled turtle peptide
(STP) supplementation could reduce physical exhaustion and oxidative stress as well as
enhance exercise endurance and energy metabolism by modulating the oxidative stress-
related protein in mice [10]. Due to the relationship between oxidative stress and aging,
it is necessary to explore the anti-aging effect of STP. However, few reports explored the
longevity-promoting and direct anti-aging effects of STP [11]. Additionally, previous studies
primarily concentrated on confirming the function effect of STP, whereas the structural
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properties of peptides and structure-activity relationship remain unknown [10,12]. Hence,
it is essential to identify and classify effective anti-aging peptides from STP.

Previous studies reported that the target of the rapamycin (TOR) signaling pathway
was necessary for the lifespan promotion effect of some bioactive peptides [13,14]. TOR,
a highly conserved serine/threonine kinase of the phosphatidylinositol kinase-related
kinase family, is essential for sensing and responding to nutrient stimuli as well as deliv-
ering growth signaling in eukaryotes [15]. TOR complex 1 (TORC1) and TOR complex 2
(TORC2) are the two function complexes for TOR. Multiple TORC1-regulated processes
appear to coordinately and overlappingly contribute to the pro-longevity effects of TORC1
inhibition [16]. Studies indicated that TOR signaling is a ROS-sensitive pathway, and the
antioxidant effects of substances could affect the expression of TOR [17,18]. Regarding the
in vivo antioxidant activity of STP, the idea that the exploration of STP to regulate the ex-
pression of TOR to increase autophagy and inhibit oxidative stress for longevity-promoting
was practicable.

Here, we utilized Drosophila as a model organism to investigate the lifespan and
healthspan extension effects of STP, and further identify metabolic pathways that correlate
with lifespan. Simultaneously, the possible mechanism underlying the anti-aging effect of
STP were elucidated by measuring the gene expression levels of the TOR signaling pathway.
Moreover, the peptide profiles of STP were investigated as possible anti-aging peptides by
molecular docking.

2. Materials and Methods

2.1. Materials

Wild-type Canton-S strain of Drosophila melanogaster was obtained from the Institute of
Food Bioscience and Technology of Zhejiang University. The obtained flies were kept under
controlled conditions at a temperature of 25 ◦C, humidity of 65%, and a 12-h light–dark
cycle. Soft-shelled turtle peptides were kindly provided by Hangzhou Kangyuan Food
Science and Technology Co., Ltd. (Hangzhou, China). The basic chemical components,
relative molecular mass distribution, and amino acid composition of STP were shown in
our previous study [10].

2.2. Fly Husbandry and Treatment

The parental flies were inoculated at a ratio of 20 males: 40 females and were cultured
in the basal medium. Then, the parental flies were released on the fifth day. Afterward,
the offspring of flies were reared at a standard larval density of ~300 flies per bottle, and
all enclosed adults were collected over a 12-h period to obtain the F1 generation. We
repeated this procedure to produce the F2 generation of flies. After the eclosion of the
embryos of the F2 generation, male and female flies were collected within 48 h under CO2
anesthesia for further experiments. We refer to the first day of a dietary treatment as the
first day of adulthood for flies. The flies were reared on basal medium or soft-shelled
turtle peptide-supplemented medium. The basal medium contained corn meal (10.5%,
w/v), yeast (4%, w/v), sucrose (7.5%, w/v), agar (0.75%, w/v), and propionic acid (1%, v/v)
(control group, CT). Soft-shelled turtle peptide-supplemented medium was prepared by
adding soft-shelled turtle peptide power into a cooled (65 ◦C) liquid basal medium with a
concentration of 0.8% (w/v) STP.

2.3. Lifespan Analysis

Flies (including male and female) were harvested within 48 h after hatching and
anesthetized by light CO2 for sortation, after which the flies were transferred to 30-mL vials
containing treatment medium (CT or STP) with a density of 30–35 flies per vial. A total of
10 vials were set up for the CT and STP groups. After every 3–4 days, these flies were again
transferred to new vials containing several types of media. All the dead flies were counted
until no survivors remained. The mean, median, and maximum lifespan were calculated in
accordance with the previously reported method [13].
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2.4. Feeding Assay

Flies in the CT and STP groups were kept for starvation in (1%) agar for 24 h on day 30.
Afterward, flies were cultured in the darkness for 4 h on agar containing F&D blue No. 1
(0.5%, Shanghai Macklin Biochemical Co., Ltd., Shanghai, China). Then, the flies were
frozen on liquid nitrogen immediately and measured [19].

2.5. Climbing Assay

The evaluation of climbing ability was conducted as previously described [20]. On the
40th day, empty tubes with a line 6 cm above the bottom were used to keep both STP and
CT groups of flies. After transferring the flies into containers, flies were gently trapped at
the bottom; a ten-second timeline was recorded for flies to cross the drawn line.

2.6. Smurf Assay

The intestinal barrier function was evaluated using the smurf assay, as published
previously [21]. On the 40th day, flies were transferred into new vials with the medium
containing F&D blue No. 1 (2.5%) for 9 h. Flies with gut stains were counted as a smurf.

2.7. Stress Assay

Flies were fed for 30 days before a stress assay. A total of 6 vials (180–210 flies) were
set up for CT and STP groups. For the oxidative stress assay, flies were fed H2O2 (30%)
dissolved in glucose (5%) supplied on filter paper [13]. In the starvation test, flies were
placed in tubes with agar (1%) [22]. The survival rate was documented every five hours.
For the heat stress assay, flies were placed in an empty tube at 37 ◦C, and the survival rate
was documented every half hour [23]. For the cold stress assay, flies were placed in empty
vials bathed on ice at 4 ◦C for 2 h, and then placed at a temperature of 25 ◦C for behavior
recording for 2 h [24].

2.8. Determination of Biochemical Index

Flies aged 30 days were immersed in liquid nitrogen and then kept at −80 ◦C for
further examination. Commercial kits from the Nanjing Jiancheng Bioengineering Institute,
Nanjing, China, with the manuals were used to determine the protein content (Catalog
No. A045-3-2), malondialdehyde (MDA, Catalog No. A003-1-2), triacyleglyceride (TAG,
Catalog No. A110-1-1), glutathione peroxidase (GSH-PX, Catalog No. A005-1-2), and
superoxide dismutase (T-SOD, Catalog No. A001-1-2).

2.9. Untargeted Metabolomics Analysis

The whole flies at 30 days of age were collected, and the sample preparation methods
of metabolomics analysis were assessed as reported previously [25]. Briefly, samples
were separated using Agilent 1290 UHPLC (Agilent Technologies, Santa Clara, CA, USA)
equipped with the ACQUITY UPLC BEH Amide column (1.7 μm, 2.1 mm × 100 mm),
and analyzed by Triple 6600 TOF mass spectrometer (AB Sciex, Concord, Toronto, ON,
Canada). Metabolites were identified based on the exact mass of their MS and tandem MS
spectra, which were then searched and compared using a laboratory database (Shanghai
Applied Protein Technology Co., Ltd., Shanghai, China). The initially processed data
were enumerated with SIMCA software (V14.1, Umetrics, Ume, Västerbotten, Sweden)
for mode identification following normalization to total peak intensity (by weight of the
complete flies). Following the collection of valid data, principal component analysis (PCA)
and orthogonal partial least-squares discriminant analysis (OPLS-DA) were applied to
differentiate STP from the CT group. Variable importance in projection (VIP) > 1 and
p < 0.05 were employed as criteria for screening potential biomarkers, and the KEGG
metabolomics pathway analysis was constructed to reveal the most relevant pathway for
STP to exert anti-aging effects.
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2.10. Real-Time Quantitative PCR

The detailed protocol of RT-qPCR was performed as reported previously in our labora-
tory [10]. Primers were provided by Tsingke Biotechnology Co., Ltd. (Beijing, China). RP49
was used as a reference by using the 2(−ΔΔCt) method, and the designed primer sequences
are shown in Table S1.

2.11. Peptides Sequence Identification

STP was desalted using a C18 stage tip before lyophilization according to the method
of Hu et al. [26] and analyzed by EASY-nLC-orbitrap MS/MS system. The detailed infor-
mation was shown in our previous study [27].

2.12. Molecular Docking of STP on FKBP12-FRB

The interaction between the FKBP12-FRB (as the receptor, PDB ID: 3FAP) and peptide
identified from Section 2.11 (as the ligands) was conducted by molecular docking (Discovery
Studio software, Accelrys, San Diego, CA, USA) to predict the potential inhibitory activity
of peptides with anti-aging activity [15]. The structure of FKBP12-FRB was optimized via
operations cleaning, preparation, dehydration, and hydrogenation operation. The docking
program was conducted with special binding sites (coordinates: x = 10.8388, y = 24.8616,
z = 36.6092) and a set receptor radius (25.00 Å).

2.13. Statistical Analyses

The statistical analysis was accomplished with GraphPad prism 6.0. All values signify
means ± SEM, and p-value < 0.05 was taken as statistically significant. The Two-tailed
unpaired t-test was used to analyze the comparisons between two independent groups.

3. Results

3.1. STP Extended Lifespan and Healthspan in Drosophila

As shown in Figure 1B,C, the survival curves of flies in the STP group were right-
skewed compared to the CT group, with the increase of mean, median, and maximum
lifespan by 20.23% (p < 0.001), 25.48% (p < 0.01), and 4.03% in male flies, 9.04% (p < 0.01),
6.02% (p < 0.05), and 0.31% in females, respectively. Flies in the STP group exhibited slightly
increased average food consumption than the CT group, but this was not statistically
significant (Figure 1D). Furthermore, STP supplementation increased the climbing ability
by 23.19% (p < 0.001) for male flies and 10.55% for females (p = 0.063) compared to the CT
group (Figure 1E). Similarly, STP decreased the number of smurf flies by 37.74% (p < 0.05)
for male flies and 32.09% (p < 0.05) for females compared to the CT group (Figure 1F). Taken
together, these results suggested that STP extended the lifespan and healthspan in both
male and female flies without limiting food intake. Moreover, the male flies that received
STP exhibited better performance than females. Hereafter, our experiments focused on
male flies.

3.2. STP Improved Stress Resistance in Drosophila

STP enhanced the survival rate of male flies under oxidative stress, and the mean,
median, and maximum lifespan were increased by 9.44%, 27.38% (p < 0.05), and −0.89%,
respectively, compared to the CT group (Figure 2A). The T-SOD activity increased (p < 0.01),
whereas the MDA content decreased (p < 0.05) (Figure 2B,C). Moreover, STP increased the
survival rate of male flies under starvation stress with the extension of mean, median, and
maximum lifespan by 35.97% (p < 0.05), 60.98% (p < 0.05), and 17.79% (p < 0.05), respectively
(Figure 2D). Accordingly, the TAG level was increased via STP supplementation by 48.26%
(p < 0.05) (Figure 2E). In addition, STP enhanced the survival rate of male flies under heat
stress, which corresponds with the upregulation of Hsp70 mRNA expression in comparison
with the CT group (p < 0.01) (Figure 2F). The mean, median, and maximum lifespan in STP
under heat stress were prolonged by 29.44%, 32.61%, and 30.72% (p < 0.05), respectively
(Figure 2G). However, STP supplementation has no significant impact on the resistance
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capability under cold stress conditions (Figure 2H). These findings implied that STP could
improve the stress resistance of flies to oxidation, heat, and starvation.

3.3. STP Impacted the Potential Metabolic Markers in Pathways Associated with Aging
in Drosophila

A clear separation of metabolites between the two groups was shown in the PCA
plot (Figure 3A), indicating that STP supplementation could induce significant metabolic
changes in flies. As shown in Figure 3B, 74 significant differential metabolites were iden-
tified mainly including amino acids, peptides, and analogs (8), nucleosides (8), carbohy-
drates and carbohydrate conjugates (13), lipids and lipid-like molecules (3), organohetero-
cyclic compounds (12), and organic nitrogen compounds (2). The KEGG pathway enrich-
ment study revealed that STP intervention significantly affected 10 metabolic pathways
(Figure 3C). For instance, compared to the CT group, metabolites (hypoxanthine, adeno-
sine, and inosine) closely related to the purine metabolism pathway were downregulated
after STP treatment. Nicotinamide and trigonelline, which are involved in the pathway of
nicotinate and nicotinamide metabolism, were downregulated, whereas the nicotinate was
upregulated. Moreover, compared to the CT group, 2-phospho-D-glycerate, methylglyoxal,
and 4-methyl-2-oxopentanoate, crucial to the amino acid metabolism and biosynthesis
(including glycine, serine, and threonine metabolism, arginine biosynthesis, valine, leucine,
and isoleucine biosynthesis), were found downregulated after STP treatment, while creatine,
citrulline, N-acetylglutamate, and L-leucine upregulated. Raffinose, D-galactonate, sucrose,
and trehalose were downregulated, which are involved in the carbohydrate metabolism
(ascorbate and aldarate, starch and sucrose, and galactose metabolism), and L-ascorbate,
L-threonate, and D-galacturonate were upregulated. The main pathways affected by STP
were summarized and sketched in Figure 3D.

Figure 1. STP extended lifespan and improved healthspan in flies. (A) The scheme for animal
experiment; Lifespan curves of male flies (B) and female flies (C); (D) Food intake; (E) Climbing
ability; (F) Smurf flies. Data are shown as mean ± SEM. Statistical test: two-tailed unpaired t-test
(* p < 0.05, ** p < 0.01, and *** p < 0.001 vs. CT group).
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Figure 2. STP improved the resistance ability to stress in male flies. (A) Oxidative stress; (B) T-SOD
activity; (C) MDA content; (D) Starvation stress; (E) TAG content; (F) Gene expression level of Hsp70;
(G) Heat stress; (H) Cold stress. Data are shown as mean ± SEM. Statistical test: two-tailed unpaired
t-test (* p < 0.05 and ** p < 0.01 vs. CT group).

3.4. STP Regulated TOR Signaling-Related Genes in Drosophila

As presented in Figure 4A, compared to the CT group, STP has substantially sig-
nificantly upregulated the relative mRNA expression of nuclear factor-erythroid-2-like
2 (Nrf2) and heme oxygenase-1 (Ho-1) (p < 0.001), whereas downregulated kelch-like ECH-
associated protein 1 (Keap1) (p < 0.05) in flies. Also, STP significantly downregulated the
relative mRNA expression of TORC and upregulated the expression of autophagy-related
gene1 (Atg1) (p = 0.0714) and autophagy-related gene 8a (Atg8a) (p < 0.05) in male flies
compared to the CT group (Figure 4B). Taken together, the current data suggested that STP
could enhance autophagy and inhibit oxidative stress by inhibiting TOR signaling pathway
in flies.
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Figure 3. STP modulated metabolome in male flies. (A) The PCA scores plot under positive and neg-
ative ion modes; (B) Significant altered metabolites between CT and STP groups; (C) KEGG pathway
resulting from the differential metabolites; (D) Metabolic pathways affected by STP supplementation
in male flies. Metabolites colored in green/blue represent metabolites with increased/decreased
levels after STP supplementation.
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Figure 4. STP may inhibit the TOR signaling pathway to prolong the lifespan of flies. The gene
expression level of (A) Nrf2, Keap1, and Ho-1; (B) TORC, Atg1, and Atg8a. Data are shown as mean ±
SEM. Statistical test: two-tailed unpaired t-test (* p < 0.05, ** p < 0.01, and *** p < 0.001 vs. CT group).

3.5. Prediction of Peptides from STP with Anti-Aging Activity by Molecular Docking

In total, 187 peptide sequences were identified from STP. Table S2 revealed that the
molecular weight of peptide sequences ranged between 330.1903 and 1901.9041 Da in
STP, and the sequences were majorly constituted by 4–16 amino acid residues. Next, the
molecular docking of these sequences with FKBP12-FRB was performed to predict po-
tential peptides with anti-aging activity. A total of 178 peptides, accounting for 95.18%
of CPTP, were successfully docked (Table S2). Among them, the #91 peptide sequence
ADLETYLLEKSRVT displayed the highest (-) CDOCKER Energy value of 225.071, indicat-
ing that this peptide may have the highest docking potential for the target. Moreover, the
molecular interaction between ADLETYLLEKSRVT and FKBP12-FRB is shown in Figure 5.
Four weak interactions, i.e., hydrogen bonds, van der Waals, hydrophobic, and electrostatic
interactions, were observed from their simulated docking with FKBP12-FRB. To be more
specific, ADLETYLLEKSRVT comprising 8 residues, had 15 hydrogen bonds with Ser38,
Asp37, Arg42, Tyr42, and Glu54 on the A chain and Lys184, Gln188, and Glu121 on the B
chain. There were 14 van der Walls with Asp41, Phe99, Trp59, Tyr26, Phe46, Gln53, and
Lys52 on the A chain and Thr187, Gly129, Tyr194, Trp190, His117, Ser124, and Phe197 on
the B chain. As for the hydrophobic and electrostatic interactions, ADLETYLLEKSRVT had
seven hydrophobic interactions with Phe36, His87, Ile91, Ile90, Ile56, and Val55 on the A
chain, Arg125 on the B chain, while there were six electrostatic interactions with Lys35 and
Arg42 on the A chain, and Asp191, Phe128, Glu121, and Glu122 on the B chain. In short,
hydrogen bonds, van der Waals, and hydrophobic and electrostatic interactions may help
the peptide form a more stable complex with FKBP12-FRB.
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Figure 5. The 3D (A) and 2D (B) diagrams of the interactions between ADLETYLLEKSRVT and
FKBP12-FRB.

4. Discussion

Bioactive peptides like cultured crocodile meat hydrolysates, sea cucumber hydrolysate,
and crimson snapper peptides could increase the survival curve (indicative of increased
lifespan) [5,28,29]. Similarly, STP supplementation prolonged the mean and median lifes-
pan in both male and female flies, suggesting that STP was effective in the anti-aging
of flies. Nevertheless, aging not only increases the chance of mortality, but also reduces
physiological, physical, cognitive, and reproductive functions [30]. In the study, the age-
related changes in muscle/neuronal function (climbing ability) and intestinal function
(smurf flies) were improved by STP supplementation, which suggested that STP-treated
flies were in better health than the CT group at the same age. It is reported that the inci-
dence of intestinal dysfunction increases with age, which leads to an increased intestinal
microbial load and a reduction in the host lifespan [31]. The lifespan of flies with intestinal
barrier dysfunction increased with the removal of the microbes [31,32]. Therefore, STP
may have reduced the microbial load to maintain the intestinal barrier function in flies,
thus prolonging the lifespan of flies. Notably, the current data showed that the effect of
STP on the lifespan and healthspan was more obvious in male flies than females, which
suggested that the beneficial effects of STP are related to sex. Likely, Chen et al. found
that crimson snapper peptides could significantly increase the healthspan in male flies but
not in females [29]. This difference may be due to the higher energy required by female
flies to reproduce as the possible occurrence of mating behavior. Intriguingly, it has been
reported that such differences in responses to bioactive peptides between gender also exists
in rodents subjected to caloric restriction [33]. One hypothesis to crack this puzzle is that
the gender-biased physiologic utilization and allocation of energy difference will affect the
response to daily energy alterations in males and females [34]. However, further studies on
this sexual difference are greatly needed.

Generally, the phenotype alterations of longevity are accompanied by the altered
resistance ability to various environmental stresses in flies. Since STP increased the lifespan
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and healthspan of flies, we subsequently tested whether it would enhance resistance to
stress and thus lead to an increased survival rate in flies. As expected, STP supplementation
could increase the survival rate in flies under oxidative stress. Correspondently, the
increased antioxidant enzyme activity and decreased MDA content in the STP group further
corroborated that STP could enhance the resistance to oxidative stress in flies, which was
also observed in mice [10]. Similar results were found in starvation stress, and significant
increases in TAG content further confirmed the finding. TAG, one of the most crucial lipid-
storage molecules in insects, has been reported to affect the survival rate under starvation
conditions to a great extent [35]. Additionally, STP increased the resistance to heat stress
and was accompanied by significantly increased Hsp70 gene expression, which was in
agreement with the investigations of Su et al. [36]. Nevertheless, STP supplementation
failed to increase the resistance to cold stress, which might be caused by the short time
in the ice bath (flies in the CT and STP groups were woken up within twenty minutes).
Taken together, these findings imply that STP could improve the stress resistance of flies to
oxidation, heat, and starvation.

The mechanism that regulates the lifespan of an organism involves numerous metabolic
changes. For a better understanding of the impact of STP on the metabolite composition, the
untargeted metabolomics technique was further utilized to analyze the metabolic profiles of
the whole flies in the CT and STP groups. In flies, purine metabolites such as adenosine and
inosine were upregulated when the lifespan was shortened by dietary high-purine, high-
sugar, or high-yeast [37] but decreased after STP treatment. Purine metabolism was used
to maintain an optimal level of nucleotides in the tissues, which play a crucial role in the
biochemical processes of energy metabolism. Additionally, the levels of creatine, citrulline,
and L-ascorbate were upregulated after STP treatment. Aon et al. discovered that glycine–
serine–threonine metabolism was one of the primary pathways of mouse longevity [38].
Supplementation with creatine, which is involved in glycine–serine–threonine metabolism,
can reduce brain energy expenditure, oxidative stress, and mitochondrial dysfunction, thus
ultimately improving cognitive performance in the elderly [39]. Citrulline, a component of
arginine biosynthesis, has a powerful antioxidant capability to enhance long-term poten-
tiation in aged rats [40]. L-ascorbate could ameliorate brain aging through antioxidative
and anti-inflammatory effects [41]. Metabolomics findings suggested that the anti-aging
activity may be linked to inhibited oxidative stress.

In the study, the molecular weight of <1000 Da of STP was 93.23%. It is reported that
small peptides could interact with free radicals more efficiently through their ability to touch
the intestinal barrier easily in vivo [42]. Additionally, seventeen amino acids were found in
STP with a total content of 761.17 mg per g. Tyr, Cys, Met, His, Asp, Glu, Ala, Val, Pro, Phe,
and Leu may contribute to the antioxidant activity of peptides [43]. In the current study, the
content of the above antioxidative amino acids was 462.14 mg per g (accounting for 60.71%
of STP). The results were consistent with the increased resistance to oxidative stress. Inter-
estingly, the tolerance to oxidative stress and lifespan in flies = regulated the Nrf2/Keap1
signaling pathway [44]. Under normal conditions, Nrf2 (a stress-responsive transcrip-
tion factor) is sequestered in the cytosol by Keap1 to maintain Nrf2 in an inactive state.
However, the binding state is disrupted when exposed to oxidative stress, and then Nrf2
translocates to the nucleus to regulate the expression of more than a hundred genes [45].
Compared to the CT group, STP treatment significantly upregulated and downregulated
the Nrf2 and Keap1 gene expression levels. Also, the downstream target gene (Ho-1 and
Gclc) expression was markedly upregulated after STP treatment. Those results implied that
STP regulated the Nrf2/Keap1 signaling pathway to inhibit oxidative stress, which was
consistent with the findings of increased tolerance to oxidative stress and metabolomics.
Wu et al. reviewed that the homeostasis of intestinal microbiota and the balance of reactive
oxygen species in the gut can be altered by bioactive peptides [46]. Therefore, STP may
play a critical role in maintaining gut health and function by inhibiting oxidative stress. It
is interesting to note that studies have shown that the inhibition of TOR activation was
essential for the lifespan-promoting effect of flies against natural aging-induced oxidative
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stress. For example, rice protein hydrolysates increased flies’ longevity by boosting the
gene expression in Nrf2 and TOR signaling pathways [14]. Peptides derived from crimson
snapper scales extended the lifespan of flies and harmful environmental exposure triggered
oxidative stress by inhibiting the TOR activation [13]. Moreover, it has been demonstrated
that rapamycin, a TORC1 inhibitor, activates SKN-1 (the ortholog of mammalian Nrf2)
to prolong the longevity of nematodes [47]. STP significantly downregulated the TORC
expression, suggesting that STP regulated the TOR signaling pathway to inhibit oxidative
stress in flies. Additionally, inhibition of TORC1 could regulate the process of autophagy,
which also has a central role in promoting longevity [15]. During the process of autophagy,
lysosomes will degrade the damaged proteins, lipids, nucleic acids, and sugars, which
gives cell energy and eliminates damaged cell components to exert a protective function for
the cell [48]. The lifespan of flies was extended by over-expressing the autophagy kinase
Atg1 and Atg8 [49,50]. As expected, the expression of the Atg1 and Atg8a were upregulated
in the current study, implying that STP promoted autophagy. During starvation, autophagy
in animals mainly progresses for optimal survival [49]. STP improved the flies’ tolerance
to starvation stress and supported enhanced autophagy. In addition, oxidative stress and
autophagy are linked via the TORC1 [15]. Namely, STP may inhibit the TOR signaling
pathway to prolong the lifespan of flies. Similarly, walnut-derived peptides protected
PC12 cells from oxidative stress by promoting autophagy through the Akt/TOR signaling
pathway [9].

Rapamycin, an inhibitor of TORC1, could bind to the domain of FKBP-rapamycin
binding (FRB) of TOR by forming a complex with the 12-kDa FK506-binding protein
FKBP12, thereby inhibiting the physiological activity of TOR [15]. Therefore, the identified
peptide sequences from STP were combined with FKBP12-FRB by molecular docking,
and their interactions were analyzed; the responsible potential anti-aging peptides in
STP were further determined in this study. As a result, 95.18% of peptides from the
identified sequences in STP could successfully dock with FKBP12-FRB. The representative
peptide sequences ADLETYLLEKSRVT could form a stable ternary complex with FKBP12-
FRB through hydrogen bonds, van der Walls, hydrophobic interactions, and electrostatic
interactions. Therefore, the peptide sequences in STP could form a stable ternary complex
with FKBP12-FRB, thereby inhibiting the expression of the TOR gene from exerting anti-
aging activity.

5. Conclusions

In this study, the supplementation of diets with STP effectively extended lifespan,
improved healthspan, and enhanced stress resistances of oxidation, heat, and starvation in
flies. Furthermore, STP decreased oxidative stress and enhanced autophagy by downregu-
lating the expression of TOR, thus prolonging the lifespan of flies. Based on the molecular
docking results, 95.18% of peptides with a potential inhibitory effect on TOR were identified
from STP, and ADLETYLLEKSRVT could form a stable ternary complex with FKBP12-FRB
by hydrogen bonds, van der Walls, hydrophobic interactions, and electrostatic interactions.
Overall, this study has provided direct evidence of a longevity-promoting effect of soft-shell
turtle peptides and revealed it could serve as a healthy supplementation in enhancing
lifespan and healthspan. Importantly, the relationship between STP and gut microbiota in
flies will be investigated in future studies.
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Abstract: With age, protein glycation in organisms increases continuously. Evidence from many
studies shows that the accumulation of glycated protein is highly correlated with biological aging
and the development of aging-related diseases, so developing a dietary agent to attenuate protein
glycation is very meaningful. Previous studies have indicated that lactic acid bacteria-fermented
products have diverse biological activities especially in anti-aging, so this study was aimed to
investigate the inhibitory effect of the fermented supernatants of Lactobacillus plantarum GKM3
(GKM3) and Bifidobacterium lactis GKK2 (GKK2) on protein glycation. The results show that GKM3-
and GKK2-fermented supernatants can significantly inhibit protein glycation by capturing a glycation
agent (methylglyoxal) and/or protecting functional groups in protein against methylglyoxal-induced
responses. GKM3- and GKK2-fermented supernatants can also significantly inhibit the binding of
glycated proteins to the receptor for advanced glycation end products (RAGE). In conclusion, lactic
acid bacteria fermentation products have the potential to attenuate biological aging by inhibiting
protein glycation.

Keywords: aging; protein glycation; Lactobacillus plantarum GKM3; Bifidobacterium lactis GKK2;
fermented supernatants; the receptor for advanced glycation end products (RAGE)

1. Introduction

Aging is often recognized as a progressive degeneration in physiological capacity,
which may be a consequence of reactive oxygen species (ROS)-/reactive carbonyl species
(RCS)-mediated biological events [1,2]. In this regard, RCS-induced protein glycation and
the derived accumulation of advanced glycation end products (AGEs) during the aging pro-
cess have received great attention, because these events may be the key bridge connecting
aging with different human diseases such as atherosclerosis, diabetes, or neurodegener-
ative symptoms [3]. The content of AGEs mainly comes from the glycation reaction in
the body, followed by diet, and is highly correlated with the concentration of glucose in
the body and the metabolic response of glucose; therefore, it is interesting to investigate
health-promoting dietary intervention that can disrupt RCS-induced glycation and AGE
formation to decrease the onset and progression of aging-related diseases.
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The glycation reaction can be divided into three main stages. The first stage is the
interaction between carbohydrate molecules and substances with amine groups to form
an unstable Schiff base, which further convert into the enaminol intermediate and then
rearrange to the more stable Amadori products (e.g., ε-amino-lysine, ketoamine) [4]. The
reactions in this phase are all reversible, but the formation of the Amadori products from
the enaminol intermediate is faster than the opposite reaction. Therefore, the Amadori
products are accumulated. The second stage is the degradation of Amadori products to
produce highly active carbonyl compounds such as glyoxal (GO), methylglyoxal (MGO),
or 3-deoxyglucosone (3-DG). During the production of these carbonyl compounds, the
metal ions or oxygen are involved as catalysts. The third stage is the process in which
active molecules interact with proteins or amino acids in the middle stage of glycation to
generate stable substances (so-called glycated proteins or glycated molecules). Generally,
the production of AGEs is irreversible. These AGEs usually contain arginine and lysine
residues; therefore, they bind to the receptors for highly glycated end products (RAGE)
located on the cell membrane triggering the cell physiological mechanism such as pro-
inflammatory cytokines in the pathogenesis of chronic diseases [5].

The use of food with anti-glycation activity represents a potential strategy to treat and
prevent AGE-related diseases. For example, the phenolic compounds from citrus fruits
have been reported with an ability to inhibit AGE formation [6]. The isoflavones from
legumes also presented with anti-glycation capacity in an in vitro experiment [7]. These
anti-glycation compounds from food material usually come from enzymatic or microbial
fermentation in the human gut. Therefore, focusing on gut microbiota or specific microbial
supplements with anti-glycation effects might be one of the solutions for disease prevention.

Lactic acid bacteria (LAB) have been widely demonstrated as probiotics, which have
several health benefits such as assistance for body weight control, the homeostasis of
gut microbiota, immune modulation, and the prevention of metabolic diseases and can-
cer [8,9]. Our research group has demonstrated that LAB, including Lactobacillus plantarum
GKM3 (GKM3) and Bifidobacterium lactis GKK2 (GKK2), also have great anti-aging prop-
erties [10,11]. In the senescence-accelerated prone mice P8 (SAMP8) animal model, the
administration of GKM3 (1.0 × 109 cfu/kg B.W./day) effectively decreased TBARS and
8-OHdG levels in mice brains as well as the related features of cognitive impairment from
the passive and active avoidance test, suggesting that GKM3 has great potential for de-
laying the oxidative-stress-related aging process [11]. The administration of GKK2 was
also found to delay the progression of aging in SAMP8 mice as evidenced by the score of
senescence from Takeda’s grading method. Furthermore, decreased age-related muscle
loss was found in GKK2-treated mice when compared to the vehicle controls [10]. Because
anti-glycation characteristics such as anti-oxidative and anti-inflammatory activities were
also found in other GKM3 and GKK2 studies [12–14], the present study developed an
in vitro methylglyoxal-induced bovine serum albumin (MG-BSA) model mimicking pro-
tein glycation to clarify whether the anti-aging actions of GKM3 and GKK2 fermentate
were partially inhibiting RCS-induced glycation.

2. Materials and Methods

2.1. Fermented Supernatant Samples

Lactobacillus plantarum GKM3 (BCRC 910787) and Bifidobacterium lactis GKK2 (BCRC
910826) were isolated from fresh vegetable and infant feces, respectively. Fermented
supernatants of L. plantarum GKM3 (GKM3) and B. lactis GKK2 (GKK2) were provided
by Grape King Bio Ltd. (Taoyuan, Taiwan). In general, bacteria strains GKM3 and GKK2
were cultured in a 15-tons fermenter, respectively, at 37 °C for 16 h with containing an 80%
medium (5% glucose, 2.0% yeast extract, 0.05% MgSO4, 0.1% K2HPO4, and 0.1% Tween
80) under pH control at 6.0. During the fermentation of the strain GKK2, the addition of
CO2 gas was needed. After incubation, the fermented supernatants were collected and
centrifuged. The pH values of the fermented supernatants were then adjusted to 6.8–7.2 and
these supernatants were heated at 121 ◦C for 1 min. Finally, GKM3- and GKK2-fermented
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supernatants were stored at −30 ◦C for study. The protein contents of the GKM3- and
GKK2-fermented supernatants were 7 ng/mL and 28 ng/mL, respectively.

2.2. Protein Glycation Assays

Protein glycation was carried out by the reaction of a highly reactive dicarbonyl-
methylglyoxal (MG; 25 mM) and bovine serum albumin (BSA, the most abundant albumin
in the mammalian circulatory system; 5 mg/mL) at 37 ◦C for 7 days. GKM3- and GKK2-
fermented supernatants (50 μL/mL) were added to the in vitro system of protein glycation
as mentioned above to investigate their inhibitory effects on protein glycation. The control
groups are BSA incubated with the vehicle, GKM3- or GKK2-fermented supernatants
without MG addition. At the end of the first day of the reaction, an aliquot of the reaction
solution was subjected to an analysis of the Amadori products that were the main prod-
ucts in the early protein glycation stage using a nitroblue tetrazolium (NBT) reagent as
previously described [15]. In the NBT assay, the basic carbonate buffer containing NBT
was mixed with the sample for 15 min. Since the glucose reduced NBT, the colorless NBT
became to a deep blue, and the absorbance at 530 nm was then determined.

At the end of the reaction, 10% sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) and 3-D fluorescence spectroscopy were used to analyze the
molecular characteristics of the glycated protein in each group according to the previ-
ous methods [16–18]. Specific functional groups, including free ε-amino groups mea-
sured by trinitrobenzenesulfonic acid (TNBS) [19] and carbonyl content measured by 2,4-
dinitrophenylhydrazine (DNPH) [20] were further determined in these glycated proteins in
order to clarify the underlying mechanism of the actions of GKM3- and GKK2-fermented
supernatants in protein glycation. According to the previous study [21], an aliquot of
the reaction solution was also taken for the determination of the content of MG-derived
glycation products (argpyrimidine) in each group using a fluorescence spectrophotometer
(F-7000, HITACHI, Tokyo, Japan) at an excitation wavelength (Ex) of 335 nm and emission
wavelength (Em) of 400 nm.

2.3. MG-Trapping Assay

In general, GKM3- and GKK2-fermented supernatants (1 mL) were reacted with 2 mM
MG (1 mL) in a glass vial and were incubated at 37 ◦C for 1 h. After the reaction, 1 mL
of 12 mM OPD was added to the sample vial, and the mixtures were incubated at 37 ◦C
for 15 min to derivatize MG into 2-MQ. Finally, the mixtures were centrifuged (14,000× g,
5 min) and then subjected to high-performance liquid chromatography (HPLC) analysis to
determine the amount of MG in each group [22]. The MG-trapping ability of the samples
was determined based on the percent changes in the intensity of the MG peak of HPLC
chromatograms in the sample groups compared to those in the control group.

2.4. Glycated Protein–RAGE Binding Assay

A CircuLex AGE-RAGE in vitro Binding Assay Kit (No. CY-8151, MBL Medical & Bio-
logical Laboratories Co. Ltd., Nagoya, Japan) was used to determine the inhibitory effects
of GKM3- and GKK2-fermented supernatants on RAGE ligation, which is an important
biological response in the onset and progression of various diseases [23]. The assay was
carried out according to the manufacturer’s instructions. In brief, the GKM3- or GKK2-
fermented supernatants was added to the diluted recombinant His-tagged sRAGE in the
microplate pre-coated with AGE2-BSA for an hour. After the wells were washed, the horse
radish peroxidase (HRP)-conjugated anti-His-tag antibody was added for another hour.
The wells were washed out again, then the tetra methylbenzidine (TMB), a chromogenic
subtract which could be catalyzed by an anti-His-tag antibody, was incubated for 15 min
at room temperature. With the addition of a stop solution, the inhibitory effect on the
AGE-RAGE interaction was evaluated by measuring the amount of His-tagged sRAGE2 on
the wells under 450 nm absorbance.
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2.5. Statistical Analysis

The data shown are the means of the results obtained from three independent experi-
ments, and the statistical differences between the data of the sample groups and control
group were evaluated by a Student’s t test using SPSS 18.0 software (IBM, Armonk, NY,
USA). Significant differences were accepted at p < 0.05.

3. Results

3.1. Effects of GKM3- and GKK2-Fermented Supernatants on Early and Late Stages of
Protein Glycation

One of the Amadori products, ketoamine, was detected and is shown in Figure 1 as
the description of the early stages of protein glycation. The ketoamine content from the
glycated BSA was 10.72 nmole/mg. With the addition of the GKM3-fermented supernatant,
the concentration of ketoamine was decreased to 2.82 nmole/mg. A similar result was
observed in the addition of the GKK2-fermented supernatant with a decrease in ketoamine
content to 3.47 nmole/mg. These results suggested that both GKM3- and GKK2-fermented
supernatants could inhibit the early stages of protein glycation by reducing the production
of the Amadori product.

Figure 1. Effect of GKM3 and GKK2 on the formation of Amadori products in the early stage of
protein glycation. Data unit was expressed as the increased nmole of ketoamines per mg of protein
of samples. Data shown are means of results calculated by values of glycated BSA groups minus
values of native BSA groups obtained from three independent experiments. * means statistical
differences vs. data of the group of BSA treated with MG only. BSA: bovine serum albumin; MG:
dicarbonyl-methylglyoxal.

Furthermore, SDS-PAGE revealed the MG-trapping ability of the probiotic fermented
supernatant (Figure 2). The protein cross-link aggregation occurred in the glycated BSA,
which could be reduced by the presence of either GKM3- or GKK2-fermented supernatants.
This suggests that the second stage of glycation reaction was also inhibited by the fermented
supernatants from probiotics GKM3 or GKK2.
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Figure 2. Effect of GKM3 and GKK2 on the SDS-PAGE results of products in the final stage of protein
glycation. SDS-PAGE: sodium dodecyl sulfate polyacrylamide gel electrophoresis.

The 3-D fluorescent intensity described the late stage of the protein glycation (Figure 3).
There were significant differences between the fermented supernatants and the glycated
BSA from the principle component analysis (PCA) (data not shown). This indicates that
GKM3- and GKK2-fermented supernatants possessed abilities in inhibiting glycation.

Figure 3. Effect of GKM3 and GKK2 on the 3-D fluorescent intensity of products in the final stage of
protein glycation: (a) native BSA; (b) MG-BSA; (c) MG-BSA with GKM3; (d) MG-BSA with GKK2.
Results shown are excitation–emission matrices (EEMs) of each group (excitation range: 200–500 nm;
emission range: 200–600 nm).

An analysis of changes in the specific functional groups on glycated BSA found that
the carbonyl content increased 69.74 nmoles/mg (Figure 4) and the content of the ε-amino
groups decreased 37.28% (Figure 5). The addition of the fermented supernatants from
the probiotics GKM3 or GKK2 showed decreases in the carbonyl contents (p < 0.05). It
is interesting that the addition of GKM3-fermented supernatants decreases the ε-amino
groups but the addition of GKK2-fermented supernatants did not affect the decrease in the ε-
amino groups a lot when compared to the glycated BSA. It is assumed that the supernatants
from GKM3 and GKK2 possessed different function in changing the polypeptide structures.
Furthermore, both GKM3- and GKK2-fermented supernatants could increase the free
sulfhydryl content (data not shown) when compared to the glycated BSA.
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Figure 4. Effect of GKM3 and GKK2 on the content of carbonyl groups of products in the final stage
of protein glycation. Data unit was expressed as the increased nmole of carbonyl groups per mg of
protein of samples. Data shown are means of results calculated by values of glycated BSA groups
minus values of native BSA groups obtained from three independent experiments. * means statistical
differences vs. data of the group of BSA treated with MG only.

Figure 5. Effect of GKM3 and GKK2 on the content of ε-amino groups of products in the final stage
of protein glycation. Data unit was expressed as the decreased nmole of ε-amino groups per mg
of protein of samples. Data shown are means of results calculated by values of native BSA groups
minus values of glycated BSA groups obtained from three independent experiments.

3.2. Effects of GKM3- and GKK2-Fermented Supernatants on Formation of MG-Derived Advanced
Glycation end Products and Related RAGE Ligation

Argpyrimidine is one of the typical AGEs derived from MG. After the reaction among
the BSA (5 mg/mL), glucose (10 mM), and MG (25 mM), the argpyrimidine was increased
84.32-fold. In the groups of GKM3- or GKK2-fermented supernatants, the contents of the
argpyrimidine were significantly lower than the group of MG treatment only (p < 0.05)
(Figure 6). Moreover, GKM3- or GKK2-fermented supernatants can decrease the MG
intensity detected from HPLC analysis (Figure 7). This provided evidence that probiotic
fermented supernatants suppressed the MG-derived AGEs.
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Figure 6. Effect of GKM3 and GKK2 on the formation of advanced glycation end products (AGEs) in
the final stage of protein glycation. Data shown are means of ratio of values of glycated BSA groups
versus values of native BSA groups obtained from three independent experiments. * means statistical
differences vs. data of the group of BSA treated with MG only.

Figure 7. Methylglyoxal-trapping ability of GKM3 and GKK2. Data were expressed as the % of
trapped methylglyoxal per 20 μL of samples. Data shown are means of results obtained from two
independent experiments.

Figure 8 shows the inhibitory efficiency of the AGE-RAGE interaction. Both probiotic
fermented supernatants from GKM3 and GKK2 showed inhibitory rates for AGE-RAGE
interaction of about 77% and 85%, respectively (Figure 8b). This suggests that probiotic
fermented supernatants not only attenuated the glycation by inhibiting the production of
Amadori products, MG derivatives, and glycated residues, but also by blocking the combi-
nation of the AGEs and RAGE to not trigger the downstream aging-related physiological
cell pathways (Figure 8a).
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Figure 8. Effect of GKM3 and GKK2 on the ligation of RAGE with glycated proteins. (a) Scheme of
inhibition of glycated proteins–RAGE ligation by GKM3 and GKK2 and (b) the experimental data.
Data shown are means of results obtained from three independent experiments. RAGE: receptor for
advanced glycation end products; AGE: advanced glycation end products.

4. Discussion

Ketoamine, also known as an Amadori product, is the main product in the early
protein glycation stage [24]. The results indicated that GKM3- and GKK2-fermented
supernatants significantly inhibited MG-induced ketoamine production in the early stage
of the in vitro MG-BSA glycation model (p < 0.05) (Figure 1). MG can modify amino
residues, specifically lysine and arginine, generating adducted amino residues, which can
further result in protein cross-linking and the formation of macromolecules in the late
stage of protein glycation [2]. In the present study, MG-induced protein cross-links can
be found in the late stage of the in vitro MG-BSA glycation model as evidenced by the
graphs of SDS-PAGE (Figure 2). According to the three-dimensional fluorescence spectrum,
there are two major fluorophores in BSA (Figure 3a). One (Ex 275 nm/Em 340 nm) mainly
results from the fluorescence of tryptophan and tyrosine residues, and another (Ex 225
nm/Em 340 nm) may be due to the π–π * transition of the polypeptide structures [17]. The
BSA fluorescence was strongly modified after incubation with MG in the late stage of the
in vitro MG-BSA glycation model (Figure 3b). In this regard, the MG-driven fluorescence
quenching of tryptophan and tyrosine may result from an electron transfer or energy
transfer reaction [25]. The MG-modified protein structure (Figure 2) and functional groups
present in a protein including carbonyl groups and ε-amino groups (Figures 4 and 5) can
also affect the π–π * transition of the polypeptide structures. It was first demonstrated that
GKM3- and GKK2-fermented supernatants can abrogate MG-induced protein cross-links
(Figure 2) and changes in the carbonyl content of BSA (p < 0.05) (Figure 4), as well as
MG-driven changes in the fluorescent characteristics of BSA (Figure 3c,d). This indicates
that GKM3- and GKK2-fermented supernatants have great abilities on the prevention of
protein glycation.

Similar results were also found in the previous study on Lactococcus lactis fermentates
of cyanobacteria and microalgae [26]. Kaga et al. performed several bacteria-fermented
edible algae with different anti-glycation activities, which was assumed from the different
chemical composition of the algae species. In our pre-screened experiment of the lactic
acid bacteria strains in the MG-BSA glycation model (data not shown), supernatants from
different bacterial strains also performed different anti-glycation activities even though the
fermentation process was conducted by using the same medium. That is, the bacteria itself
possess different utilizations of the nutrition leading to diverse health benefits. As glycation
includes the production of Amadori and an increase in the methylglyoxal concentration,
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some compounds from the food materials such as aloe (Aloe sinkatana), dill (Anethum grave-
olens), and pineapple guava (Acca sellowiana) have been reported to reduce the glycation
process [27–29]. The GKM3- and GKK2-fermented supernatants could also play a role
as inhibitors during the process. This provided the possibility of applying GKM3- and
GKK2-fermented supernatants as health-promoting nutritional food materials.

Argpyrimidine is an MG-derived advanced glycation end product (AGE), which is
implicated in aging-related cognitive dysfunction [30] and other disorders [2]. Gomes
et al. found a high concentration of argpyrimidine in the patients with familial amyloidotic
polyneuropathy, a neurologic disease [31]. This indicates that the potential suppression
of the production of argpyrimidine might alleviate nerves’ relative symptoms. According
to Figure 6, argpyrimidine residues significantly increased in MG-BSA (over 80 times to
the native BSA) as evidenced by fluorescence analysis at Ex 335 nm/Em 400 nm; however,
GKM3- and GKK2-fermented supernatants can significantly inhibit MG-driven increases
in argpyrimidine. This may be related to the specific interaction of GKM3- and GKK2-
fermented supernatants and the MG compound as evidenced by the changes in the intensity
of the MG peak in the HPLC chromatogram of each group (Figure 7). Moreover, the
inhibition of the content of argpyrimidine by the GKM3-fermented supernatant could
explain the phenomenon of the memory retention that we observed in the age-accelerated
mouse model in our previous publication [11]. In addition, the species B. lactis fermented
supernatant reduced MG-induced argpyrimidine, which might lead to the improvement
of the nerve conduction accompanied by a decreased expression of 8-OHdG or other
oxidative markers in nerve cells, which is consistent with our observation in the SAMP8
mouse brain [10,32].

The receptor for AGEs (RAGE) is a multi-ligand receptor that has been demonstrated
as the important role in the onset and progression of many diseases, such as diabetic com-
plications, cardiovascular diseases, neuropathy, nephropathy, and cancer [23]. Therefore,
AGE-RAGE ligation is the critical event in the progression of aging-related disorders [33].
Our study first demonstrated that GKM3- and GKK2-fermented supernatants could sig-
nificantly inhibit AGE-RAGE interaction (Figure 8). This may be one of the mechanisms
underlying the biological actions of the GKM3- and GKK2-fermented supernatants de-
scribed in our previous studies [10,11]. The ligand–RAGE interaction activates NF-kappaB
(NK-kB) and increased the expression of cytokines, adhesion molecules, and oxidative
stress [34]. Consistent with other studies in probiotic fermented supernatants, liquid from
fermented Lactobacillus rhamnosus showed an inhibitory effect on the expression of NK-kB
in renal epithelial cells as well as other oxidative markers such as ERK, p53, and Caspase-
3 [35]. We therefore assumed the fermented GKM3- and GKK2-supernatants presented the
anti-aging effect by suppressing the relative oxidative markers involved with AGE-RAGE
interaction.

5. Conclusions

Protein glycation is an important event during aging, which may increase AGE-
RAGE interaction, leading to the occurrence of various diseases. In this study, GKM3-
and GKK2-fermented supernatants were first found to significantly inhibit RCS-induced
protein glycation, decrease the levels of argpyrimidine (the biomarker of aging diseases),
and interrupt AGE-RAGE interaction, suggesting that lactic acid bacteria fermentates have
great potential for the prevention of aging-related diseases.
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Abstract: Nowadays, developing effective intervention substances for hyperuricemia has become a
public health issue. Herein, the therapeutic ability of anserine, a bioactive peptide, was validated
through a comprehensive multiomics analysis of a rat model of hyperuricemia. Anserine was ob-
served to improve liver and kidney function and modulate urate-related transporter expressions
in the kidneys. Urine metabolomics showed that 15 and 9 metabolites were significantly increased
and decreased, respectively, in hyperuricemic rats after the anserine intervention. Key metabolites
such as fructose, xylose, methionine, erythronic acid, glucaric acid, pipecolic acid and trans-ferulic
acid were associated with ameliorating kidney injury. Additionally, anserine regularly changed the
gut microbiota, thereby ameliorating purine metabolism abnormalities and alleviating inflammatory
responses. The integrated multiomics analysis indicated that Saccharomyces, Parasutterella excrementiho-
minis and Emergencia timonensis were strongly associated with key differential metabolites. Therefore,
we propose that anserine improved hyperuricemia via the gut–kidney axis, highlighting its potential
in preventing and treating hyperuricemia.

Keywords: hyperuricemia; anserine; metagenomics; urine metabolomics; integrated analysis;
gut–kidney axis

1. Introduction

With advancements in economic growth and changes in lifestyles, the number of people
suffering from hyperuricemia is increasing annually worldwide. Approximately 20.2% and
20.0% of American males and females, respectively, are estimated to suffer from hyper-
uricemia [1]. As the largest developing country, the incidence of hyperuricemia in China has
been reported to be up to 17.4%, with the age of onset gradually decreasing [2]. Regardless
of the presence of symptoms, hyperuricemia has tremendous harmful effects on the body,
posing a challenge to patients and clinicians. In addition to being the main hazard for gout,
hyperuricemia also increases the risk of other diseases [3], such as diabetes and chronic
kidney disease. Furthermore, a recent Irish study illustrated that compared to the normal
population, blood uric acid of males and females above 535 μM/L and 416 μM/L, respec-
tively, decreased their median survival years by 11.7 and 6 years, respectively [4]. Therefore,
there is an urgent need to identify effective measures to prevent and treat hyperuricemia.

As an end product of purine metabolism, uric acid plays an important antioxidative
role similar to Vitamin C [5]. Hyperuricemia occurs as a result of purine metabolism
dysregulation and has a complex pathogenesis. The risk factors of hyperuricemia include
genetics, nutritional status, sleep and stress, which consequently induce inflammation,
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oxidative stress and insulin resistance in the body. Moreover, it is accompanied by liver
and kidney damage and toxic epidermal necrolysis [6]. Under these circumstances, the
body compensates by increasing uric acid levels to counteract the damage caused by the
metabolic disorder.

Current treatments for hyperuricemia include xanthine oxidase inhibitors (allopurinol
or febuxostat), which decrease uric acid production, and uricosurics (probenecid), which
increase uric acid excretion. Additionally, a low-purine diet has been recommended for
lowering blood uric acid levels. Although this diet is safe, the effects of dietary inter-
ventions on hyperuricemia are limited. A recent meta-analysis on the effects of diet and
genetics on blood uric acid concentrations in Caucasians in New Zealand demonstrated
that 63 types of food combinations accounted for only 4.29% of the variation in blood
uric acid concentrations. Contrastingly, 23.8% and 40.3% variations in blood uric acid
concentrations in males and females, respectively, were due to genetic factors [7]. Therefore,
simply reducing uric acid concentrations does not deter the development of hyperuricemia.
Furthermore, there is a need to elucidate the pathogenesis of hyperuricemia and identify an
efficient dietary intervention using natural products to improve overall body metabolism.

Overproduced uric acid or reduced uric acid excretion are the two primary causes
of hyperuricemia. The kidneys excrete two-thirds of the uric acid, while the intestines
excrete a third [8]. Excretory disorders related to the kidney are usually associated with
the regulation of molecular signals, such as insulin resistance, inflammation, oxidative
stress and cell damage [5]. Low-grade chronic systemic inflammation can directly lead
to kidney damage and then affect the kidney’s uric acid-related transporters expression,
ultimately affecting the excretion of uric acid [9]. Additionally, studies show that high uric
acid impairs mitochondrial function and produces reactive oxygen species, which activates
the inflammatory bodies of the NOD-like receptor (NLR) family containing pyrimidine
domain 3 (NLRP3). This cascade further aggravates kidney injury by secreting interleukin-
1β (IL-1β) [10]. Moreover, excess uric acid enters the cells and becomes pro-oxidative,
subsequently causing oxidative stress, aggravating kidney dysfunction and improving
insulin resistance, thus forming a vicious circle. Therefore, reducing oxidative stress and
low-grade chronic inflammation in the kidney is vital for the excretion of uric acid via
the kidney. Various metabolites produced during this pathophysiological process are
ultimately excreted by the kidneys through urine. Therefore, exploring urinary metabolites
in hyperuricemia could provide a more comprehensive elucidation of its pathogenesis.

Recently, the gut microbiota has been reported to influence hyperuricemia, especially
via the gut–kidney axis [11]. Then, the kidneys are damaged due to hyperuricemia, and
uric acid and uremic toxins accumulate in the blood [12]. Moreover, low-grade inflamma-
tion produces proinflammatory cytokines. Elevated uric acid levels, uremic toxins and
inflammatory cytokines negatively affect gut microbiota homeostasis. Dysbiosis of the gut
microbiota increases intestinal permeability, which allows bacteria and intestinal metabo-
lites, such as lipopolysaccharide (LPS), to be transported out of the intestine. LPS forms
a complex with its CD14 receptor and is detected by Toll-like receptor 4 (TLR4), which
induces chronic low-grade inflammation and thereby aggravates kidney injury [13]. The
entire process forms a vicious cycle and increases the risk of hyperuricemia. Furthermore,
gut dysbacteriosis increases the abundance of the xanthine oxidase gene-related micro-
biota and decreases the abundance of allantoinase gene-related flora, resulting in elevated
uric acid levels in the intestinal tract. Therefore, this study aims to explore intervening
substances that act on the gut–kidney axis.

The ocean is a uniquely rich source of bioactive peptides. In studies on peptides
associated with hyperuricemia, pelagic fishes, such as tuna and bonito, have been found to
migrate tens of thousands of kilometres at high speeds without causing an acid build-up
in the body. This phenomenon was attributed to the presence of an important dipeptide,
anserine, in the body, which has currently become a new target for dietary intervention in
hyperuricemia [14]. Anserine is a multifunctional and highly stable histidine carnosine-like
dipeptide found in fish skeletal muscles. In human clinical trials, anserine has been shown
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to reduce blood glucose and inflammation and elevate kidney functions [15]. Additionally,
it improved gut microbiota disorders caused by hyperuricemia in mice [16]. However, the
effect of anserine on host metabolism remains unclear and the alleviation of hyperuricemia
via the gut–kidney axis remains to be investigated.

Thus, this study establishes a rat model for hyperuricemia using potassium oxycyanate
and yeast and verifies the ameliorating effect of anserine on hyperuricemia. It also explores
the mechanism of anserine-related amelioration of hyperuricemia through gut microbiota
and metabolites using a combined ultraperformance liquid chromatography–tandem mass
spectrometry (UPLC–MS) and macrogenomic analysis. Thus, this study aims to explore
novel ideas for preventing and treating hyperuricemia.

2. Materials and Methods

2.1. Materials and Reagents

A rodent regular diet was obtained from Beijing Weitong Lihua Laboratory Animal Tech-
nology Co., Housed in a clean-grade animal house at the Peking University Health Science
Center and the provided nutrients met the needs for rodent growth and development per
GB 14924.3-2010. The diet for hyperuricemic rats comprised a normal diet combined with 4%
potassium oxonate and 20% yeast, which was obtained from Beijing BotaiHongda Biotech-
nology Co., Ltd. Anserine was obtained from Sinopharm Holding Starshark Pharmaceutical
(Xiamen) Co., Ltd. Allopurinol was obtained from Beijing Balinwei Technology Co., Ltd.

Primary antibodies against TLR4, myeloid differentiation factor88 (MyD88), nuclear
factor E2-related factor 2 (Nrf2) antibody, NLRP3 inflammation, ATP-binding cassette, sub-
family G, member 2 (ABCG2), matrix metallopeptidase 2 (MMP2), matrix metallopeptidase 2
(MMP9), β-actin and secondary antibodies were obtained from Abcam Co., Ltd. The primary
antibody nuclear factor-κB (NF-kB) was obtained from CST Co., Ltd., whereas that against
urate transporter 1 (URAT1) was obtained from Proteintech Biotech Co., Ltd. The primary an-
tibodies against glucose transporter 9 (GLUT9) and the tissue inhibitor of metalloproteinase1
(TIMP-1) were obtained from Novus Biologicals Co., Ltd. and BOSTER Co., Ltd., respectively.

2.2. Animal Treatment

A total of 60 male Sprague–Dawley rats (180–220 g) were obtained from the Beijing
Vital River Laboratory Animal Technology Co., Ltd. The animals were housed in a climate-
controlled room at 25 ± 1 ◦C with a 12/12 h dark/light cycle and free access to sterile
water and standard feed. All laboratory procedures were reviewed and approved by
the Institutional Animal Care and Use Committee of Peking University (Approved No.
2019PHE017) on the 5th May 2019 and conformed to the Guidelines for the Care and Use
of Laboratory Animals (NIH Publication No. 85-23, Revised 1996).

After four days of acclimatization, the rats were randomly divided into six groups
(n = 10): normal control group (NC group), hyperuricemia group (HUA group), allopurinol
group (Allo group, 10 mg/kg·bw allopurinol), three anserine groups (Ans1, Ans10 and
Ans100 groups were treated with 1 mg/kg·bw, 10 mg/kg·bw and 100 mg/kg·bw anserine,
respectively). During the six weeks of intervention, the general conditions of experimental
animals, including health and behaviour, were observed daily, and food intake, water
intake, urine volume and weight gain were monitored weekly.

2.3. Plasma and Urine Biochemical Analysis

Urine was collected for 24 h after six weeks of intervention and the volume was mea-
sured. Following centrifugation at 3000 r/min for 10 min, the supernatant was collected and
stored at −80 ◦C. Subsequently, blood samples were collected and centrifuged at 3000 r/min
for 10 min at 4 ◦C after the rats were sacrificed. The concentrations of serum uric acid
(SUA), serum creatinine (SCr), blood urea nitrogen (BUN), urinary uric acid (UUA), urinary
creatinine (UCr), alanine aminotransferase (ALT), aspartate aminotransferase (AST), albumin
(ALB), globulin (GLB), albumin/globulin (A/G) and total protein (TP) were measured us-
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ing an automatic biochemical instrument (AU480, Japan Olympus Corporation). Uric acid
clearance (CUA) and creatinine clearance (CCr) were calculated using the following formulas:

CUA = UUA/SUA × Urine volume (mL/min); CCr = UCr/SCr × Urine volume (mL/min).

2.4. Serum and Liver Xanthine Oxidase (XOD) and Adenosine Deaminase (ADA) Assay

Serum XOD activity was measured using the colourimetric method. After the liver
was excised, 1 g of liver tissue was added to 9 mL of 0.9% normal saline to prepare 10%
liver homogenate using mechanical homogenizers. The homogenate was centrifuged at
3000 r/min for 10 min and then 100 μL of the 10% liver homogenate supernatant was
collected to evaluate liver XOD activity using colourimetry. A total of 50 μL of the liver
homogenate supernatant was used to determine ADA activity. ADA generates ammonia
by hydrolysing adenosine, which is then used to calculate ADA activity.

2.5. Histopathological Evaluation

The rats were sacrificed after the experiment. Then, their right kidneys were fixed
with 4% paraformaldehyde, and paraffin sections were made by a series of techniques such
as dewaxing, hematoxylin staining, eosin staining, dehydration and sealing. Finally, the
tissue was examined under an optical microscope (Olympus BX43) and the image was
recorded. The remaining half of the right kidney was fixed with 4% glutaraldehyde at a size
of 1 mm × 1 mm × 1 mm, and then underwent a series of processes such as dehydration,
transparency, wax immersion, embedding and sectioning to obtain electron microscopic
sections for observation under an electron microscope (JEM1400).

2.6. Western Blotting

The expressions of GLUT9, URAT1, ABCG2, TLR4, MyD88, NF-κB, NLRP3, Nrf2,
MMP-1, MMP-2 and TIMP-1 proteins in the renal tissue were detected using Western
blotting. Commercial kits (Beijing Prily Gene Technology Co., Ltd. C1053) were used to
extract total protein from kidney tissue, and BCA protein detection kits (Beijing Prily Gene
Technology Co., Ltd. P1511) were used to quantify protein concentrations. After protein
separation using 12% sodium dodecyl-sulphate polyacrylamide gel electrophoresis, an
Immobilon-P transfer membrane (Millipore, Germany, IPVH00010) was used for transfer-
ring the protein. Following this, the membrane was sealed with 5% nonfat milk, incubated
overnight at 4 ◦C with primary antibodies, and then incubated with secondary antibodies
conjugated with horseradish peroxidase. Colour development using ECL Chemilumines-
cence Chromogenic solution (PerkinElmer, America, NEL105001EA) was performed. The
grayscale was calculated and normalised to the values of β-actin.

2.7. Untargeted Urine Metabolomic Analysis

To 100 μL of urine sample in an Eppendorf tube, 400 μL of 80% methanol aqueous
solution (Thermo Fisher, Waltham, MA, USA, 67-56-1) was added. The sample was vor-
texed, placed in an ice bath for 5 min and centrifuged at 15,000 r/min for 20 min at 4 ◦C. A
quantity of the supernatant was diluted with MS-grade water to obtain a methanol content
of 53%. This sample was then centrifuged at 15,000 r/min for 20 min at 4 ◦C and the
supernatant was analysed using a UPLC–MS. Metabolomics workflow was based on the R
language MetaboAnalystR package. First, the sample data were subjected to quality control
and batch correction, then the sample data were standardized, and finally, the metabolite
content was counted. Metabolites that differed between groups were identified using an
orthogonal partial least squares discriminant method.

2.8. Metagenomic Sequencing of Gut Microbiota

DNA was extracted from stool samples using the CTAB method. After the DNA
samples were qualified, the library was constructed. Qubit 2.0 was used for preliminary
quantification, and then, an Agilent 2100 was used for the detection of inserted fragments
from the library. Using real-time polymerase chain reaction, the effective concentration
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of the library could be accurately quantified after the insert size reached the expected
size. Following library detection, different libraries were pooled into a flow-through
pool based on effective concentration and target data volume. After cBOT clustering, the
Illumina PE150 (2 × 150) high-throughput sequencing platform was used for sequencing.
KneadData software was used for raw data quality control (Trimmom-based) and de-
hosting (Bowtie2-2-based). Before and after KneadData, FastQC was used to verify the
justification and effectiveness of the quality control. Furthermore, Kraken2 was used to
analyse the species composition and diversity information of samples, whereas Bracken
was used for predicting species relative abundances. The identification of microbial genera
and species that differed between the six groups was performed using LEfSe biomarker
mining analysis (microorganisms with LDA > 2 by default). To functionally annotate genes,
we used HUMAnN2 software to compare the sequences after quality control (based on
DIAMOND) and host removal with the protein database (UniRef90), further filtering out
reads that failed to be compared. Based on the mapping between the ID of UniRef90 and the
ID of the KEGG and EC functional databases, the relative abundance of the corresponding
functions of each functional database was calculated.

2.9. Statistical Analysis
2.9.1. Statistical Analysis of Non-Omics Data

One-way analysis of variance (ANOVA) was calculated using SPSS 25.0 software;
variables were transformed if they did not meet the requirements of normality for variance.
If the transformed variables still did not meet the requirements, a nonparametric test was
used for statistical analysis. The experimental and control groups were compared using the
least significant difference (LSD) method, and a difference of p < 0.05 was considered to be
statistically significant.

2.9.2. Statistical Analysis of Omics Data

The omics data were analysed using R software (version 4.1.1). Principal coordinates
analysis (PcoA) and principal components analysis (PCA) were used for dimension reduc-
tion analysis to show the degree of variation among the samples. Binary unpaired samples
were tested for significance using the rank-sum test, and multiple groups were compared
using the Kruskal–Wallis rank-sum test.

2.9.3. Multiomics Association Analysis

The correlation between gut microbiota and metabolites was analysed using the
Pearson correlation coefficient method, with a significance threshold of p < 0.05.

3. Results

3.1. Anserine Reduced Uric Acid Levels and Improved Kidney Damage

The HUA group had a significantly higher SUA than the NC group after 6 weeks
of potassium oxalate and yeast feeding (p < 0.05), indicating successful modelling. After
the anserine intervention, the SUA level was significantly decreased (p < 0.05). Moreover,
BUN was significantly elevated in the HUA group but tended to decrease after the anserine
intervention. SCr level was not significantly elevated in the HUA group; however, it was
notably decreased on the high-dose anserine intervention compared to the HUA group
(Figure 1A–C).

Hyperuricemia is often related to impaired kidney function, which can be reflected
by CUA and CCr levels. CUA and CCr levels were significantly decreased in the HUA
group but elevated on anserine intervention. Notably, the levels of CCr were elevated in
both the HUA group and the anserine intervention groups; however, the anserine groups
exhibited higher levels. In the Allo group, there were no significant differences in SUA,
BUN or SCr levels compared with the HUA group; however, CUA and CCr levels were
elevated (Figure 1D,E).
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Figure 1. Effect of anserine on hyperuricemia-related indicators. The level of serum (A) SUA (serum
uric acid); (B) BUN (blood urea nitrogen); (C) SCr (serum creatinine); (D) CUA (uric acid clearance);
and (E) CCr(creatinine clearance); * p < 0.05 indicates that the difference is significant when compared
with the NC group. # p < 0.05 indicates that the difference is significant when compared with the
HUA group.

3.2. Anserine Inhibited Uric Acid Production and Improved Liver Function

Serum XOD and ADA in the HUA group were higher than in the NC group; however,
serum ADA was decreased in the Ans100 group and Allo group (p < 0.05) (Supplemen-
tary Figure S1A,B). Additionally, liver XOD levels did not significantly differ among the
groups (Supplementary Figure S1C). In the HUA group, serum ALT and AST levels were
increased and A/G levels were decreased compared with the NC group; however, anserine
intervention altered these changes and showed similar levels to that of the NC group.
Furthermore, allopurinol intervention showed similar effects as those of anserine (p < 0.05)
(Supplementary Figure S1C–E).

3.3. Anserine Promoted Uric Acid Excretion by Regulating Kidney Urate
Transport-Related Proteins

We further investigated the excretion-related proteins of the kidney. URAT1 and
GLUT9 mainly mediate uric acid reabsorption, while ABCG2 primarily mediates uric acid
excretion. In this study, URAT1 and GLUT9 expressions showed no significant difference in
the NC and HUA groups; however, they were notably decreased by anserine intervention
in the Ans group (p < 0.05). Moreover, ABCG2 expression in the HUA group was lower
than that in the NC group but was subsequently reversed by anserine, (p < 0.05). However,
there was no significant difference between the Allo and HUA groups (Figure 2A–C).
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Figure 2. Effect of anserine on kidney urate transport-related proteins. (A) GLUT9; (B) URAT1;
(C) ABCG2; and (D) Western blot result of GLUT9, URAT1 and ABCG2 protein in each group.
# p < 0.05 indicates that the difference is significant when compared to the HUA group.

3.4. Anserine Ameliorated Pathological Changes in the Kidneys in Hyperuricemia Rats

To investigate kidney damage in hyperuricemic rats, a histological evaluation was
performed (Figure 3). The kidney surface of the HUA rats was rough and vacuolated;
however, after the anserine intervention, the surface became smooth and the vacuole
disappeared. Furthermore, in HUA rats, the tubular lumen was dilated and inflammatory
cell infiltration was observed in the kidneys, which was greatly improved on anserine
intervention. Electron microscopy further showed that the epithelial cells were swollen
and kidney podocyte fusion was observed in the HUA group; however, these changes
were also reversed on anserine intervention. Although the kidney surface roughness was
improved in the Allo group compared to the HUA group, the phenomenon of enlargement
and vacuolation along with podocyte fusion remained.

Figure 3. Morphological observation of anserine on kidney pathological damage caused by hype-
ruricemia. Morphological pictures of different groups of kidneys were observed: (A) naked eyes,
(B) light microscopy and (C) electron microscopy.

3.5. Effects of Anserine on the Kidney TLR4/MyD88/NF-κB Pathway, NLRP3 Inflammasome,
Nrf2 and Cell Damage-Related Proteins

In our study, compared to the NC group, the expressions of TLR4, MyD88 and NF-
κBp65 were enhanced slightly in the HUA group but were decreased on anserine interven-
tion (p < 0.05) (Figure 4A–C). Compared to the NC group, NLRP3 expression was increased
in the HUA group but decreased on the anserine and allopurinol interventions (p < 0.05)
(Figure 4D). Moreover, the Nrf2 expression in the NC and HUA groups did not differ
significantly; however, the anserine intervention enhanced the Nrf2 expression, while the
allopurinol intervention reduced it (p < 0.05) (Figure 4E). Furthermore, neither the MMP-2
nor the MMP-9 expression significantly differed among the groups (Figure 4F–H). However,
compared to the NC group, the TIMP-1 level in the HUA group decreased but was reversed
on the anserine intervention (p < 0.05).
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Figure 4. Effect of anserine on the TLR4/MyD88/NF-κB pathway, NLRP3 inflammasome, Nrf2,
and MMP-2, MMP-9, and TIMP-1. The relative expression of: (A) TLR4; (B) MyD88;(C) NF-κBp65;
(D) NLRP3; (E) Nrf2; (F) MMP-2; (G) MMP-9; and (H) TIMP-1 among groups. (I) Western blot
results of TLR4/MyD88/NF-κBp65/NLRP3/Nrf2/MMP-2/MMP-9/TIMP-1 proteins in each group.
* p < 0.05 indicates that the difference is significant when compared to the NC group. # p < 0.05
indicates that the difference is significant when compared to the HUA group.

3.6. Metagenomic Sequencing of Gut Microbiota
3.6.1. Overview of the Changes in Gut Metagenomic Diversity

Significant differences were observed between the gut microbiota structures of the HUA
and NC groups and between the anserine dose and HUA groups based on the PCA and PcoA
results. (Figure 5A,B) (p < 0.05). Intestinal flora diversity was analysed using the Shannon index.
The HUA group had lower diversity than the NC group, which was reversed by anserine
treatment. However, allopurinol failed to elicit a significant effect (Figure 5C) (p < 0.05).

Figure 5. Effect of anserine on the gut microbiota structure and diversity: (A) PCA, (B) PcoA, and
(C) Shannon index (p < 0.05). (“Ans100” refers to “Anserine 100 mg group”; “Ans10” refers to
“Anserine 10 mg group”; “Ans1” refers to “Anserine 1 mg group”; “Allo” refers to “Allopurinol
group”; “HUA” refers to “hyperuricemic group” “NC” refers to “Normal control group”).
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3.6.2. Changes in Gut Microbiota at Different Levels

At the phylum level, compared to the NC group, the abundance of Bacteroidetes
and Proteobacteria was increased and that of Firmicutes was decreased in the HUA group;
however, anserine and allopurinol treatment reversed these changes (Figure 6A) (p < 0.05).
Seven different families were identified by LDA analysis. At the family level, the abundance
of Lactobacillaceae in the HUA group was the lowest, while that of Lachnospiraceae and
Clostridiales was the highest (Figure 6B) (p < 0.05).

Figure 6. Alterations in the gut microbiota of each group. Abundance distribution: (A) phylum
level; (B) genus level; (D) species level; (E) The three differential genus with the highest and low-
est abundance in the HUA group compared to the Anserine and allopurinol intervention groups.
(C,F) Common genus and species shared with five compared groups (p < 0.05).

Furthermore, the lesser method was used to obtain 79 different genera between the
five comparison groups (NC vs. HUA, HUA vs. Ans100, HUA vs. Ans 10, HUA vs. Ans1,
HUA vs. Allo) (Supplementary Figure S2), with Saccharomyces being the common differential
genus (Figure 6C). Heatmap analysis revealed the relative abundances of these 79 differential
genera among the six groups (Figure 6D). Alcaligenes, Emergencia and Lachnoclostridium were
the highest while Saccharomyces, Roseburia and Coprococcus were the lowest in the HUA group
(Figure 6E) (p < 0.05).

At the species level, based on the results of the OUT comparison, a total of 2568 micro-
bial species were identified. The lesser analysis yielded a total of 189 differential species
between the five comparison groups (Supplementary Figure S3), with Saccharomyces cere-
visiae being the common differential species (Figure 6F) (p < 0.05).

3.6.3. Changes in the Metabolic Function of Gut Microbiota

Furthermore, the intestinal flora-related function changes after anserine interven-
tion were examined. Based on the KEGG database, at level 1, the relative abundance
of metabolic pathways was the highest in each group, followed by cellular processes
(Supplementary Figure S4A). Furthermore, KEGG included 42 subdivided pathways, and
differential analysis yielded 25 differential pathways among the groups (Supplementary
Figure S4B). The comparison of the abundance of the KEGG map and KO enrichment
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revealed a heatmap that showed the relative abundance of the top 20 differential maps
and the top 30 differential KOs among the six groups (Supplementary Figure S5A,B).
Among them, three metabolic pathways in the HUA group were enriched compared to
other groups, including D-Arginine and D-ornithine metabolism and Lipoarabinomannan
(LAM) biosynthesis (Figure 7A). An in-depth analysis of the D-Arginine and D-ornithine
metabolism pathways revealed that the genes 2,4-diaminopentanoate dehydrogenase and
D-ornithine 4,5-aminomutase subunit beta corresponding to two proteins ord and oraE
were more abundant in the HUA group than other groups but were significantly reduced
on anserine and allopurinol interventions (Figure 7B).

Figure 7. Changes in the metabolic function of gut microbiota: (A) three metabolic pathways in
the HUA group are richer than other groups, including D-Arginine and D-ornithine metabolism,
proteasome and Lipoarabinomannan (LAM) biosynthesis pathways; (B) altered genes in the D-
arginine and D-ornithine metabolism pathways (p < 0.05).
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3.7. Urine Metabolomic Analysis

The HUA group was compared with five other groups to form five comparison
groups. There were 38 differential metabolites in these five comparison groups (Figure 8A).
Figure 5B demonstrates the changing trends in differential metabolites for the five com-
parison groups. Compared to the NC group, the HUA group had 21 different metabolites,
with 11 showing a significant decrease, including galactose, mannose, threonine and D-
glucuronic acid. However, inositol, uracil, γ-amino, valine and another 10 metabolites
increased significantly in the HUA group. Compared to the HUA group, 15 metabolites
were significantly increased and 9 metabolites were significantly decreased in the anser-
ine intervention groups, with fructose, xylose, threonine D-glucuronide and methionine
showing an increasing trend, and glycine and pipecolic acid showing a decreasing trend
(Figure 8B). Moreover, four metabolites, namely erythronic acid, glucaric acid, pipecolic
acid and trans-ferulic acid, were the common differential metabolites of the five comparison
groups. Compared with the other groups, the contents of erythronic acid, glucaric acid and
trans-ferulic acid in the HUA group were lower, while that of pipecolic acid was higher
(Figure 8C).

Figure 8. Differential urine metabolites among groups: (A) the heatmap of the relative level of
38 differential metabolites in each group; (B) the trend changes for 38 differential metabolites in
five comparison groups; (C) the Venn diagram shows common metabolites for the five comparison
groups (p < 0.05).

3.8. Association Analysis of Differential Gut Microbiota and Differential Urinary Metabolites

We explored the correlation of 38 differential metabolites with 79 differential genera.
The results showed that methionine was significantly correlated with 39 genera, which was
the highest association (Supplementary Figure S6). Among all genera, Parasutterella, Oligella,
Catabacter, Emergencia and Bacteroides were significantly associated with 18, 15, 13, 13 and
13 metabolites, respectively, and formed the top five genera associated with most differential
metabolites. Among them, Saccharomyces was only related to methionine (Supplementary
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Figure S6). At the species level, we analysed 189 differences in species and approximately
38 differences in metabolites (Supplementary Figure S7). Different species that were
significantly associated with erythronic acid, glucaric acid, pipecolic acid and trans-ferulic
acid were extracted, revealing three species, Parasutterella excrementihominis, Emergencia
timonensis and Bacteroides uniformis. Considering that pipecolic acid and differential species
Parasutterella excrementihominis and Emergencia timonensis were more abundant in the HUA
group than in the other five groups, we speculated that there was a positive correlation
between them. Conversely, erythronic acid, glucaric acid and trans-ferulic acid were
negatively correlated with the abundance of Parasutterella excrementihominis and Emergencia
timonensis (Figure 9). Furthermore, glucaric acid was associated with the greatest number
of differential species (Supplementary Figure S7).

Figure 9. Species that are significantly associated with erythroid acid, glucaric acid, pipecolic acid, and
trans-ferulic acid. The orange and blue lines represent positive and negative correlations, respectively
(p < 0.05).

4. Discussion

This study used yeast combined with potassium oxalate to establish a rat model with
hyperuricemia. Anserine was found to significantly reduce blood uric acid levels and
improve liver and kidney damage, indicating that anserine had a preventative effect on
hyperuricemia. Additionally, the changes in the gut microbiota structure and function as
well as host metabolism, which were induced by hyperuricemia, were partially reversed by
anserine. Moreover, the underlying mechanism of anserine ameliorating hyperuricemia
was explored using integrated macrogenomics and metabolomics for the first time, to the
best of our knowledge, in this study.

It is reported that, in general, bonito, bigeye tuna, and southern tuna contain about
1070 mg, 1260 mg and 636 mg of anserine per 100 g of fish flesh, respectively [17]. We
learned that the doses of anserine used in previous animal experiments ranged from
2 mg/kg·bw to 80 mg/kg·bw [18,19], so we chose the 1 mg/10 mg/100 mg kg·bw as the
low/medium/high doses of anserine intervention in our experiment. Our results did
show that medium doses of anserine were the most effective in improving hyperuricemia.
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Consequently, we speculate that the effect of anserine in improving hyperuricemia is dose-
dependent. Therefore, in subsequent experiments using Western blotting to detect the
expression of uric acid-related transporter proteins and proteins associated with renal
inflammation, oxidative stress, and cellular damage in the kidney, we only examined
kidney samples from the mid-dose group of the goose-peptide intervention.

Initially, the effect of anserine on uric acid production and excretion was investigated.
Anserine showed no obvious effects on ADA and XOD enzymes, which are closely re-
lated to uric acid production. However, anserine ameliorated liver damage induced by
hyperuricemia. Then, the effect of anserine on kidney uric acid excretion was investigated.
URAT1, GLUT9 and ABCG2 expression changes indicated that anserine reduced serum
uric acid levels by inhibiting uric acid reabsorption and promoting uric acid excretion. The
changes in CUA and CCr, two indicators of kidney function, also implied that anserine
improved kidney function, which is consistent with the morphological changes observed
in the kidneys. It is noteworthy that, in our experiments, the levels of CCr were elevated
in the HUA group. We assume this is very likely because when the blood creatinine in
hyperuricemic rats started to rise, the body compensated by increasing the renal creatinine
clearance to keep the body’s creatinine level at a steady state. Additionally, the timing of
the measurement also has some influence on the results. In short, this phenomenon is very
interesting and deserves further in-depth study.

We further investigated the effect of anserine on kidney injury caused by hyper-
uricemia by evaluating the effect of anserine on kidney inflammation, oxidative stress
and cellular injuries. The TLR4/MyD88/NF-κB and NLRP3 proteins are reported to be
the major signalling pathways closely associated with renal inflammation caused by hy-
peruricemia [20]. Contrarily, Nrf-2 neutralises the activation of cellular oxidative stress
and ameliorates kidney injury by inhibiting NF-κB expression [21]. Moreover, MMP2 and
MMP9 are reported to cleave collagen IV in the basement membrane of cell bands and
have activity in kidney tissue [22]. Furthermore, TIMP-1 inhibits the activities of most
MMPs, thus improving cell damage [23]. Given that anserine decreased the expression of
TLR4/MyD88/NF-κB and NLRP3 and elevated Nrf2 and TIMP1 in hyperuricemic rats,
we speculate that anserine improves overall kidney function by decreasing inflamma-
tion, oxidative stress and cellular damage in hyperuricemia. Anserine also regulates the
expressions of uric acid-related transporters, thereby reducing serum uric acid levels.

Increasing evidence suggests that gut microbiota balance is closely related to metabolic
disorders, and patients with hyperuricemia have a different intestinal microbiota struc-
ture from normal individuals [24]. Abnormally high levels of uric acid in the blood enter
the intestine and affect the steady state of the intestinal flora, thereby affecting the in-
testinal metabolism of uric acid and consequently aggravating hyperuricemia. Therefore,
we analysed the effect of anserine on the changes in intestinal flora structure caused by
hyperuricemia. Our study showed a decrease in the intestinal microbial diversity of hyper-
uricemic rats, which is consistent with previous studies [24]; however, this was reversed on
anserine intervention.

Uric acid is the end product of purine metabolism; moreover, intestinal flora has
also been shown to play an essential role in purine oxidative metabolism. For example,
Escherichia coli in the human gut produces XOD to influence the production of uric acid [25].
The Lactobacillaceae family inhibits the growth of E. coli by secreting reuterin [26], indi-
rectly inhibiting uric acid accumulation. Additionally, Lactobacillus can synthesize various
UA metabolic enzymes, such as uricase, allantoinase and allantoicase, which can decom-
pose uric acid into 5-hydroxyisothreonate, allantoin, allantoate and finally degrade it into
urea [27]. Similarly, the Clostridiaceae family also degrades uric acid [28]. Saccharomyces
cerevisiae is a fungus that secretes urate oxidase, which can catalyse uric acid oxidation and
plays an essential role in the purine degradation pathway, thereby preventing uric acid
accumulation [29]. This study showed that the abundance of Lactobacillaceae, Clostridiaceae
family and Saccharomyces cerevisiae was reduced in hyperuricemic rats but elevated after
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the anserine intervention, suggesting the preventive effect of anserine was partially due to
the changes in some specific microbiota.

A dysregulated gut microbiota is accompanied by imbalanced intestinal metabolites,
such as trimethylamine, short-chain fatty acids (SCFAs) and LPS, which are considered
mediators between the intestinal microbiome and their human hosts [30]. Anserine in-
creases the abundance of Roseburia and Coprococcus in hyperuricemic rats, which are crucial
in SCFA generation. SCFAs regulate gut microbiota homeostasis, repair intestinal perme-
ability and are beneficial to kidney function [31]. Moreover, butyrate, a major SCFA in
the intestine, is reported to be increased in a Lactobacillaceae-enriched environment [32].
Therefore, Lactobacillaceae is speculated to not only participate in purine metabolism but
also play a role in increasing butyrate levels in the intestinal tract. Additionally, gut mi-
crobiome dysbiosis can cause the excretion of LPS from the cell walls of Gram-negative
bacteria, and the inflammation in the liver and kidney is further activated by the excreted
LPS entering the bloodstream through a disrupted gut barrier [33]. Furthermore, members
of the Gram-negative Proteobacteria phylum, Alcaligenes genus and Lachnoclostridium genus
were increased in the HUA group but were reduced on anserine intervention. Additionally,
a Proteobacterial strain has also been shown to enhance intestinal nitrogen fixation [34],
wherein, nitrogen is converted to ammonia. Notably, excess ammonia entering the host’s
circulatory system through the intestinal barrier can aggravate kidney damage. Addition-
ally, we observed the Emergencia timonensis genus was more enriched in the HUA group
than in other groups. Furthermore, Emergencia timonensis, a potential key bacterium for
the conversion of carnitine to trimethylamine N-oxide (TMAO), is also a toxin that can
aggravate kidney damage [35]. This study indicated that anserine alleviated hyperuricemia
owing to its ability to maintain the balance in the composition of the intestinal microbiota
(the increase in beneficial bacteria and the decrease in pathogenic bacteria). Moreover, it also
promotes purines and uric acid catabolism, regulates intestinal epithelial cell proliferation,
reduces chronic inflammation and improves uric acid excretion.

The intestinal microflora greatly affects the health of the host by regulating its metabolic
function. In this study, six metabolic pathways were altered in the HUA group com-
pared to the NC group, three of which were elevated and the other three were decreased;
however, anserine intervention reversed these changes. For example, D-Arginine and
D-ornithine metabolism pathways were significantly enriched by hyperuricemia but anser-
ine supplementation reversed the change, which was verified by the changes in two key
proteins in this pathway, namely 4-diaminopentanoate dehydrogenase and D-ornithine
4,5-aminomutase subunit beta. The D-Arginine and D-ornithine metabolism are related to
the urea cycle, indicating that more urea is metabolized in the intestine to produce ammonia
in hyperuricemia. The disturbance of the gut microbiota combined with the reduction in
beneficial metabolites such as SCFAs increases the permeability of the intestine, which
increases the ammonia levels entering the circulation system, thereby aggravating liver
and kidney function.

Metabolic profiling of host biofluids provides profound insights into the gut mi-
crobiota’s impact on host health/disease status, therefore exploring differential urinary
metabolites aids in identifying the causative agent rather than the presence of the metabo-
lite [36]. By comparing urinary metabolites in the HUA group with the different doses
of the anserine group, Allo and NC groups, we identified erythronic acid, glucaric acid,
pipecolic acid and trans-ferulic acid as the four common differential metabolites. This
suggests that these four metabolites and their associated metabolic pathways play a critical
role in the pathogenesis and amelioration of hyperuricemia. Erythronic acid is related to
mitochondrial dysfunction in transaldolase deficiency [37], highlighting its role in medi-
ating energy metabolism in humans. D-gluconic acid has toxin-reducing and antioxidant
abilities, wherein it can improve diabetic kidney tubular damage by inhibiting inositol
oxygenase, preventing mitochondrial damage and apoptosis and reducing oxidative stress
through the ascorbic acid and aldehyde metabolic pathway, thereby improving kidney
function [38]. Moreover, ferulic acid has been shown to lighten oxidative stress through the
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activation of the AMPK signalling pathway in vitro [39]. Pipecolic acid is an intermediate
in the lysine degradation pathway, with an enhanced lysine degradation pathway indicat-
ing enhanced levels of oxidative stress in the host [40]. Thus, by enhancing the levels of
erythronic acid, glucaric acid and trans−ferulic acid and decreasing the levels of pipecolic
acid in hyperuricemic rats, anserine exerts an anti-hyperuricemia effect by improving
energy metabolism and reducing oxidative stress and inflammation. Notably, Parasutterella
excrementihominis, Emergencia timonensis and Bacteroides uniformis were associated with these
four metabolites. As Parasutterella excrementihominis and Emergencia timonensis are positively
associated with pipecolic acid but negatively associated with erythronic acid, glucaric acid
and trans-ferulic acid, we speculated that anserine primarily reduced the abundance of
Parasutterella excrementihominis and Emergencia timonensis to exert an ameliorating effect on
kidney injuries.

Notably, methionine was associated with the highest number of differential gen-
era and species; however, the Saccharomyces genus was only correlated with methionine.
Methionine produces strong antioxidative metabolites such as glutathione, cysteine and
sulphate through the trans-sulphuration pathway. Previous studies have demonstrated
the ameliorative effect of methyl and S-adenosylmethionine produced by the methionine
cycle on systemic inflammation and liver damage [41]. The methionine cycle is widely
active in Saccharomyces cerevisiae [42]. This suggests that Saccharomyces cerevisiae could
be a target probiotic for anserine to improve hyperuricemia. Additionally, the anserine
group exhibited significantly higher levels of two differential metabolites (fructose and
xylose) in the starch and sucrose metabolism pathway than the HUA group. Starch and
sucrose metabolic pathways are directly related to the development of diseases involved
in energy metabolism and insulin resistance, such as obesity, diabetes and kidney tubular
dysfunction [43].

5. Conclusions

This study reveals the beneficial effects of anserine on the reversal of hyperuricemia.
It exerts a beneficial effect by regulating intestinal microbiota and host metabolites. Addi-
tionally, the key differential metabolites that improve anserine-associated hyperuricemia
were identified to be fructose, xylose, methionine, erythronic acid, glucaric acid, pipecolic
acid and trans-ferulic acid, and key differential gut microbiota were identified to be Saccha-
romyces, Parasutterella excrementihominis and Emergencia timonensis, which are involved in
the gut–kidney axis. These key microbiota and metabolites have the potential as disease
markers to predict the onset of disease, thereby improving the efficiency and accuracy of
early clinical diagnosis. However, this study also has some limitations. This study lacked
gut metabolite and enzyme data related to uric acid metabolism, which requires further
study. Furthermore, this study provides insight into the pathogenesis of hyperuricemia
and highlights the anti-hyperuricemic properties of anserine.
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Abstract: The population of older adults is growing exponentially. Research shows that current
protein intake recommendations are unlikely to meet the ageing requirements and may be linked to
reduced physical function. Ensuring optimal function levels is crucial for independence and quality
of life in older age. This study aims to quantify the protein intake in those over 90 years of age and
determine the association between historical protein intake (2011) and subsequent physical function
at ten years follow-up (2021). Eighty-one participants (23 Māori and 54 non-Māori) undertook dietary
assessment 24 h multiple-pass recall (MPR) and a standardised health and social questionnaire
with physical assessment in 2011 and 2021. Intake24, a virtual 24 h MPR, was utilised to analyse
dietary intake. Functional status was measured using the Nottingham Extended Activities of Daily
Living Scale (NEADL), and physical performance was the Short Physical Performance Battery (SPPB).
Māori men and women consumed less protein (g/day) in 2021 than in 2011 (P = 0.043 in men), but
weight-adjusted protein intake in Māori participants over the ten years was not significantly reduced.
Both non-Māori men and women consumed significantly less protein (g/day) between 2011 and
2021 (p = 0.006 and p = 0.001, respectively), which was also significant when protein intake was
adjusted for weight in non-Māori women (p = 0.01). Weight-adjusted protein intake in 2011 was
independently associated with functional status (NEADL score) in 2021 (p =< 0.001). There was no
association between past protein intake and SPPB score (p = 0.993). Animal protein was replaced
with plant-based protein over time. In conclusion, a reduction in protein intake was seen in all
participants. The independent association between past protein intake and future functional status
supports recommendations to keep protein intake high in advanced age.

Keywords: protein; physical performance; older adults; nonagenarians; indigenous

1. Introduction

New Zealand has a growing population of older adults, with people aged over 85 years
predicted to grow from 2% of the total population in 2020 to 4–5% in 2048 and 5–8% in
2073 [1]. The older Māori population is projected to grow more quickly [2]. Optimal quality
of life is the priority as the population ages. Social relationships, environmental spaces,
emotional well-being, health and functional ability are crucial factors impacting quality
of life of older adults worldwide [3–5]. Both health and decline in functional ability are
affected by ageing [6], and diet contributes most significantly to health losses from disease
in New Zealand [7].

The New Zealand Adult Nutrition Survey 2008/09 reported that those over 71 years
of age had the highest prevalence of inadequate protein intake (13.4% in men and 15.5% in
women) than any other age group [8]. Adequate protein and energy intake are important for
optimal health, particularly older adults. Adequate protein intake is essential in lean muscle
mass maintenance [6,9,10]. Protein-energy malnutrition is prevalent in the institutionalised,
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hospitalised and up to 25% of community-dwelling populations of older people [11]. In
community-dwelling older adults, mean age between 69 and 86 years, up to 45% of sample
had protein intake below the current recommended protein intake (<0.8 g/kg BW/d) [12].
It is essential to achieve adequate protein intake, as prolonged protein-energy malnutrition
can severely affect well-being, health and functional status [13].

Additionally, international researchers and nutrition agencies such as ESPEN and
PROT-AGE suggest that current recommended protein intakes are insufficient to meet the
requirements to maintain muscle strength and function [14–16]. Updated information on
protein intake for older adults related to supporting nutritional status and health in ageing
is needed.

Impaired mobility, functional decline and mortality are linked to reducing muscle mass
and strength with increasing age, significantly impacting quality of life [17–20]. Adequate
protein intake is associated with better maintenance of lean muscle mass and physical
function in older adults [6,9,15,21]. Good physical function is essential not only on a micro-
environmental level and meso-environmental level, affecting both an individual’s and the
broader age groups collective quality of life, but also on a macro-environmental level. The
requirement for support services due to age-related reduction in functional status and
independence cost New Zealand Government $983 million in 2015 [22].

Investigating elements that may impact functional decline in ageing, including diet,
may lead to strategies to offset the high cost to individuals and the government of pro-
viding support. The ageing demographic, with greater proportional increases in Māori,
indigenous to NZ, justifies further investigation into the relationship between physical
function and dietary protein intake in New Zealand [6,23]. Whilst frailty in this population
has previously been investigated [24], there is little research on protein intake and phys-
ical function longitudinally in the 85+ demographic. Focusing research efforts on New
Zealand’s older-aged population has the potential to positively impact the quality of life
and health of this age group.

The aim of this study was to investigate the protein intake of over 90-year-olds in New
Zealand and to measure the impact of dietary protein intake on functional status in Māori
and non-Māori over age 90-year in New Zealand.

2. Materials and Methods

2.1. Life and Living in Advanced Age: A Cohort Study in New Zealand (LiLACS-NZ)

Te Puā waitanga o Ngā Tapuwae Kia ora Tonu, Life and Living in Advanced Age:
A Cohort Study in New Zealand (LiLACS-NZ) is a cohort study with inception in 2010
investigating the predictors of successful ageing in adults of advanced age. This research
was carried out within the Bay of Plenty District Health Board and Lakes District Health
Board areas. The 10th year follow up was completed in 2021 with participants over 90 years
of age. A detailed study protocol has been previously published [25], and data outcomes
have been published over the follow-up period [26–38]. In brief, Māori, indigenous peoples
of Aotearoa New Zealand, aged 80–90 years, (10-year birth cohort 1920–1930) and non-
Māori aged 85 years (single birth year cohort, 1925) were identified through multiple
overlapping strategies, invited, given informed consent, and then interviewed in 2010–2011.
A wider age band was necessary for Māori to allow Māori-specific analyses and provide
pro-equity data analysis. Participants were followed up yearly for five years with one 10-
year follow-up contact in 2021 (delayed by COVID restrictions from the planned year 2020).
A detailed nutrition assessment completed in 2011 forms the baseline for this paper [39].
At baseline, two dietary assessments (24 h multiple pass recall) and a health and well-being
questionnaire with physical assessment were conducted by trained interviewers. One 24 h
multiple pass recall and the health and well-being interview were repeated for the 10-year
follow-up of the study (2021; wave seven). Written informed consent was gained from all
participants in this study.
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2.2. Dietary Assessment: Multiple-Pass 24-H Recall (MPR)

Trained interviewers conducted a multiple-pass 24 h recall. At 10-year follow-up, this
was completed on one occasion to reduce participant burden. The MPR protocol has been
proven suitable for the oldest-old population and matches the dietary assessment methods
used in the LILACS-NZ and Newcastle 85+ studies [39].

This study utilised an online version of the MPR, the Intake24 virtual dietary assess-
ment system developed by Newcastle University, UK [40,41] with incorporated data of
common foods from the New Zealand FOODfiles 2016 database (e.g., mussels, pipi, pūha,
silverbeet) [42]. INTAKE24 has a built-in photographic atlas and uses household measures
to aid portion size estimations. Reported foods that were not already listed in the Intake24
were identified in the dataset, and the closest alternatives were found in the FOODfiles 2016
database or nutrition information panels (NIPs) by nutrition trained researchers. Nutrient
analysis for these items was manually entered into the dataset. Interviewers took care to
ensure accurate estimates were attained to ensure optimal accuracy in reporting nutrient
intake. Missing foods were coded into the most appropriate food group categories.

For participants residing in rest homes who may have memory or cognitive decline
and are not self-preparing meals, food service managers were approached for information
regarding the menu and recipes used in rest homes where able; otherwise, rest home
managers or nurse managers were approached. Nurses and allied health assistants gave
information regarding patient intake as they were directly involved in mealtimes. They
were asked to note how much participants left on their plates the day prior to interviewing.
A copy of the recipes was also obtained. A short questionnaire collected demographic in-
formation from all participants, assessed whether the reported intake was usual, perceived
ability to eat a healthy diet, weekly expenses on food and drink, and noted issues with
the interview and whether the interviewer thought this recall reflected the participants’
true intake.

Selection of Nutrients

INTAKE24 data were collated and analysed using FOODfiles 2016. Key macronutrients
analysed included energy (Kcal), protein (gram), carbohydrate (g), total fat (g), saturated
fat (g) and cholesterol (g).

2.3. Health and Well-Being Questionnaire and Physical Assessment

Trained interviewers conducted a standardised structured Health and Well-being
Questionnaire and Physical Assessment. The development of these interviews and ex-
aminations are described [25]. Relevant to this paper, data collected were age, marital
status, living situation, anthropometric data (height, weight, body mass index (BMI)),
body composition using a Tanita Bioimpedance Analysis BC545 (BIA) scale (total body fat,
bone mass, muscle mass), sitting and standing blood pressure, grip strength using a hand-
held dynamometer-Grip D, the Physical Activity Scale (PASE) [43], Nottingham Extended
Activities of Daily Living Scale (NEADL) [44] and Short Physical Performance Battery
(SPPB) [45]. Demographic information (sex, ethnicity, education, and NZ Deprivation
Index) was collected once at baseline (2010).

Physical assessments were not completed if it was unsafe for the participant or if
they opted out of this part of the assessment. Reasons for incomplete physical assessment
were recorded.

2.4. Statistical Analysis

Analyses were completed separately for Māori and non-Māori where possible. Māori
have different culture-related foods [46,47] and are disproportionately socio-economically
disadvantaged than other ethnic groups in New Zealand. Separate analyses were completed
to inform protein intake and the potential impact on physical function in Māori living into
their ninth decades.
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Descriptive analyses were completed for all variables. Continuous data were presented
as means and standard deviation (SD) or median, interquartile range (IQR), and categorical
data such as number (n) and percentage (%).

Further computation on dietary protein intake data was completed to reflect current
New Zealand Nutrient Reference Values: Recommended Daily Intake (RDI); inadequate
protein intake (<0.8 g/kg BW/day), adequate protein intake (>0.8 g/kg BW/day) and
Estimated Average Requirement (EAR) (>0.86 g/kg BW/day in men and >0.75 g/kg
BW/day in women) [48]. Sources of protein were reported according the 2008/09 New
Zealand Adult Nutrition Survey NZ food groups.

Paired t-test (or McNemar) was used to determine difference in variables of interest
between 2011 and 2021 (see Tables 1 and 2 in the results section). Independent t-tests
(or Kruskal–Wallis tests) were used to determine the association between protein intake
(g/day, g/kg BW/day) and gender. Pearson’s (or Spearman’s) correlation test was used to
determine the association between protein intake and functional status (NEADL), physical
performance (SPPB), BIA measures and PASE score. All results for univariate analysis were
presented in mean (SD) or median (IQR) and P-value. Variables with p < 0.2 were included
in the multiple regression model. Generalised linear models (GLM) were completed
to determine the independent association between protein intake (g/Kg BW/day) and
physical function as the dependent variable, adjusting for relevant confounders (age,
gender, ethnicity, education status, socio-economic status, body weight, BMI, muscle mass,
energy intake, gait speed, physical activity levels and living situation). Three models
were tested, each with increasing number of possible confounding variables, and the final
models are presented in the main text (see Tables 3 and 4 in the results section). Models 1
and 2 can be found in the Supplementary Materials. We did not split the data by ethnicity
in the final GLM because there were too few Māori men to provide stable models. Beta
coefficients, 95% confidence intervals and P-values were presented. The significance level
is set at p < 0.05. Data were analysed using the statistical package SPSS version 27.0 (IBM
SPSS Statistics for Windows).

3. Results

3.1. Participant Characteristics, Physical Function and Nutrient Intake

A total of eighty-one participants were recruited into the current study (23 Māori
and 58 non-Māori). This was 9% (81/937) of those still alive in original LiLACS NZ and
72% (81/112) of those invited; 5 did complete the dietary assessment interview. Reasons
for nonresponse: decline or unable to consent (21), and not contactable (5). Participant
characteristics, physical function measures and nutrient intake are presented for Māori
and non-Māori participants separately in Tables 1 and 2, respectively, showing changes in
measures from 2011 to 2021.

3.1.1. Māori Participants

There were five Māori men and 18 Māori women aged between 92 and 94 years old.
Fifty-six percent of Māori women and all men lived with others. Over the ten years, SPPB
and NEADL scores decreased in both men and women. A similar trend was observed in
grip strength and physical activity (PASE) score, and this was only significant in women
(Table 1).

Overall, the total energy intake significantly reduced to 1054 kcal/day and 1337 kcal/day
in men and women, respectively, between 2011 and 2021. Protein intake almost halved in
Māori men from 81.2 g/day to 40.8 g/day (p = 0.043) but was relatively stable in Māori
women (from 56 g/day to 51.7 g/day, p = 0.096). The mean weight-adjusted protein
intake remained stable in Māori women (0.86 g/kg BW/day) but declined in Māori men
(0.69 g/kg BW/day), although it was not statistically significant. Percent of energy from
protein remained relatively stable, about 16% for both men and women, meeting the lower
end of the acceptable macronutrient distribution range (AMDR). However, the percentage
of animal protein and plant-based protein has changed (Figure 1). There was a significant
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reduction in fat intake in both men (p = 0.043) and women (p = 0.009) between 2011 and
2021; a similar declining trend was also observed for cholesterol intake. However, the
percentage of energy from fat did not change significantly. Interestingly, the percentage of
energy from carbohydrates increased significantly in Māori women from 44.7% to 50.3%
(p = 0.022). Figure 2 shows the primary dietary sources of protein in Māori in 2011 and
2021. A key difference between these two time periods was that poultry, beef and veal, and
lamb and mutton did not make it to the ten most common dietary protein sources in 2021.
Interestingly, fish and seafood are the most common source of dietary protein in Māori,
which are followed closely by bread.

Figure 1. The proportion of animal and plant-based protein in 2011 and 2021 by ethnic groups.

Figure 2. Top ten food groups of dietary protein intake for Māori in 2011 and 2021. Notes: Classi-
fication of food groups were based on the 2008/09 New Zealand Adult Nutrition Survey NZ food
groups. * Sweet biscuits (plain, chocolate coated, fruit filled, cream filled), crackers.
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3.1.2. Non-Māori Participants

The mean age of non-Māori participants was 95 years. The majority of men and
women lived in private homes with others. All measures of physical function declined
significantly over the ten years. The decline in mean grip strength was more notable in
men (from 33.2 to 24.4 kg) than in women (17.8 to 15 kg). Notably, there was a significant
decline in physical activity (PASE score from 116 to 27 and 88 to 28 in men and women,
respectively) (Table 2).

The overall energy intake reduced from 2040 to 1581 kcal in men (p = 0.003) and
1637 to 1477.6 kcal in women between 2011 and 2021. Mean protein intake (g/day) and
body weight-adjusted protein intake declined in both men and women between 2011
and 2021; body weight-adjusted protein intake in women declining significantly from
1.00 ± 0.29 g/kg BW/day to 0.84 g/kg BW/day (p = 0.010), but this was not significant in
men (1.08 to 0.94 g/kg BW/day, p = 0.295). Non-Māori men had a significant reduction in
carbohydrate (p = 0.025) and fat intake (p = 0.004) but not women. Non-Māori women had
a significant reduction in percent energy intake from protein from 16.4% in 2011 to 14.2%
in 2021 (p = 0.001); this was also reflected in a significant decline in the proportion of the
group not attaining the AMRD for protein; this was not observed in their male counterparts
(Table 2). We observed that the distribution of animal versus plant-based protein was
changed from 60% animal protein to 40% plant-based protein in 2011 to 52%:48% animal:
plant-based protein (Figure 1). There was a significant increase in percent energy from car-
bohydrate between 2011 and 2021 (p < 0.05) and only a modest reduction in percent energy
from fat (p > 0.05). Figure 3 shows the primary sources of protein in non-Māori in 2011 and
2021; dairy products, non-alcoholic beverages (e.g., hot drinks and fruit juice) and biscuits
replaced milk, fish and seafood, and cheese as the top ten food groups of dietary protein
in 2021.

3.1.3. Relationship between Protein Intake in 2011 and Physical Function Measures in 2021

The changes in function levels (NEADL and SPPB score) between 2011 and 2021 in
relation to achieving the Recommended Daily Intake (RDI) for protein (≥0.8 g/kg BW/day)
in 2011 by sex and ethnicity are presented visually in Figure S1 (Supplementary Materials).
Participants with inadequate protein intake in 2011 had a larger reduction in NEADL score
over the 10-year period than those with adequate intake (38% and 43% reduction in those
who did and did not meet the RDI in 2011, respectively). Participants with inadequate
protein intake in 2011 had a mean reduction in SPPB score of 51% over ten years compared
to 46% in those with adequate protein intake.

Regression models examined the relationship between physical function outcomes
(NEADL and SPPB scores in 2021) and protein intake in 2011. The models were not
split by ethnic groups due to the small sample size. Models 1 and 2 can be found in
the Supplementary Materials. The multicollinearity between independent variables was
examined, and we found that historical NEADL was correlated with current PASE. We
chose to include PASE over NEADL in the final GLM because it fit the model better. Table 3
shows the final regression model of the relationship between weight-adjusted protein intake
in 2011 and 2021 NEADL score. We observed that weight-adjusted protein intake in 2011
was independently associated with 2021 NEADL score (13.6 (95% CI 6.7–20.6), p < 0.001)
but not SPPB score (p = 0.99) (Table 4). Male sex was associated with lower SPPB score at
10 years follow-up (p = 0.012); and those living in low NZ deprivation areas compared to
high NZ deprivation areas was associated with higher a SPPB score at 10 years follow-up
(p = 0.048).
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Figure 3. Top ten food groups of dietary protein intake for non-Māori in 2011 and 2021. Notes:
Classification of food groups were based on the 2008/09 New Zealand Adult Nutrition Survey NZ
food groups. * Sweet biscuits (plain, chocolate coated, fruit filled, cream filled), crackers.

Table 1. Demographic Characteristics, Physical Function and Nutrient Intake in Māori Participants.

Men, n = 5 Women, n = 18

Age, years (mean ± SD) 93.5 ± 3.8 92.0 ± 2.4

Education, n (%)

Primary or no school 2 (40.0) 3 (16.7)
Secondary school, no
qualification 1 (20.0) 9 (50.0)

Secondary school,
qualification 2 (40.0) 4 (22.2)

Trade/tertiary
qualification 0 (0.0) 2 (11.1)

Marital status, n (%)

Never married 1 (33.3) 2 (18.2)
Married 2 (66.7) 6 (54.5)
Widow 0 (0.0) 1 (9.1)
Divorced 0 (0.0) 2 (18.2)

NZ deprivation index,
n (%) a

1–3 (low) 2 (40.0) 2 (11.1)
4–7 (medium) 1 (20.0) 5 (27.8)
8 and above (high) 2 (40.0) 11 (61.1)

Who do you live with?
n (%)

Alone 0 (0.0) 8 (44.4)
With others 5 (100.0) 10 (55.6)

Where do you live?
n (%)

Private home 4 (100.0) 12 (70.6)
Retirement village 0 (0.0) 2 (11.8)
Rest home 0 (0.0) 3 (17.6)
Other 0 (0.0) 0 (0.0)
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Table 1. Cont.

Men, n = 5 Women, n = 18

2011 2021 p-Value 2011 2021 p-Value

BMI (Kg/m2), mean ± SD 28.9 ± 5.4 29.0 ± 4.7 0.655 28.0 ± 3.4 24.5 ± 5.0 0.161
Height (m), mean ± SD 1.65 ± 0.01 1.61 ± 0.1 0.180 1.56 ± 0.1 1.54 ± 0.1 0.017 *
Weight (Kg), mean ± SD 78.0 ± 13.4 70.9 ± 8.9 0.285 67.7 ± 7.9 58.1 ± 9.1 0.002 *
Muscle mass (Kg), mean ± SD 52.4 ± 3.4 54.9 ± 2.5 0.285 39.1 ± 3.0 35.9 ± 2.4 0.213
Fat mass (%), mean ± SD 28.1 ± 9.5 19.7 ± 7.8 0.109 38.2 ± 4.6 33.9 ± 5.7 0.025 *
Bone mass (Kg), mean ± SD 2.8 ± 0.2 2.5 ± 0.2 0.276 2.1 ± 0.2 2.0 ± 0.2 0.048 *
Systolic BP standing (mmHg), mean ± SD 147 ± 11 161 ± 12 0.285 150 ± 19 154 ± 13 0.398
Systolic BP sitting (mmHg), mean ± SD 151 ± 22 160 ± 28 0.715 148 ± 14 153 ± 17 0.477
Diastolic BP standing (mmHg), mean ± SD 85 ± 17 80 ± 9 0.109 92 ± 11 88 ± 10 0.018 *
Diastolic BP sitting (mmHg), mean ± SD 77 ± 7 72 ± 12 0.715 83 ± 10 85 ± 9 0.929

NEADL score, median (IQR) 17.5
(16.0–18.0)

16.5
(14.0–19.0) 1.000 19.5

(18.0–21.0) 15.0 (8.0–20.0) <0.001 *

SPPB score, mean ± SD 9.8 ± 1.7 4.5 ± 5.5 0.285 9.2 ± 3.4 6.8 ± 3.6 0.006 *
Grip strength (Kg), mean ± SD 33.0 ± 5.8 22.4 ± 6.1 0.109 21.4 ± 3.3 16.7 ± 4.1 0.004 *
Total PASE score, median (IQR) 145 (107–193) 32 (0–185) 0.285 133 (83–167) 70 (18-93) 0.013 *
Energy intake (kcal), mean ± SD 1874 ± 705 1054 ± 515 0.05 * 1483 ± 331 1337 ± 473 0.026 *
Protein intake (g), mean ± SD 81.2 ± 27.5 40.8 ± 17.62 0.043 * 56.0 ± 16.5 51.7 ± 22.3 0.096
Protein intake (g/Kg BW/day), mean ± SD 1.09 ± 0.44 0.69 ± 0.07 0.109 0.86 ± 0.26 0.86 ± 0.36 0.859
Carbohydrate intake (g), mean ± SD 194.7 ± 90.4 132.5 ± 76.5 0.138 166.2 ± 46.9 166.9 ± 67.6 0.433
Fat intake (g), mean ± SD 86.0 ± 37.6 40.3 ± 18.8 0.043 * 63.9 ± 16.0 48.1 ± 17.3 0.009 *
Saturated fat intake (g), mean ± SD 34.7 ± 15.2 16.1 ± 9.6 0.080 26.6 ± 8.3 21.7 ± 9.9 0.109
Cholesterol intake (g), mean ± SD 282.4 ± 171.9 178.3 ± 171.4 0.043 * 221.1 ± 110.6 127.9 ± 64.4 0.016 *
Percent energy intake from protein (%), mean ± SD

• n (%) within the AMDR (15–25% of
energy intake)

17.7 ± 3.3
4 (80.0%)

15.9 ± 4.4
3 (60.0%)

0.686
1.000

15.2 ± 3.5
9 (64.3%)

15.5 ± 4.8
5 (35.7%)

0.826
0.219

Percent energy intake from carbohydrate (%),
mean ± SD

• n (%) within the AMDR (45–65% of
energy intake)

41.1 ± 12.4
2 (40%)

48.6 ± 5.1
3 (60%)

0.225
1.000

44.7 ± 6.1
7 (15%)

50.3 ± 9.6
8 (57.1%)

0.022 *
1.000

Percent energy intake from fat (%), mean ± SD

• n (%) within the AMDR (20–35% of
energy intake)

41.7 ± 13.3
2 (40%)

35.7 ± 5.5
2 (40%)

0.225
1.000

39.0 ± 5.9
4 (28.6%)

32.7 ± 8.4
7 (50.0%)

0.056
0.453

a NZ Deprivation Status was collected in 2010. Low: NZ Deprivation (Dep) Index 1–3, Middle: NZ Dep Index
4–7, High: NZ Dep Index 8–10. Notes: AMDR, Acceptable Macronutrient Distribution Range; BW, body weight;
g, gram; Kg, kilogram; NEADL, Nottingham Extended Activities of Daily Living Scale; PASE, Physical Activity
Scale SD, standard deviation; SPPB, Short Physical Performance Battery. * Paired t-test (or McNemar) was used to
determine difference in variables of interest between 2011 and 2021, statistically significant at p < 0.05.

Table 2. Demographic Characteristics, Physical Function and Nutrient Intake in Non-Māori Participants.

Men, n = 26 Women, n = 32

Age, years (mean ± SD) 95.2 ± 0.4 95.3 ± 0.4

Education, n (%)

Primary or no school 3 (11.5) 1 (3.1)
Secondary school, no
qualification 9 (34.6) 11 (34.4)

Secondary school,
qualification 7 (26.9) 10 (31.3)

Trade/Tertiary
qualification 7 (26.9) 10 (31.3)

Marital status, n (%)

Never married 0 (0.0) 0 (0.0)
Married 6 (66.7) 1 (12.5)
Widow 3 (33.3) 5 (62.5)
Divorced 0 (0.0) 2 (25.0)

NZ deprivation index,
n (%) a

1–3 (low) 8 (30.8) 5 (15.6)
4–7 (medium) 11 (42.3) 11 (34.4)
8 and above (high) 7 (26.9) 16 (50.0)

Who do you live with?
n (%)

Alone 8 (30.8) 14 (43.8)
With others 18 (69.2) 18 (56.3)

Where do you live?
n (%)

Private home 12 (52.2) 13 (41.9)
Retirement village 8 (34.8) 6 (19.4)
Rest home 3 (13.0) 12 (38.7)
Other 0 (0.0) 0 (0.0)
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Table 2. Cont.

Men, n = 26 Women, n = 32

2011 2021 p-Value 2011 2021 p-Value

BMI (Kg/m2), mean ± SD 26.4 ± 3.6 24.7 ± 4.6 0.013 * 27.1 ± 3.9 26.0 ± 3.3 0.398
Height (m), mean ± SD 1.68 ± 0.1 1.64 ± 0.1 <0.001 * 1.56 ± 0.1 1.52 ± 0.1 <0.001 *
Weight (Kg), mean ± SD 74.2 ± 9.5 65.8 ± 11.4 0.001 * 65.8 ± 9.3 62.0 ± 9.4 0.002 *
Muscle mass (Kg), mean ± SD 50.96 ± 4.7 45.71 ± 3.4 0.034 * 38.03 ± 3.9 36.81 ± 3.4 0.266
Fat mass (%), mean ± SD 27.39 ± 6.5 24.97 ± 10.0 0.504 37.65 ± 7.2 35.23 ± 8.7 0.085 *
Bone mass (Kg), mean ± SD 2.71 ± 0.2 2.46 ± 0.2 0.003 * 2.06 ± 0.27 1.98 ± 0.2 0.005 *
Systolic BP standing (mmHg), mean ± SD 147 ± 19 142 ± 29 0.510 152 ± 22 148 ± 17 0.717
Systolic BP sitting (mmHg), mean ± SD 147 ± 20 139 ± 24 0.083 147 ± 21 144 ± 26 0.728
Diastolic BP standing (mmHg), mean ± SD 83 ± 10 74 ± 16 <0.001 * 87 ± 15 83 ± 1 <0.001 *
Diastolic BP sitting (mmHg), mean ± SD 79 ± 11 70 ± 13 0.011 * 77 ± 12 78 ± 15 0.687

NEADL score wave 7, median (IQR) 18.0
(15.0–19.0) 12.0 (8.0–16.0) <0.001 * 20.0

(19.0–21.0) 10.0 (6.0–16.0) <0.001 *

SPPB score wave 7, mean ± SD 10.4 ± 1.5 5.1 ± 3.4 <0.001 * 8.5 ± 2.5 4.7 ± 3.5 <0.001 *
Grip strength (Kg), mean ± SD 33.2 ± 5.8 24.4 ± 6.2 <0.001 * 17.8 ± 4.2 15.0 ± 3.61 <0.001 *
Total PASE score, median (IQR) 116 (86–151) 27 (0–67) <0.001 * 88 (55–142) 28 (9–83) <0.001 *
Energy (kcal), mean ± SD 2040 ± 636 1581 ± 464 0.003 * 1637 ± 418 1478 ± 475 0.086
Protein (g), mean ± SD 80.3 ± 20.7 61.2 ± 27.4 0.006 * 66.7 ± 18.6 51.8 ± 15.6 0.001 *
Protein (g/Kg BW/day), mean ± SD 1.08 ± 0.29 0.94 ± 0.38 0.295 1.00 ± 0.29 0.84 ± 0.26 0.010 *
Carbohydrate (g), mean ± SD 212.9 ± 61.5 187.2 ± 66.1 0.025 * 175.2 ± 44.6 180.7 ± 66.4 0.393
Fat (g), mean ± SD 86.2 ± 33.3 61.5 ± 29.9 0.004 * 71.6 ± 27.2 59.3 ± 30.9 0.106
Saturated fat (g), mean ± SD 35.5 ± 16.3 26.1 ± 14.2 0.023 * 28.3 ± 14.0 26.4 ± 13.5 0.572
Cholesterol (mg), mean ± SD 302.4 ± 169.0 222.2 ± 128.5 0.062 249.3 ± 127.9 239.9 ± 170.9 0.428
Percent energy intake from protein (%), mean ± SD

• n (%) within the AMDR (15–25% of
energy intake)

16.1 ± 2.7
16 (61.5%)

15.9 ± 5.9
14 (53.8%)

0.849
0.791

16.4 ± 3.1
20 (66.7%)

14.2 ± 2.8
11 (36.7%)

0.001 *
0.035 *

Percent energy intake from carbohydrate (%),
mean ± SD

• n (%) within the AMDR (45–65% of
energy intake)

42.9 ± 8.9
7 (26.9%)

47.6 ± 10.5
12 (46.2%)

0.038 *
0.227

43.5 ± 7.6
14 (46.7%)

49.0 ± 10.8
18 (60.0%)

0.037 *
0.424

Percent energy intake from fat (%), mean ± SD

• n (%) with the AMDR (20–35% of
energy intake)

37.4 ± 6.3
7 (26.9%)

34.0 ± 9.9
14 (53.8%)

0.052
0.118

38.6 ± 7.1
11 (36.7%)

35.6 ± 11.0
13 (43.3%)

0.271
0.804

a NZ Deprivation Status was collected at in 2010. Low: NZ Deprivation (Dep) Index 1–3, Middle: NZ Dep Index
4–7, High: NZ Dep Index 8–10. Notes: AMDR, Acceptable Macronutrient Distribution Range; BW, body weight;
g, gram; Kg, kilogram; NEADL, Nottingham Extended Activities of Daily Living Scale; PASE, Physical Activity
Scale SD, standard deviation; SPPB, Short Physical Performance Battery. * Paired t-test (or McNemar) was used to
determine difference in variables of interest between 2011 and 2021, statistically significant at p < 0.05.

Table 3. Multivariate Regression Model Examining the Relationship between 2011 Protein Intake, as
Predictor, and 2021 NEADL Score in all Participants #.

Variables B (95% CI), p-Value

2011 Protein intake (g/kg BW/day) # 13.59 (6.67–20.51), <0.001 *
2011 Energy intake (kcal/day) # −0.009 (−0.015–−0.003), 0.004 *
Age, years −0.32 (−0.87–0.23), 0.253
Gender (ref: Women) 0.49 (−2.77–3.76), 0.767
Ethnicity (ref: Māori) −1.43 (−9.49–6.64), 0.729
NZ deprivation index a

• low (ref: High)
• medium (ref: High)

0.02 (−2.31–2.35), 0.988
−2.01 (−3.80–−0.22), 0.028 *

Current living arrangement # Who do you live with? (ref: with others) 2.83 (0.89–4.77), 0.004 *
Current housing situation # Where do you live?

• private house (ref: rest home)
• retirement village (ref: rest home)

2.76 (0.17–5.35), 0.037 *
3.82 (0.72–6.91), 0.016 *

Current # PASE b score 0.04 (0.03–0.05), <0.001 *
Current # Fat mass (%) 0.05 (−0.06–0.15), 0.385
Current # Grip strength (kg) 0.16 (−0.06–0.37), 0.151

# Current data collected in 2021. * Generalised linear models (GLM) adjusted for relevant confounder, statistically
significant at p < 0.05. a NZ Deprivation index: Low-status 1–3, Middle-status 4–7, High-status 8–10. b PASE,
Physical Activity Scale for the Elderly. Note: Interaction term Ethnicity*Wave 2 Protein intake; p = 0.012; Interaction
term Ethnicity×Wave 2 energy intake; p = 0.018. There is a observed correlation between wave two NEADL and
wave 7 PASE (r = 0.356, p = 0.003). Due to the multicollinearity of this data, we chose to include PASE in the GLM
as it fit the model better.
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Table 4. Multivariate Regression Model Examining the Relationship between 2011 Protein Intake, as
Predictor, and 2021 SPPB Score in all Participants #.

Variables B (95% CI), p-Value

2011 Protein intake (g/kg BW/day) # −0.030 (−6.858–6.798), 0.993
2011 Energy intake (kcal/day) # −0.001 (−0.005–0.003), 0.597
Age, years 0.207 (−0.281–0.694), 0.406
Gender (ref: Women) −4.675 (−8.324–−1.027), 0.012 *
Ethnicity (ref: Māori) −5.841 (−12.703–1.021), 0.095
Education status (ref: tertiary qualification)

• no or primary school
• secondary school, no qualification
• secondary school, qualification
• Trade

−1.154 (−6.238–3.931), 0.657
−1.311 (−4.188–1.565), 0.371
1.338 (−1.274–3.950), 0.315
1.187 (−2.176–4.550), 0.489

NZ deprivation index (ref: High) a

• Low
• Medium

−1.813 (−3.607–−0.018), 0.048 *
−0.703 (−2.406–1.000), 0.418

Current living arrangement# Who do you live with (ref: with others) −0.551 (−2.478–1.376), 0.575
Current housing situation# Where do you live?

• private house (ref: rest home)
• retirement village (ref: rest home)

1.423 (−1.289–4.135), 0.304
0.945 (−1.873–3.763), 0.511

Current # PASE b score 0.001 (−0.001–0.014), 0.828
Current # Fat mass (%) −0.086 (−0.169–−0.003), 0.043 *
Current # Grip strength (kg) 0.308 (0.059–0.558), 0.015 *
2011 SPPB score 0.299 (−0.122–0.719), 0.164

# Current data collected in 2021. * Generalised linear models (GLM) adjusted for relevant confounder, statistically
significant at p < 0.05. a NZ Deprivation index: Low status 1–3, Middle status 4–7, High status 8–10. b PASE,
Physical Activity Scale for the Elderly. Note: No interaction between ethnicity and wave 2 protein or energy intake
(Interaction terms; Ethnicity × * Wave 2 Protein intake, p = 0.848 and Ethnicity * Wave 2 Energy intake, p = 0.099).

4. Discussion

This study aims to investigate protein intake in New Zealand nonagenarians and
determine the impact of dietary protein intake on functional status in Māori and non-Māori
at ten years follow-up. We found that intake reduced over 10 years along with physical
activity, functional status and physical performance. Higher weight-adjusted protein intake
(g/kg BW/day) (2011) was associated with better subsequent functional status ten years
later. This finding supports the hypothesis that protein intake can impact functional status
in those of advanced age.

4.1. Macronutrient Intake

Reducing dietary intake is common with ageing [16,49]. We found reductions in
protein and fat intake with an increase in percentage energy from carbohydrates over
ten years follow-up of octogenarians. This may be attributed to known risk factors such as
oral health [29,50] and food cost [29]. The ten-year interval between two dietary assessments
data points limit further inference. Other unknown factors affecting dietary intake, such
as food accessibility, food preparation, and attitude towards food intake, may influence
food choices. Interestingly, fish and seafood are the primary protein sources for Māori
participants, which are followed closely by bread. Although the number of people in this
sample of older Māori was small, it does appear that Māori were more able to maintain
dietary protein intake than non-Māori. This is probably linked to the living environment,
where Māori live closer to the sea and the provision of seafood from family and whānau,
as was observed in 2011 [29]. For non-Māori, bread was the main source of protein.
We hypothesise that the participants in their nineties may have replaced protein and fat
consumption with carbohydrate foods which are more accessible and easier to prepare.

Protein Intake

Older adults in New Zealand have the highest level of inadequate protein intake
compared to any other age group [8]. Protein requirements are amplified with increasing
age due to age-related physiological changes, changes in dentition, food preferences, health
status and social circumstances [6,15,16,49,51,52]. In the New Zealand Adult Nutrition Sur-
vey (NZ ANS) 2008/09, Māori men and women over 51 consumed a mean of 95 g/day and
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68 g/day of protein, respectively [8]. In our study, Māori men in their nineties consumed
about 40 g of protein per day, and Māori women consumed about 52 g/day. Protein intake,
when adjusted by body weight, declined significantly in Māori men (from 1.09 ± 0.44 to
0.69 ± 0.07g/kg BW/day) while it remained stable in Māori women (0.86 ± 0.36 g/kg
BW/day). The marked difference in protein intake observed in Māori men needs to be
interpreted with caution, as the small sample is likely to have skewed the value. Our study
observed that while the percentage energy from protein is relatively stable over time, the
protein sources switched from animal protein as the primary source in 2011 to plant-based
protein in 2021. Future research is needed to confirm our findings.

Among non-Māori participants, reduction in protein intake was more significant
in women than men. Protein intake adjusted by body weight for women reduced from
1.00 ± 0.29 g/kg BW/day in 2011 to 0.84 ± 0.26 in 2021, and percentage energy from
protein reduced from 16% to 14%. Both measures of protein intake were relatively stable
in men. In non-Māori, animal protein was a major source of protein in 2011 and 2021.
However, the ratio between animal and plant-based protein was closer to 1 in 2021 than the
60:40 animal-protein ratio of 1.5 in 2011. Research that shows that plant-based proteins have
lower leucine content, reduced digestibility, and are deficient in some essential amino acids
which are needed for muscle anabolism compared to animal-based proteins. Although it
has been postulated that this could be negated by increasing volume of plant-based protein
consumed, further research is required [53,54].

Overall, the quantity and quality of protein intake changed over time and varied
by sex in Māori and non-Māori. A consistent finding across both sexes in the sample,
irrespectively of ethnic groups, was that in all participants, the recommended percentage
energy from protein hovered around the lower range of the Acceptable Macronutrient
Distribution Range (AMDR), i.e., 15–25% energy from protein [48]. Animal protein was
replaced with plant-based protein over time. It is difficult to distinguish exactly what this
may be related to, although it would be feasible to believe this may occur due to changes in
dentition (ability to chew animal-based protein) taste change/food preference and anorexia
of ageing, which has been discussed in the literature [16].

4.2. Relationship between Protein Intake and Physical Function

Physical function is associated with daily living activities [20,55]. We observed NEADL
and SPPB scores decrease during the 10-year follow-up period. This is in line with previous
research showing a decreasing trend in physical function in adults 65 years and older,
and the annual decline rate was greater in the 85+ group compared to those aged 65 to
74 years [56]. Granic et al. reported an inverse association between age, grip strength and
Timed Up and Go Test (TUG) over five years in the Newcastle 85+ study and that the
declines were not different between those who had low or high protein intake at baseline
(<1 g/kg aBW/d vs. ≥1 g/kg aBW/d) [57]. We reported previously that protein intake
was not associated with grip strength over five years [30]. Our current study extends the
evidence on the association between protein intake and subsequent physical function at
ten years follow-up. We found a positive association between weight-adjusted protein
intake at age 80-years+ with functional status (p < 0.001) over 10 years but not with physical
performance (p = 0.094). Functional status is correlated with physical performance, but it is
a different measure impacted by psychological, environmental and social factors [58–60].
This finding supports the hypothesis that protein intake is associated with future functional
status. The potential mechanism by which of protein intake benefits function may not
only be through physical performance or muscle strength. Other age-related physiological
changes throughout the life course may have a role.

The physical activity level (PASE score) of participants in the current study also
decreased dramatically in all participants over the ten years (from a median of 93–150 in
wave two to 27–70 in wave seven).
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4.3. Relationship between Socio-Demographic Characteristics, Physical Activity and
Physical Function

Physical activity levels usually are associated with higher protein intake and improved
physical performance and ability to perform activities of daily living [6,61,62], so it is
not surprising that we saw a reduction in PASE score along with a decrease in SPPB and
NEADL scores, and that physical activity was positively associated with activities of daily
living. However, physical activity was not related to physical performance in this sample
in advanced age. The type of physical activities (housework vs. recreational activities)
could have masked this association. Interestingly, the current study found that participants
with a better socio-economic status had poorer functional and physical performance than
those with worse socio-economic status, challenging the wealth–health directionality [63].
Socio-economic status and food insecurity are factors affecting inadequate nutrient intake
that has been discussed throughout the literature [14]. A previous study of 70-year-old
Korean people reported total weight-adjusted protein intake increased proportionately
with household income and education status [64]. Our study on nonagenarians found the
contrary. This prompts the question of whether the socio-economic status of people in
advanced age plays a role in the quality and quantity of protein consumed and the further
impact on physical performance capability. Further research is needed to understand the
interplay between socio-economic status, living environment, and health status impacting
dietary intake in older adults.

4.4. Strengths and Limitations

This study is part of the LiLACS-NZ cohort study, allowing us to draw associations be-
tween past protein intake and functional status over ten years. Protein intake was recorded
in a standardised way over two time points, ensuring continuity for comparison. This
allows us to gain insight into the prevalence of inadequate protein intake and the differ-
ences in protein quantity and quality (protein sources) in this population over ten years. In
addition, this prospective study highlighted the temporal sequence of events. It enabled
the inclusion and examination of multiple exposure variables and potential confounding
related to the outcome of physical function (NEADL score and SPPB score).

The main limitation of this study was the relatively small sample size of 81 participants,
reducing the ability to produce ethnic-specific analyses. The annual mortality rate in the
first four years of the follow-up for the LiLACS-NZ study was approximately 9%, and this
was the main reason for attrition [65]. Due to this population being of advanced age, it
is unsurprising that many participants were lost to follow-up or passed away before the
10-year study interviews. The small sample may introduce type II errors, and we advise
a cautious interpretation of the results. Health conditions and the use of medication may
also affect the study outcome. At baseline, 93% of the sample had two or more chronic
conditions; the median of health conditions and use of prescribed medications was five,
respectively [65,66]. The ubiquitous multimorbidity in the sample restricts our ability to
untangle the cause–effect relationship between physical activity and chronic conditions.
Considering the issue of over-adjustment, we selected physical activity level as a covariate
in the model based on the notion that nutrition status and physical activity go hand in hand.

We completed Intake24 (an electronic version of the original interviewer-led 24 h MPR
24-h) once to reduce the participant burden in the current study. Completing one MPR may
be less accurate, but it is common practice in research studies when balancing practicality,
resources, and data [67]. MPR has been validated and shown to produce similar estimates
of group intake in those who do not have extreme intake [68]. MPR can be less accurate
when interviewing people with cognitive decline as it relies heavily on memory; thus, we
aimed to mitigate this by having a Kaiāwhina or support person with participants to assist.
Intake24, with the additions of New Zealand foods from the FOODfiles 2016 database,
has not been validated in a New Zealand context. Intake24 underestimated energy intake
by 1%, and mean macro- and micronutrient intake was within 4% of those recorded in
interviewer-led recalls in a UK population [40].
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To our knowledge, this is the first cohort study to assess protein intake in the nonage-
narian age group. These findings fill a gap in the existing literature. Causality cannot be
proven. Therefore, we can only show an association and recommend a cautious interpreta-
tion of the findings.

The current study’s findings may improve quality of life of adults of advanced age
in the future by supporting international recommendations for adequate protein intake to
support physical function in advanced age.

Future research on the effect of protein from plant and animal sources and their
impact on physical function over time is required to confirm these findings. Exploration of
Indigenous versus Westernised protein food sources and their impact on physical function
in needed. Insights from the current study will contribute to the design of future prospective
studies and trials of supplements in very old adult populations.

5. Conclusions

The LiLACS-NZ cohort study highlighted a reduction in protein intake with a change
in protein sources from animal to plant-based protein over ten years in octogenarians. The
study found protein intake 10 years prior was associated with functional status ten years
later. The novel nature of this research was that it documents change in dietary intake in
nonagenarians related to physical function over time.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu15071664/s1, Figure S1: Trend in 2021 NEADL and SPPB
scores in Relation to Adequacy of Protein Intake in 2011; Table S1: GLM Model 1—Relationship
Between 2021 NEADL Score and 2011 Protein Intake in all Participants; Table S2: GLM Model
1—Relationship Between 2021 SPPB Score and 2011 Protein Intake in all Participants.

Author Contributions: Conceptualisation, R.T. and M.L.; methodology, M.L. and R.T.; formal anal-
ysis, M.L. and R.T.; investigation, M.L., R.T. and N.K.; resources, R.T. and N.K.; data curation, R.T.
and M.L.; writing—original draft preparation, M.L.; writing—review and editing, M.L., R.T., N.K.
and M.M.-L.; supervision, R.T.; project administration, N.K.; funding acquisition, N.K. and R.T. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Lottery Health Research, grant number 3720336.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of The Northern
A Health and Disability Ethics Committee of The Ministry of Health, New Zealand (Reference:
NXT/10/12/127/AM15) on 27 November 2020.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: We are happy to share LiLACS NZ data with interested researchers on
condition of a mutually acceptable agreement in data usage. The process to apply for LiLACS NZ
data access is available at [https://www.fmhs.auckland.ac.nz/en/faculty/lilacs.html] (accessed on
28 March 2023).

Acknowledgments: We thank all participants, their family and whānau (extended family) for their
contribution. We also thank Karen Hayman who organised the study, and Kiri Martin and Sue
MacDonell who assisted with the dietary assessment.

Conflicts of Interest: The authors declare no conflict of interest.

146



Nutrients 2023, 15, 1664

References

1. Stats-NZ. National Population Projections: 2020(Base)–2073; Stats NZ: Wellington, New Zealand, 2020.
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New Zealand -Te Puāwaitanga o Nga Tapuwae Kia Ora Tonu, LiLACS NZ: Study protocol. BMC Geriatr. 2012, 12, 33. [CrossRef]

147



Nutrients 2023, 15, 1664

26. Wham, C.A.; Teh, R.; Moyes, S.; Dyall, L.; Kepa, M.; Hayman, K.; Kerse, N. Health and social factors associated with nutrition
risk: Results from life and living in advanced age: A cohort study in New Zealand (LILACS NZ). J. Nutr. Health Aging 2015, 19,
637–645. [CrossRef]

27. Pillay, D.; Wham, C.; Moyes, S.; Muru-Lanning, M.; The, R.; Kerse, N. Intakes, adequacy, and biomarker status of iron, folate, and
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Abstract: This study investigated whether oral supplementation with protease-soluble chicken type
II collagen (PSCC-II) mitigates the progression of anterior cruciate ligament transection (ACLT)–
induced osteoarthritis (OA) in rats. Eight-week-old male Wistar rats were randomly assigned to the
following groups: control, sham, ACLT, group A (ACLT + pepsin-soluble collagen type II collagen
(C-II) with type I collagen), group B (ACLT + Amano M–soluble C-II with type I collagen), group C
(ACLT + high-dose Amano M–soluble C-II with type I collagen), and group D (ACLT + unproteolyzed
C-II). Various methods were employed to analyze the knee joint: nociceptive tests, microcomputed
tomography, histopathology, and immunohistochemistry. Rats treated with any form of C-II had
significant reductions in pain sensitivity and cartilage degradation. Groups that received PSCC-II
treatment effectively mitigated the ACLT-induced effects of OA concerning cancellous bone volume,
trabecular number, and trabecular separation compared with the ACLT alone group. Furthermore,
PSCC-II and unproteolyzed C-II suppressed ACLT-induced effects, such as the downregulation of
C-II and upregulation of matrix metalloproteinase-13, tumor necrosis factor-α, and interleukin-1β.
These results indicate that PSCC-II treatment retains the protective effects of traditional undenatured
C-II and provide superior benefits for OA management. These benefits encompass pain relief,
anti-inflammatory effects, and the protection of cartilage and cancellous bone.

Keywords: anterior cruciate ligament transection; type II collagen; protease; nociception;
cartilage; inflammation

1. Introduction

Osteoarthritis (OA) is the most common disorder of the musculoskeletal system and a
leading cause of joint dysfunction and disability worldwide [1]. OA is generally caused by
aging or mechanical-induced dysfunction of biological factors, resulting in an imbalance in
cartilage homeostasis. This imbalance causes the degradation of the extracellular matrix
(ECM), hyaluronic acid, and proteoglycans in cartilage tissue. It also leads to fibrillation
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and erosion of the articular surface, chondrocyte death, matrix calcification, and vascular
invasion [2]. Excluding the water content, the ECM of articular cartilage comprises collagen
(60%), proteoglycans (25–35%), and other noncollagenous proteins (15–20%). Type II
collagen (C-II) accounts for 80% of the total collagen and provides mechanical stability
to cartilage [3]. Without timely supplementation with nutraceuticals, excessive collagen
degradation by matrix metalloproteinases (MMPs) can damage cartilage tissue [4,5].

The current primary treatment for OA involves reducing inflammation, alleviating
pain and discomfort, and improving the structure of collagen or temporarily delaying the
progression of the disease [6]. Recently, many studies have investigated whether supple-
mentation with nutraceuticals containing undenatured C-II can alleviate OA progression [7].
In a retrospective 2020 study, Hasan et al. found that undenatured C-II improved synovitis
and cartilage degradation in humans, horses, dogs, and rodents with OA [8]. Chicken
sternal cartilage is a common source for preparing undenatured C-II. In traditional undena-
tured C-II preparations, the triple helix structure of collagen is retained, and it resembles
that of C-II in human cartilage tissue. However, one study reported that its high molecular
weight may result in poor absorption [9]. The processing of undenatured C-II ensures the
preservation of protein glycosylation and telopeptides, which may participate in immune
responses [8,10]. Studies have revealed that native glycosylation on C-II can cause the
excessive activation of T cells [11,12]. Degrading or modifying the glycosylation on C-II
significantly reduced the incidence, time of onset, and severity of C-II-induced rheumatoid
arthritis (RA) in mouse models [11,12]. Moreover, clinical studies have revealed that T cells
exhibited a strong response to C-II in patients with RA, and this immune response was
correlated with disease severity [13–15]. These results highlight the risk of an excessive
immune response to the structural components (e.g., carbohydrates or telopeptides) of
native C-II, which may increase joint inflammation.

In cartilage tissue, type IX collagen is linked to C-II through polysaccharide cross-
linking, forming a robust fibril structure [16]. Therefore, proteases such as pepsin can
degrade the polysaccharide side chains on collagen, increasing the release of C-II from
the fibril structure and enhancing the extraction efficiency [17]. Removing the telopeptide
region from C-II through protease cleavage can increase water solubility and potentially
reduce immune responses [18]. Although undenatured C-II has oral tolerance proper-
ties, which are less than the threshold of immune response activation, preserved post-
translational modifications or structures may trigger adverse immune reactions in the
human body [19,20]. The addition of proteases during the extraction process can disrupt
the interaction between type IX collagen and C-II. It can reduce the immune response risks
associated with the natural structure of C-II. The present study primarily investigated
the protective effects of undenatured C-II obtained through protease addition during the
extraction of chicken sternal cartilage on rats with OA.

2. Materials and Methods

2.1. Preparation of Protease-Soluble C-II

Cleaned chicken sternal cartilage without adhering tissue was donated by Taiyen
Biotech in Tainan, Taiwan. The cartilage was cut into small pieces (1–2 mm3) and treated
with 20 mM ethylenediaminetetraacetic acid (EDTA, pH 7.5) at 20 ◦C for 18 h. The cartilage
pieces were cleaned with deionized water, and EDTA-free pieces were stored at −20 ◦C until
use. Sternal cartilage was soaked in 50 mM acetic acid for 30 days and then homogenized
at 10,000 rpm on a homogenizer (X40/38 E3, Ystral, Ballrechten-Dottingen, Germany) for
30 min on ice at 4 ◦C. The acid-soaked cartilage was extracted with 1% pepsin (Sigma-
Aldrich, St. Louis, MO, USA) and 1% protease M (Amano M, Amano Enzyme Co., Ltd.,
Tokyo, Japan) or without protease at 15 ◦C for 72 h while stirring. The mixture was
filtered to remove undissolved particles and then lyophilized. The pepsin-soluble, Amano
M–soluble, and unproteolyzed C-II contained 74.5, 86.9, and 62.5 mg/g hydroxyproline
for 596, 695.2, and 500 mg/g collagen. The presence of epitopes in undenatured C-II
was measured using the Chondrex Type II Collagen Detection Kit in accordance with the
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manufacturer’s protocol (Chondrex, Redmond, WA, USA). The results revealed that the
percentage of epitopes in pepsin-soluble C-II, Amano M–soluble C-II, and unproteolyzed
C-II was 68.4%, 80.5%, and 28.0%, respectively. Pepsin-soluble C-II and Amano M–soluble
C-II were fortified with bovine collagen peptide (type I collagen, MW 300–8000 Da, Nippi,
Fujinomiya, Shizuoka Prefecture, Japan) to achieve ratios of type I collagen to C-II of 5.25
to promote the dispersion of C-II fibrils.

2.2. Animal Preparation

For this study, 8-week-old male Wistar rats were procured from BioLASCO Taiwan
(Taipei, Taiwan). The animal room was set to a photoperiod of 12-h light–dark cycle, with
the humidity and temperature maintained at 50–55% and 24 ± 1 ◦C, respectively, using an
air conditioning system throughout the experimental period. During the experiment, the
rats weighed approximately 300 ± 10 g and were between 9 and 10 weeks old. Regardless
of the experimental mode, all surgical procedures and feeding of the rats were completed
after they were anesthetized with 2.5% isoflurane (catalog no. 08547, Panion & BF Biotech,
Taoyuan, Taiwan). The handling and experimental use of animals conformed to the Guiding
Principles for the Care and Use of Animals of the American Physiological Society, and
the study protocol was approved by the Institutional Animal Care and Use Committee of
National Sun Yat-sen University (approval number: 10725).

2.3. Establishment of Animal Models

Animal models of anterior cruciate ligament transection (ACLT)–induced OA were
established using the methods proposed by Stoop et al. (2001) and Yang et al. (2014) [21,22].
In this study, first, the baseline activity of the rats was measured; the rats were then
anesthetized, and their right knee joint was shaved. Methanol was used for sterilization,
and the knee joint capsule of each rat was opened through a medial parapatellar incision.
The patella was dislocated laterally, and the knee joint was fully flexed to expose the
cruciate ligament. An incision was made anterior to the medial collateral ligament, and
the anterior drawer test was implemented to verify the adequacy of the cut before surgical
suturing. In the sham group, the knee joint capsule was opened, but no incision was
made anterior to the medial collateral ligament [21]. After surgery, the rats were injected
with cefazolin (20 mg/kg) to prevent wound infection and were returned to their cages to
recover for eight weeks. Weekly testing was implemented to analyze differences between
the experimental and control groups regarding pain, inflammation, and knee swelling. C-II
treatment was administered after significant pain, inflammation, and swelling differences
were observed between the experimental and control groups.

2.4. Experimental Groups

The rats were randomly assigned to six experimental groups.
Control: naïve rats (n = 8).
Sham: ACL was exposed but not transected (n = 8).
ACLT: ACLT of the right knee (n = 8).
Group A (ACLT + pepsin-soluble C-II fortified with type I collagen): Rats undergoing

ACLT were orally administered 0.25 mg/kg/day collagen (containing 0.04 mg/kg/day
C-II and 0.21 mg/kg/day type I collagen), which was dissolved in 1 mL of ultrapure water,
once daily for 17 consecutive weeks beginning eight weeks after ACLT (n = 8).

Group B (ACLT + Amano M–soluble C-II fortified with type I collagen): Rats undergo-
ing ACLT were orally administered 0.25 mg/kg/day collagen (containing 0.04 mg/kg/day
C-II and 0.21 mg/kg/day type I collagen), which was dissolved in 1 mL of ultrapure water,
once daily for 17 consecutive weeks beginning eight weeks after ACLT (n = 8).

Group C (ACLT + high-dose Amano M–soluble C-II fortified with type I collagen):
Rats undergoing ACLT were orally administered 0.75 mg/kg/day collagen (containing
0.12 mg/kg/day C-II and 0.63 mg/kg/day type I collagen), which was dissolved in 1 mL
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of ultrapure water, once daily for 17 consecutive weeks beginning eight weeks after ACLT
(n = 8).

Group D (ACLT + unproteolyzed C-II): Rats undergoing ACLT were orally adminis-
tered 0.24 mg/kg/day unproteolyzed collagen (containing 0.12 mg/kg/day C-II), which
was homogeneously suspended in 1 mL of ultrapure water, once daily for 17 consecutive
weeks beginning eight weeks after ACLT (n = 8).

2.5. Analysis of Pain Behavior of Rats
2.5.1. Weight-Bearing Distribution in Hind Legs

The difference in weight-bearing distribution between the hind leg with ACLT-induced
joint degeneration and the contralateral leg is a pain indicator in OA [23]. A dual-channel
weight averager (Singa Technology, Taoyuan, Taiwan) was used to assess the weight-
bearing distribution of the rats’ hind legs. First, each rat was placed on the sloped channel
with its hind legs resting on two weight-averaging platform pads. The researchers ensured
the rat was stationary and its posture stable. The measurement button on the instrument
was pressed to record the distribution of the animal’s body weight on each paw for 3 s.
The results are presented as the difference between the amount of weight placed on the
uninjured paw (i.e., left paw) and the amount placed on the injured paw (i.e., right paw) [24].
The baseline activity levels of the rats were measured weekly post-surgery from weeks 1
to 24.

2.5.2. Secondary Mechanical Allodynia

Allodynia is pain caused by normally non-noxious stimuli. This study assessed
mechanical allodynia by employing von Frey hair monofilaments (27 inches; Touch-Test
Sensory Evaluators, NC12775, NorthCoast Medical, Morgan Hill, CA, USA) with stiffness
ranging between 2.0 and 28.8 g in combination with Dixon’s up-and-down method. The
hair monofilaments were applied to the plantar surface of each hind paw in ascending
order of stiffness, and whether the rats exhibited a reflex response was observed. If no
response occurred, von Frey hairs of increasing stiffness levels were applied until the rat
exhibited a reflex response, and the stiffness level was recorded [24]. Mechanical allodynia
testing was implemented to measure reflex responses in the rats at baseline and weekly
from weeks 1 to 24.

2.5.3. Knee Swelling

Changes in knee swelling can reflect the severity of inflammation in the knee joint. To
assess the severity of inflammation in the knee joint, the circumference of each rat’s knee
joint was measured before surgery (baseline) and weekly from weeks 1 to 24 post-surgery.
After the rats were anesthetized with 2.5% isoflurane, a Vernier scale (calipers, AA847R,
Aesculap, Tuttlingen, Germany) was used to measure the widths of the rats’ knee joints,
and the changes in width were recorded [22].

2.6. Sample Collection and Fixation

After the animal behavior experiments, the rats were euthanized for further analysis.
Each rat was anesthetized with 2.5% isoflurane, and the chest was opened using surgical
instruments. The rats were injected with 600 mL of 4% phosphate-buffered saline (PBS;
137 mM NaCl, 2.68 mM KCl, 10 mM Na2HPO4, and 1.76 mM KH2PO4; pH = 7.2; storage
temperature = 4 ◦C) and heparin (0.2 U/mL) by using a perfusion needle inserted through
the ventricle and into the left aorta with a pump. An incision was made in the right
atrium to enable blood outflow, achieving full-body blood replacement. Subsequently, 4%
paraformaldehyde (at a storage temperature of 4 ◦C) was injected in situ for tissue fixation.
Finally, the knee joint tissue was extracted using surgical instruments. The extracted tissue
samples were maintained in 10% neutral buffered formalin at 4 ◦C for 3 to 4 days, during
which time the solution was replaced every two days to maintain its fixative effect.
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2.7. Micro-Computed Tomography Scanning Analysis

This study adapted the research methods of Bagi et al. [25] with modification. Before
completing the bone samples’ microcomputed tomography (micro-CT) scans (SkySacn 1076,
Bruker, Antwerp, Belgium), the Taiwan Mouse Clinic was commissioned to reconstruct 3D
animal skeleton models and implement data analysis of the reconstructed images. Micro-
CT scanning, which was implemented with a resolution of 35 μm (isotropic voxel size:
35 μm), was used to analyze the 3D microstructure parameters of statistical significance,
including trabecular separation, trabecular number, bone mineral density (BMD), tissue
volume, bone volume, and the ratio of bone volume to tissue volume.

2.8. Sample Embedding

The fixated tissues were immersed in decalcification solution (100-g EDTA disodium
salt dehydrate/1000-mL PBS) at room temperature for 2 to 3 weeks, during which the
solution was replaced every two days to maintain its effectiveness for removing cal-
cium deposits. The fixated and decalcified tissue samples were placed into tissue cas-
settes and processed using an automatic tissue dehydration machine (Tissue-Tek, Sakura
Finetek Japan, Tokyo, Japan). The tissue samples were treated (in the following or-
der) with 35% alcohol, 75% alcohol, 85% alcohol, 85% alcohol, 95% alcohol, 95% alcohol,
100% alcohol, l00% alcohol, 90% xyline/alcohol, 100% xyline, soft paraffin, and hard paraf-
fin. The tissue dehydration and paraffin embedding process lasted 18 h. Finally, an
embedding center (CSA Embedding Center EC780-1; EC780-2, Pomona, CA, USA) was
used to embed the tissues into tissue blocks. A paraffin slicing machine (Microm, HM340E,
Kentwood, MI, USA) was then used to slice the tissue blocks into 1-μm slices, which were
stained.

2.9. Histological Staining Analysis

To evaluate the cartilage tissue samples, the grading system for safranin-O/fast green
staining proposed by the Osteoarthritis Research Society International (OARSI) was em-
ployed. Semi-quantitative analysis was implemented using the OARSI grading system
(i.e., six histological grades) while considering the rats’ OA recovery stages (i.e., four his-
tological stages). The total scores of the samples were calculated as the product of the
historical grade and the histological stage and ranged from 1 (normal articular cartilage)
to 24 (no repair) [26]. Synovial tissue was analyzed using the tissue assessment method
proposed by Krenn et al. (2006), which involves hematoxylin and eosin (H&E) stain-
ing [27]. The grading criteria for the synovial lining layer were the presence of subsynovial
fibroblasts (0–3 points), synovial hyperplasia (0–3 points), and red blood cell infiltration
(0–3 points). The grading criteria for subsynovial tissue were the formation of granulation
tissue (0–3 points), angioplasia (0–3 points), and red blood cell infiltration (0–3 points). The
severity of inflammation in synovial tissue was divided into three stages; mild, moderate,
and severe inflammation were indicated by scores of 0–6, 7–12, and 13–18, respectively.
A higher total score represents greater damage to the knee joint. The glass slides of the
stained samples were examined using an optical microscope (DM 6000, Leica, Wetzlar,
Germany) equipped with a digital microscope camera (SPOT Idea, Diagnostic Instruments,
Sterling Heights, MI, USA).

2.10. Immunohistochemical Staining Analysis

In the immunohistochemical staining experiment, the paraffin slides were first im-
mersed in xylene solution for 20 min and then in ethanol with a concentration ranging from
50% to 100% for 30 s. Finally, the paraffin slides were subjected to proteinase K (20 mM;
Sigma-Aldrich, St. Louis, MO, USA) digestion for 20 min. Each slide was rinsed twice
with tris-buffered saline with Tween (TTBS), encircled with a Dako pen (Dako, S2002),
and immersed in hydrogen peroxide for 8 min. The slides were again rinsed twice with
TTBS, immersed in the ABC Kit blocking buffer (Vectastain ABC Kit, Vector Laboratories,
Burlingame, CA, USA), and oscillated at room temperature for 30 min. The samples were
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subsequently incubated with a primary antibody specific to the target protein and oscil-
lated overnight at 4 ◦C. The sections were then incubated with specific primary antibodies,
namely anti-C-II antibodies (1:200; catalog no. 234187; Calbiochem, San Diego, CA, USA),
anti-matrix metallopeptidase 13 (MMP13) antibodies, (1:100; catalog no. ab39012; Abcam,
Cambridge, UK), anti-interleukin-1β antibodies (IL-1β 1:200; catalog no. ab9722; Abcam),
and anti-tumor necrosis factor-α (TNF-α antibodies (1:150; catalog no. ab6671; Abcam). The
slides were then rinsed twice with TTBS, immersed in the aforementioned blocking buffer,
and oscillated at room temperature for 30 min. Next, the slides were incubated with a
secondary antibody (Vector Laboratories, Burlingame, CA, USA) in the ABC Kit, oscillated
at room temperature for 80 min and in fresh TTBS solution three times for 10 min each.
They were subsequently immersed in the aforementioned blocking buffer, oscillated at
room temperature for 30 min, and washed once with fresh TTBS. The samples were then
incubated with DAB staining solution (DAB Peroxidase Substrate Kit, Vector Laboratories)
for 5 min, rinsed twice, soaked in Mayer’s hematoxylin for 90 s, rinsed for 5 min, and
soaked sequentially in ethanol solutions with concentrations of 50%, 70%, 95%, and 100%
for 20 s each. Finally, the slides were immersed in xylene solution for 1 min before being
sealed with a coverslip. The slides were imaged under an optical microscope (DM 6000B,
Leica, Wetzlar, Germany) equipped with the aforementioned digital microscope camera
(SPOT Idea 5.0 Mp 635 Color Digital Camera, Diagnostic Instruments, Sterling Heights,
MI, USA).

2.11. Data Analysis

The experimental data are presented as the mean ± standard error of the mean. For
statistical analyses, we calculated the variation between groups by a one-way analysis
of variance (ANOVA), examined by a post hoc Tukey test. We defined the statistical
significance as p < 0.05. Statistical analyses were performed using SigmaPlot Version 12.0
(Systat Software, Inc., San Jose, CA, USA).

3. Results

3.1. Effect of (Oral Protease-Soluble Chicken C-II) PSCC-II on ACLT-Induced Weight-Bearing Deficits

A dual-channel weight averager was employed to determine the weight-bearing
distribution of the rats’ hind legs. Figure 1A presents the difference in ACLT-induced
weight-bearing deficits between the rats’ hind legs. The results revealed a significant
difference in the weight-bearing distribution of the hind legs between the ACLT and sham
groups from weeks 1 to 24 post-surgery. Among the rat models of ACLT-induced OA,
the differences in the weight-bearing distribution of the hind legs in groups A, B, C, and
D were significantly lower than that in the ACLT group from weeks 12–24, 12–24, 11–24,
and 11–24 post surgery, respectively. In summary, significant improvements in the ACLT-
induced weight-bearing deficit in the hind legs were detected in treatment groups A, B, C,
and D.

3.2. Effect of PSCC-II on ACLT-Induced Mechanical Allodynia

Figure 1B presents the effects of PSCC-II on ACLT-induced mechanical allodynia. The
results revealed that the paw withdrawal threshold (g) of the ACLT group was significantly
lower than that of the sham group post-surgery. Among the groups with ACLT-induced
OA, the paw withdrawal thresholds (g) of groups A, B, C, and D were significantly higher
than that of the ACLT group from weeks 13–24 post-surgery. In summary, treatment groups
A, B, C, and D had reduced considerably mechanical allodynia caused by ACLT-induced
OA. Notably, the treatment effect in group C was higher than in the other groups but did
not attain statistical significance.

3.3. Effect of PSCC-II on ACLT-Induced Knee Joint Swelling

The knee joint width of the hind legs was measured using a Vernier scale. The results,
presented in Figure 1C, revealed that the difference in the knee joint width of the ACLT
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group was significantly greater than that of the sham group from weeks 2 to 24 post-surgery.
Among the groups with ACLT-induced OA, the differences in the knee joint width of groups
A, B, C, and D were significantly smaller than that of the ACLT group from weeks 12–24,
12–24, 12–22, and 13–24 postsurgery, respectively. In summary, treatment groups A, B, C,
and D had significantly reduced swelling of the knee joint caused by ACLT-induced OA.

Figure 1. Effects of PSCC-II on ACLT-Induced OA-Related Phenomena. Effects of PSCC-II on
ACLT-induced weight-bearing deficits in hindlegs (A), mechanical allodynia (B), knee joint swelling
(C), and body weight (D) over time. Data are presented as mean ± standard error of the mean.
* denotes comparison with sham group (p < 0.05); # denotes comparison with ACLT group (p < 0.05).

3.4. Effect of PSCC-II on Body Weight

Figure 1D presents the effects of PSCC-II on body weight. The weights of all groups
increased over time. The results revealed no significant differences in body weight between
the ACLT and sham groups from weeks 0 to 24 post-surgery. No significant differences
were found in body weight between the treatment groups (A, B, C, and D) and the ACLT
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group from weeks 9 to 24 post-surgery. In summary, no significant differences in body
weight were observed between groups A, B, C, and D.

3.5. Micro-CT Analysis of Knee Bone Structure in Rats Undergoing ACLT after PSCC-II Treatment

Figure 2A presents 2D micro-CT images of knee joints displaying the tibial cancellous
bone. The images reveal greater tibial cancellous bone loss in the ACLT group than in
the sham group. The restoration effects in groups A and D were not greater than those
in the ACLT group; however, the restoration effects in groups B and C were markedly
greater than those in the ACLT group. Micro-CT scanning was employed to quantitatively
analyze bone volume (Figure 2B), trabecular separation (Figure 2C), trabecular number
(Figure 2D), and BMD (Figure 2E) in the tibial cancellous bone. These parameters were
evaluated using reconstructed 3D images of the tibial metaphysis. The results indicated that
the ACLT group had significantly lower cancellous bone volume, lower trabecular number,
and increased trabecular separation than the sham group. Treatment groups A, B, and C
had significantly greater restoration effects than the ACLT group with respect to cancellous
bone volume, trabecular number, and trabecular separation; however, the results did not
indicate a significant restoration effect in group D. Figure 3 presents the reconstructed 3D
images of the subchondral bone (SB) for the control, sham ACLT, and ACLT plus treatment
groups. Table 1 presents the quantitative analysis of tissue volume, bone volume, the
ratio of bone volume to tissue volume, and BMD of the reconstructed 3D images of the
SB. Analysis of the reconstructed 3D images revealed no significant differences between
groups. In summary, PSCC-II treatment administered to groups A, B, and C effectively
mitigated cancellous bone loss caused by ACLT-induced OA.

Table 1. Analysis of 3D Micro-CT scans of Reconstructed Images of Tibial Subchondral Bone.

Parameter Unit Control Sham ACLT
ACLT +
Group A

ACLT +
Group B

ACLT +
Group C

ACLT +
Group D

Tissue vol. mm3 0.492 ± 0.001 0.490 ± 0.001 0.491 ± 0.001 0.490 ± 0.000 0.490 ± 0.000 0.490 ± 0.000 0.490 ± 0.000
Bone vol. mm3 0.31 ± 0.01 0.32 ± 0.02 0.31 ± 0.02 0.37 ± 0.02 0.31 ± 0.02 0.37 ± 0.02 0.32 ± 0.04
BV/TV % 63.92 ± 2.05 66.30 ± 3.238 62.24 ± 3.06 75.02 ± 4.53 63.88 ± 3.89 75.35 ± 4.85 66.06 ± 8.09
BMD g/cm3 0.726 ± 0.014 0.711 ± 0.020 0.691 ± 0.013 0.743 ± 0.013 0.684 ± 0.016 0.767 ± 0.023 0.687 ± 0.04

BV/TV, bone vol./tissue vol.; BMD, bone mineral density.

3.6. Effect of PSCC-II on Synovial Tissue Inflammation in Knee Joints Subjected to ACLT

Figure 4A–H present the pathological H&E staining results. Synovial hyperplasia and
red blood cell infiltration were significantly greater in the ACLT group than in the sham
group. The rats in the ACLT group had severe knee joint inflammation. The rats in group A
had mild synovial inflammation, and synovial hyperplasia and neutrophil infiltration were
significantly less severe in group A than in the ACLT group. Similar results were observed
in groups B, C, and D. PSCC-II treatment effectively alleviated synovial hyperplasia and
red blood cell infiltration in knee joints subjected to ACLT in groups A, B, C, and D.

3.7. Effect of PSCC-II on Articular Cartilage Degradation in Knee Joints Subjected to ACLT

Figure 4I–O presents the safranin-O/fast green staining of knee articular cartilage.
Cartilage histopathology was further assessed using the OARSI histological scoring system
(Figure 4P). The results revealed that the ACLT group had greater damage to the surface
of cartilage tissue, greater loss of chondrocytes, and lower staining intensity of cartilage
than the sham group. These pathological changes in articular cartilage were reduced in the
ACLT plus treatment groups (i.e., A, B, C, and D). The OARSI score was significantly higher
in the ACLT group (9.75 ± 0.94) than in the sham group (0.00 ± 0.00). Groups A, B, C,
and D had significantly lower OARSI scores than the ACLT group (2.57 ± 0.53, 0.63 ± 0.26,
0.43 ± 0.20, 3.83 ± 0.65, respectively). Therefore, PSCC-II treatment effectively alleviated
articular cartilage degradation in the rats with ACLT-induced OA in groups A, B, C, and
D. PSCC-II treatment almost completely counteracted ACLT-induced articular cartilage
degradation in groups C.
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Figure 2. Micro-CT scans of Reconstructed Images of Cancellous Bone and Quantitative Analysis.
Micro-computed tomography (micro-CT) was used to analyze the structure of the knee tibia in
ACLT after treatment. (A) 2D micro-CT scans of reconstructed images of cancellous bone. Dotted
arrows indicate image sections for comparing cancellous bone volume. Quantitative analysis of
(B) bone volume (mm3), (C) trabecular separation (mm), and (D) trabecular number (1/mm). Data are
presented as mean ± standard error of the mean. * denotes comparison with sham group (p < 0.05);
# denotes comparison with ACLT group (p < 0.05).
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Figure 3. 3D Micro-CT scans of Reconstructed Images of Tibial Metaphysis. Upper left sections
marked with red rectangles were used for analysis. No obvious differences were observed between
the sham group, ACLT group, and treatment groups A, B, C, and D.

Figure 4. Histopathological Evaluation of Synovial Tissue and Articular Cartilage in Knee Joints
Subjected to ACLT after Treatment. (A,I) indicate control group; (B,J) indicate sham group;
(C,K) indicate ACLT group; (D,L) indicate group A; (E,M) indicate group B; (F,N) indicate group C;
and (G,O) indicate group D. Synovial tissue samples were stained with hematoxylin and eosin stain,
and cell infiltration, synovial fibrosis, angiogenesis, and synovial hypertrophy (indicated by arrows)
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were observed in each group. (H) Quantitative synovial scores for various synovial tissue sam-
ples. Cartilage degradation (indicated by an asterisk) was stained using safranin-O/fast green
staining. (P) Quantitative histopathological changes in knee joints were evaluated using the Os-
teoarthritis Research Society International scoring system. Scale bar = 100 μm. Data are presented
as mean ± standard error of the mean. * denotes comparison with sham group (p < 0.05); # denotes
comparison with ACLT group (p < 0.05).

3.8. Effect of PSCC-II on Expression of C-II and MMP-13 in Articular Cartilage in Knee Joints
Subjected to ACLT

Figure 5A–H presents the effect of PSCC-II on C-II immunoreactivity in knee articular
cartilage. C-II immunoreactivity was lower in the ACLT group than in the sham group. C-II
expression was increased in the ACLT plus PSCC-II groups (i.e., groups A, B, and C) and
group D compared with that in the ACLT group. Quantitative analysis of C-II expression
in articular cartilage revealed significantly decreased immunoreactivity in the ACLT group
(0.49 ± 0.08 folds) compared with the sham group (0.97 ± 0.10). The results also revealed
significantly increased immunoreactivity in groups A, B, C, and D (1.74 ± 0.11, 1.98 ± 0.11,
2.05 ± 0.14, 1.44 ± 0.14 folds, respectively) compared with the ACLT group. Moreover, all
treatment groups exhibited significantly increased immunoreactivity compared with the
sham group. In summary, the decreased ACLT-induced C-II expression in articular cartilage
was mitigated significantly in groups A, B, C, and D. Figure 5I–P presents the effects of
PSCC-II on MMP-13 immunoreactivity in knee articular cartilage. MMP-13 immunoreactiv-
ity was higher in the ACLT group than in the sham group. All treatment groups exhibited
decreased MMP-13 expression compared with the ACLT group. Quantitative analysis of
MMP-13 expression in articular cartilage revealed significantly increased immunoreactivity
in the ACLT group (48.76% ± 2.59%) compared with the sham group (8.55% ± 1.44%).
Immunoreactivity was significantly lower in groups A, B, C, and D (25.67% ± 3.91%,
28.34% ± 1.28%, 20.68% ± 1.42%, 22.93% ± 2.90%, respectively) compared with in the
ACLT group. In summary, PSCC-II treatment in groups A, B, and C and the treatment in
group D effectively mitigated the decreased MMP-13 expression caused by ACLT.

Figure 5. Expression of C-II and MMP-13 in Cartilage Tissue with ACLT after Treatment.
(A,I) indicate control group; (B,J) indicate sham group; (C,K) indicate ACLT group; (D,L) indicate
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group A; (E,M) indicate group B; (F,N) indicate group C; and (G,O) indicate group D. (A–G) Immuno-
histochemical staining of type II collagen (C-II; brown area) in knee joint sections. (H) Quantitative
analysis of C-II expression in cartilage. (I–P) Immunohistochemical staining of MMP-13 in joint
sections. Brown areas indicate immunoreactive cells. (P) Quantitative analysis of MMP-13–positive
cells in cartilage. Scale bar =100 μm. Data are presented as mean ± standard error of the mean.
* denotes comparison with sham group (p < 0.05); # denotes comparison with ACLT group (p < 0.05).

3.9. Effect of PSCC-II on Expression of TNF-α and IL-1β in Chondrocytes in Articular Cartilage
after ACLT

Figure 6A–P present the effects of PSCC-II on the immunoreactivity of TNF-α and
IL-1β in chondrocytes within articular cartilage. The immunoreactivity of TNF-α and IL-1β
was higher in the ACLT group than in the control and sham groups. The results revealed the
decreased expression of TNF-α and IL-1β in groups A, B, C, and D compared with that in the
ACLT group. Quantitative analysis of TNF-α and IL-1β expression revealed significantly
increased immunoreactivity in the ACLT group compared with that in the sham group.
Immunoreactivity was significantly decreased in the treatment groups compared with the
ACLT group. In summary, PSCC-II treatment in groups A, B, and C and the treatment in
group D effectively inhibited the reduction in TNF-α and IL-1β expression caused by ACLT.
Notably, the results indicated no significant difference in the immunoreactivity of TNF-α
and IL-1β between the sham group and group C.

Figure 6. Expression of TNF-α and IL-1β in Cartilage Tissue with ACLT after Treatment. (A,I) indicate
control group; (B,J) indicate sham group; (C,K) indicate ACLT group; (D,L) indicate group A;
(E,M) indicate group B; (F,N) indicate group C; and (G,O) indicate group D. Brown areas indicate
immunoreactive cells. (A–G) Immunohistochemical staining of TNF-α in cartilage. (H) Quan-
titative analysis of TNF-α–positive cells. (I–P) Immunohistochemical staining of IL-1β in carti-
lage. (P) Quantitative analysis of TNF-α–positive cells. Scale bar = 100 μm. Data are presented as
mean ± standard error of the mean. * denotes comparison with sham group (p < 0.05); # denotes
comparison with ACLT group (p < 0.05).
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4. Discussion

This study investigated the potential protective effects of orally administered PSCC-II
against nociception, histopathological cartilage degradation, and the expression of proin-
flammatory cytokines in rats with ACLT-induced OA. Additionally, we employed micro-CT
to assess the SB microstructure in the tibial knee region. The results revealed that the oral
administration of PSCC-II and undenatured C-II effectively reduced nociception sensitivity
in rats with ACLT-induced OA. These supplements mitigated weight-bearing deficits, me-
chanical allodynia, knee joint swelling, cartilage degradation, synovitis, and the expression
of ECM degradative enzymes and proinflammatory cytokines in knee articular cartilage.
Notably, PSCC-II prevented microstructural changes induced by ACLT in the proximal
tibial metaphysis, such as reduced bone volume and trabecular number and increased
trabecular separation. However, undenatured C-II did not prevent these changes.

Rats with ACLT-induced OA are a widely used model for studying OA. ACLT in
rats leads to knee joint inflammation, neutrophil infiltration, SB remodeling, and osteo-
phyte formation. All these factors can exacerbate the occurrence of OA [28]. Cartilage
degradation is simulated in the ACLT-induced OA model, as ACL injury causes long-term
joint instability. The progression of this OA model is slow; however, the study observed
molecular changes in cartilage tissue, synovitis, and SB sclerosis similar to those in human
OA, which may be conducive to drug research [29]. Another study suggested that the
experimental model of ACLT alone may be more suitable for evaluating the potential of
drugs to alleviate OA [30]. The results of the present study revealed that treatment with
oral PSCC-II (groups A, B, and C) and undenatured C-II (group D) significantly inhibited
ALCT-induced weight-bearing deficits, mechanical allodynia, and knee joint swelling in
rats with OA (Figure 1A–C). PSCC-II and undenatured C-II did not adversely affect body
weight (Figure 1D).

Studies have reported that protein glycosylated side chains may play a crucial role in
the overexcitation of T cells and contribute to the immune response [11,31]. Studies employ-
ing C-II-induced arthritis (CIA) animal model have contended that C-II is a cartilage-specific
autoantigen and that its glycosylated side chains can promote T cell overactivation [32,33].
CIA is a common animal model used to study RA. Studies have verified that naïve gly-
cosylated C-II is more likely to induce arthritis and cause changes in articular cartilage
and SB than non-glycosylated C-II. Removing or modifying carbohydrates from C-II could
reduce the incidence, onset time, and severity of CIA in animals [11,12]. Clinical studies
have revealed that 3–27% of patients with RA have serum antibodies against C-II; their
results also revealed a positive correlation between T cell responses to C-II and disease
severity [15,34]. Undenatured C-II is an untreated bundle of native C-II protein fibers
obtained by purifying animal cartilage. The procollagen form of C-II contains three identi-
cal alpha chains; each has extensions called non-collagenous telopeptides and retains its
glycoprotein side chain structure [35]. One study revealed that collagen-IX and C-II exhibit
polysaccharide cross-linking within cartilage tissue, forming a robust fibril structure [16].
The use of proteases can increase extraction efficiency because they target and degrade
the side chains of polysaccharides on collagen molecules, facilitating the release of C-II
from the fibril structure [17]. However, telopeptides of procollagen are insoluble and may
contribute to the immune response [10]. Modification of glycosylated side chains of C-II can
also alleviate the excessive activation of the immune system [8]. Therefore, the proteolytic
action of enzymes in C-II may involve the modification of glycosylated side chains and
the removal of telopeptides, thereby enhancing solubility and reducing adverse immune
reactions. In our unpublished experimental results, the molecular weight of undenatured
C-II was approximately 300 kDa, whereas that of PSCC-II was approximately 280–300 kDa.
We speculate that the telopeptides and glycosylated structures on the C-II fiber bundles of
PSCC-II obtained from enzymatic proteolysis may change, potentially leading to reduced
autoimmunity. This speculation merits additional investigation.

Studies have widely leveraged micro-CT’s high-resolution and 3D reconstruction
capabilities for evaluating animal and human OA histopathology [36]. Changes in the
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SB structure in joint regions, a histopathological characteristic of OA, can contribute to
the load-bearing pressure experienced by the body after cartilage degeneration [37]. In
OA, the SB undergoes structural changes, such as decreased bone volume and trabecular
number and increased trabecular separation [38]. Structural changes in the SB interact
synergistically with articular cartilage degradation; thus, alterations in the SB structure can
lead to secondary cartilage injury and degradation. Cartilage damage or loss can alter the
load-bearing capacity of the underlying SB [38]. The trabecular bone, a component of SB,
has a layered, spongy, and porous structure and crucially contributes to the load-bearing
capacity of the body; its mechanical supporting properties are influenced by the mineral
content and type I collagen [39]. In 1998, Fazzalari and Parkinson found a significant
decrease in trabecular number and increased trabecular separation of the SB in patients with
OA [40]. In 2008, Kadri et al. observed a significant decrease in bone volume and an increase
in trabecular separation in mice with OA [41]. Bagi et al. employed a rat model in which
a partial medial meniscectomy tear was surgically induced to trigger OA development;
that study also revealed reduced trabecular bone volume in the SB [25]. Our experimental
results align with the findings of these relevant studies. The ACLT-induced OA group
exhibited a significant decrease in bone volume and trabecular number (Figure 2B,D) and a
significant increase in trabecular separation (Figure 2C). Oral administration of PSCC-II
(i.e., groups A, B, and C) mitigated these structural changes in the SB, and the results of
group D were superior to those of groups A and B. However, undenatured C-II (group D)
treatment did not significantly affect the changes in bone volume, trabecular number, and
trabecular separation caused by ACLT.

Type I collagen comprises 90% of the total protein in the SB, and it is influenced by fac-
tors such as mechanical loading, pathological insults, and bone types [42–44]. Studies have
revealed that patients with osteogenesis imperfecta (OI) primarily exhibit mutations in the
collagen type 1 alpha 1 chain (COL1A1) gene or the collagen type 1 alpha 2 chain (COL1A2)
gene, which are associated with the lower trabecular number, trabecular thickness, bone
mass, and connectivity in the SB. These findings indicate a significant positive correlation
between structural changes in the SB and the expression of type I collagen [45]. Wu et al.
(2020) asserted that type I collagen is unevenly distributed and is significantly reduced in
the SB of patients with OA. This decrease in type I collagen is accompanied by a decrease
in trabecular bone volume and an increase in trabecular separation [46]. In the present
study, groups A, B, and C received PSCC-II treatment. During the preparation process of
PSCC-II, in addition to proteolytic C-II, type I collagen was added to dissolve PSCC-II. The
type I collagen dosage in group C was 0.63 mg/kg/day, higher than in groups A and B
(0.21 mg/kg/day). The results revealed that the decrease in bone volume caused by ACLT
was more effectively mitigated in group C than in groups B and C (Figure 2B). Therefore, in
addition to the proteolytic C-II employed to reduce the risk of adverse immune reactions,
the additional type I collagen may counteract the ACLT-induced structural changes in the
SB. We predict that PSCC-II can mitigate changes in the SB in patients with OA and can be
applied to prevent OI, which should be investigated in future studies.

As early as 1982, Goldenberg et al. revealed an association between OA and synovitis
of the knee joint [47]. Cartilage degradation is promoted by synovitis-induced proinflamma-
tory cytokines, such as TNF-α, IL-1β and IL-6, and extracellular matrix-degrading enzymes
(i.e., MMPs), resulting in OA progression [48]. In a 2020 retrospective study, Hasan et al.
contended that undenatured C-II alleviates synovitis and cartilage degradation in humans,
horses, dogs, and rodents with OA [8]. In the present study, the rats with ACLT-induced
OA exhibited ACLT-induced synovitis characterized by synovial tissue thickening and in-
creased infiltration of blood cells. The rats also showed cartilage degradation, with losses in
proteoglycans and C-II. All these phenomena were attenuated by orally administered PSCC-
II (groups A, B, and C) and undenatured C-II (group D; Figure 4). These treatments also
significantly inhibited the expression of proinflammatory IL-1β and TNF-α proteins and the
ECM-degrading protein MMP13 in cartilage tissue after ACLT (Figures 5P and 6H,P). The
pro-inflammatory cytokines IL-1β and TNF-α inhibit the synthesis of major extracellular
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structural proteins, such as C-II and aggrecan. They simultaneously stimulate chondrocytes
to produce MMPs (e.g., MMP-1, MMP-3, and MMP-13), disintegrin and metalloproteinase
with thrombospondin motifs, which lead to ECM degradation. This results in cartilage
degradation and exacerbates OA progression [49–51].

In summary, this study demonstrated that the oral administration of PSCC-II (groups
A, B, and C) and undenatured C-II (group D) enhanced the quantity of C-II in the ECM by
suppressing the expression of proinflammatory cytokines and MMP-13. In a 2009 study,
cartilage and synovial tissue from patients with OA were cocultured; that study revealed
that the administration of type I collagen upregulated the expression of proteoglycans,
C-II, and the anti-inflammatory cytokine IL-10, and downregulated the expression of the
proinflammatory cytokines IL-1β and TNF-α [52]. Dar et al. (2017) verified that the daily
oral administration of hydrolyzed type I collagen mitigated the degradation of cartilage
tissue and the expression of MMP13 and TNF-α in mice with meniscal plus ligamentous
injury-induced OA, and hydrolyzed type I collagen also inhibited synovial thickening [53].
In the present study, the PSCC-II groups (groups A, B, and C) and the undenatured C-II
group exhibited improved ACLT-induced OA symptoms, but the effect was greater in
the PSCC-II groups. We suggest that PSCC-II exerts chondroprotective effects similar to
those of undenatured C-II. It may also counteract cartilage damage and ECM degradation
because it contains additional type I collagen.

Currently, three configurations of C-II are used for nutraceutical applications to pre-
vent OA: natural insoluble undenatured C-II, protease-soluble undenatured C-II, and
hydrolyzed C-II. Natural insoluble undenatured C-II can be derived from chicken [25],
porcine [54], and salmon nasal cartilages [55], and it is used as a nutraceutical ingredient
under names such as UC-II (Lonza, Collavant of Bioiberica, S.A.U., Esplugues de Llo-
bregat, Barcelona) and SCP-II (Guzen Development, Walnut Creek, CA, USA). Protease
(pepsin)-soluble undenatured C-II, such as EXT-II (Ryusendo Co., Ltd., Tokyo, Japan) [55],
is extracted from chicken sternal cartilage. The C-II hydrolysate is primarily obtained from
insoluble undenatured collagen fibrils from chicken sternal cartilage, such as in BioCell
Collagen (Biocell Technology, Irvine, CA, USA) [56]. In PSCC-II, only pepsin-soluble un-
denatured C-II extracted from chicken sternal cartilage is available on the nutraceutical
market. The use of marine pepsin-soluble undenatured C-II sourced from the skulls and
cartilage of Nile tilapia and sturgeon is in the research stage [57,58]. Epidemiological
studies have revealed that OA is a complex disease characterized by chronic joint pain,
inflammation, synovitis, bone remodeling, and cartilage loss [59,60]. Orally administered
undenatured C-II can alleviate some of the aforementioned symptoms, but fewer studies
have investigated the changes in the SB caused by OA. In addition, glycosylated side chains
are retained in undenatured C-II during the preparation process, which may induce an
adverse immune response. PSCC-II is obtained through the enzymatic degradation of
chicken sternal cartilage. In this process, pepsine or protease M and type I collagen aid in
the homogenization of C-II in the final product. PSCC-II plus type I collagen may reduce
adverse immune responses and mitigate structural changes in the SB in OA. C-II must be
processed under acidic conditions before extraction from animal cartilage. In the present
study, pepsin and protease M maintained their protease activity in acidic environments.
However, pepsin, an enzyme derived from mammalian sources, is associated with the
risk of transmitting certain diseases, such as transmissible spongiform encephalopathies
or bovine spongiform encephalopathies. Therefore, pepsin use as a food additive has not
been approved by the European Union or food safety authorities in other countries. By
contrast, protease M, which is derived from the fungus Aspergillus oryzae, is regarded as
being safer than pepsin. It has been approved as a food additive in certain countries, such
as Japan and Taiwan. In the future, we propose that protease M-processed PSCC-II can
be administered to patients with OA as a nutritional supplement to prevent fractures and
reduce the incidence of osteoporosis.
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5. Conclusions

Our results conclude that PSCC-II retains the protective effects of traditional undena-
tured C-II and provides superior benefits for OA management. These benefits encompass
pain relief, anti-inflammatory effects, and the protection of cartilage and cancellous bone.
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Abstract: The objective of this research was to explore the protective impact of walnut peptides
(WP) against ethanol-induced acute gastric mucosal injury in mice and to investigate the underlying
defense mechanisms. Sixty male BALB-c mice were divided into five groups, and they were orally
administered distilled water, walnut peptides (200 and 400 mg/kg bw), and omeprazole (20 mg/kg
bw) for 24 days. Acute gastric mucosal injury was then induced with 75% ethanol in all groups of
mice except the blank control group. Walnut peptides had significant protective and restorative effects
on tissue indices of ethanol-induced gastric mucosal damage, with potential gastric anti-ulcer effects.
Walnut peptides significantly inhibited the excessive accumulation of alanine aminotransferase
(ALT), aspartate transferase (AST), and malondialdehyde (MDA), while promoting the expression of
reduced glutathione (GSH), total antioxidant capacity (T-AOC), glutathione disulfide (GSSG), and
mouse epidermal growth factor (EGF). Furthermore, the Western blot analysis results revealed that
walnut peptides significantly upregulated the expression of HO-1 and NQO1 proteins in the Nrf2
signaling pathway. The defensive impact of walnut peptides on the gastric mucosa may be achieved
by mitigating the excessive generation of lipid peroxides and by boosting cellular antioxidant activity.

Keywords: walnut peptides; gastric mucosal injury; LC-MS/MS; alcohol-induced; Western blot

1. Introduction

As the economy grows, the rising popularity of alcoholic drinks coincides with numer-
ous studies indicating that excessive alcohol intake can have detrimental effects on one’s
well-being [1]. Under normal circumstances, the gastric mucosal barrier is composed of
factors such as the mucus–bicarbonate–phospholipid barrier, the epithelial barrier, and the
endothelial barrier, which work together to protect the integrity and functionality of the
gastric mucosa [2]. When ingested in high concentrations, ethanol can directly erode the
gastrointestinal tract, causing acute gastritis and gastric ulcers, which can further result in
lesions such as perforation and cancer [3–5].

Proton pump inhibitors (PPI) are currently one of the main drugs used to treat gas-
troesophageal disorders. Among them, omeprazole, lansoprazole, and others are widely
used clinical PPI [6]. In addition to PPI, common medications for treating gastric functional
disorders include prokinetic agents and H2-receptor antagonists (H2RA) [7]. However, am-
ple evidence now suggests that the medications employed for managing gastroesophageal
disorders might come with certain adverse reactions. For instance, the long-term use of
PPI and H2RA can affect the body’s absorption of vitamin B12 and increase the risk of
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developing bacterial peritonitis [8,9]. In summary, it is necessary to seek natural, non-
toxic substances that can effectively enhance the gastric mucosal barrier and improve
gastrointestinal function, such as polysaccharides and food-derived bioactive peptides; re-
search has shown that wheat peptides and calcitonin-gene-related peptides have protective
mechanisms against ethanol-induced gastric ulcers in rats [10–13].

Walnuts are an important nut product, originally hailing from Southeastern Europe,
East Asia, and North America [14]. Walnuts currently rank second in global nut production
after almonds, whereas walnut kernels are often regarded as the main oilseed crop during
processing, while the by-product of walnut meal is ignored [15]. Walnut meal consists
of 40% protein, which contains a notably high content of essential amino acids, making
it an excellent source of dietary protein intake [16]. In comparison to walnut protein, its
hydrolyzed product, walnut peptides, exhibit superior biological functional properties,
such as anti-inflammatory [17], antioxidant [18], antibacterial [19], and neuroprotective
effects [20]; furthermore, walnut peptides were confirmed to have a regulatory effect on
inflammatory bowel disease (IBD) [21]. However, it is currently unclear whether walnut
peptides have a positive impact on damaged gastric mucosal barriers.

In this research, we examined the influence of walnut peptides (WP) derived from wal-
nut meal on ethanol-induced gastric mucosal injury in mice, elucidating its mechanism of
action. An ethanol-induced gastric mucosal barrier model in mice was established, and gas-
tric mucosal damage was observed and pathologically analyzed. The gastric mucosal injury
index, injury inhibition rate, antioxidant indices such as aspartate aminotransferase (AST),
alanine aminotransferase (ALT), malondialdehyde (MDA), reduced glutathione (GSH),
total antioxidant capacity (T-AOC), glutathione disulfide (GSSG) levels, and inflammatory
indices including mouse epidermal growth factor (EGF), myeloperoxidase (MPO), mouse
tumor necrosis factor-alpha (TNF-α), and mouse interleukin-1β (IL-1β) were determined
for evaluating the protective effect of WP against ethanol-induced gastric mucosal injury.
Finally, WP was revealed to mediate its biological effects through antioxidant mechanisms
by Western blot, offering a theoretical foundation for utilizing walnut meal resources.

2. Materials and Methods

2.1. Materials and Reagents

Walnut peptides (purity of 99%) were purchased from Shaanxi Xinpai Biotechnology
Co., Ltd., Xian, China. Omeprazole was obtained from Renhe (Group) Development
Co., Ltd., Beijing, China. MDA, T-AOC, GSH, AST, ALT and GSSG detection kits were
purchased from Beijing Solaibao Technology Co., Ltd., Beijing, China. EGF, TNF-α, MPO,
and IL-1β ELISA kits were purchased from Wuhan Hualianke Biological Technology Co.,
Ltd., Wuhan, China. BCA Protein Concentration Determination kits were purchased from
Shanghai Biyuntian Biotechnology Co., Ltd., Shanghai, China.

2.2. Animals and Groups

Specific pathogen-free (SPF) 4-week-old male Kunming mice were acquired from
Beijing Weitonglihua Experimental Animal Technology Co., Ltd., (Beijing, China). After
7 days of acclimatization, they were randomly divided into five groups, blank control
group (CK), model group (MG), positive omeprazole control group (PG, 20 mg/kg bw),
low-dose walnut peptide group (LWG, 200 mg/kg bw), and high-dose walnut peptide
group (HWG, 400 mg/kg bw), with 12 in each group [13]. All animal procedures were in
accordance with the Animal Ethics Committee of the Beijing Key Laboratory of Functional
Food from Plant Resources (Permit number: A330-2023-2) and conformed to the guidelines
for the care and use of laboratory animals set by the National Institutes of Health. LWG and
HWG were given samples at a dose of 10 mL/kg bw daily, while CK and MG were gavaged
with an equal dose of distilled water. Mouse body weight was measured every three days,
with a fixed weighing time, and the final weight measurement was taken before the last
gavage. After the final gavage, the mice were fasted for 24 h to ensure complete digestion
and absorption of gastric contents, with free access to water during this period. Except for
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the CK group, all other groups were given 75% ethanol (0.1 mL/20 g) by gavage to induce
acute gastric mucosal injury, while the CK group received an equivalent amount of distilled
water [22]. One hour after the gavage, the mice were euthanized by dislocating the cervical
spine, and organs (liver, kidney, spleen, gastric) and serum were rapidly collected after
enucleating the eyeballs and drawing blood from the neck dislocation site.

2.3. Peptide Components Analysis of Walnut Peptides Based on LC-MS/MS

An appropriate amount of sample was dissolved in 50 mM NH4HCO3, and DTT solu-
tion was added to the dissolved sample to a final concentration of 10 mmol/L, which was
reduced in a 56 ◦C water bath for 1 h, and alkylated by 50 mM IAM at room temperature
in dark for 40 min. The peptide underwent desalting through a self-priming desalting
column, and the solvent was removed in a vacuum centrifuge at 45 ◦C. After reducing alky-
lation, we used LC-MS/MS (liquid chromatography–tandem mass spectrometry, Thermo
Fisher Scientific, Waltham, MA, USA) to analyze the peptide separation and identification,
equipped with an Easy-nLC 1200 system (Thermo Fisher Scientific, Waltham, MA, USA)
and an Acclaim PepMap RPLC C18 column (size 150 μm × 15 cm, particle size 1.9 μm, Dr.
Maisch GmbH, Ammerbuch, Germany). The injection volume was 5.0 μL. The flow rate
was 600 nL/min. Solvent A consisted of ultrapure water with 0.1% (v/v) formic acid, while
Solvent B comprised acetonitrile with 0.1% (v/v) formic acid. The solvent gradient used for
the isolation of walnut peptides was as follows: from 4% B to 8% B in 2 min, from 8% B to
28% B in 43 min, from 28% B to 40% B in 10 min, from 40% B to 95% B in 1 min, and finally
maintained at 95% B in 10 min. The walnut peptides were sequenced by Beijing Bio-Tech
Pack Technology Company Ltd., (Beijing, China).

2.4. Organ Index Calculation

After euthanasia of the mice, the viscera (liver, kidney, spleen, and gastric) were
removed, the fat was removed, and the organs were washed with saline and drained
with filter paper to record the weights. The mice’s organ index was computed using
Equation (1):

The organ index (g/g) = organ mass (g)/mouse body weight (g) (1)

2.5. Evaluation of Gastric Mucosal Injury

To assess the severity of gastric mucosal lesions, the excised stomachs were dissected
along the greater curvature and thoroughly washed with pre-chilled PBS. Subsequently,
the emptied and flattened stomach samples were photographed. Following that, the lesion
length and width in the flattened stomach samples were measured using a vernier caliper.
Briefly, each lesion was scored from 0 to 5 as follows: (a) undetectable lesions (score of
zero); (b) bleeding point/pc (score of 1); (c) lesions < 1 mm length (score of 2); (d) lesions
of 1–2 mm length (score of 3); (e) lesions of 2–3 mm length (score of 4); (f) lesions > 3 mm
length (score of 5), when the width of the lesion exceeded 2 mm, the score was doubled [23].
After washing the gastric specimen, the degree of gastric injury was assessed according to
Formulas (2) and (3) as follows:

Gastric Mucosal Injury Index = Bleeding Point Score + Ulcerated Stripe Score (2)

Gastric Mucosal Injury Inhibition Rate = (Model Group Injury Index − Test Substance Group Injury
Index)/Model Group Injury Index × 100%

(3)

The most severely affected area of the gastric mucosa from each mouse was dissected
to obtain tissue samples measuring approximately 5 mm × 5 mm. These tissue samples
were then processed through fixation (4% formalin solution), routine gradient dehydration,
embedding, sectioning, slide preparation, and hematoxylin and eosin (HE) staining, The HE
staining portion was undertaken by Wuhan Seville Biotechnology Co., Ltd. (Wuhan, China).
Subsequently, observations were made under an optical microscope. Microscopic damage
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was scored from 0 to 14, as follows: (a) loss of mucosal epithelium (0–3 points); (b) upper
mucosal edema (0–4 points); (c) hemorrhagic damage (0–4 points); and (d) inflammatory
cell influx (0–3 points) [24]. The total score, as per the two evaluation criteria mentioned
above, was calculated to express the final gastric mucosal tissue injury score.

2.6. Determination of AST and ALT Levels in Serum

We adhered to the procedural steps outlined in the commercial assay kits for assessing
and analyzing the AST and ALT levels in the serum. The enzyme activities for AST and
ALT were quantified in U/mL.

2.7. Measurement of Gastric Tissue Antioxidant Capacity

The levels of MDA, T-AOC, GSH, and GSSG were used as indicators of gastric tissue
antioxidant capacity. Commercial assay kits (Beijing Soleibao Technology Co., Ltd., Beijing,
China) were used to measure these parameters following the manufacturer’s instructions.
Gastric tissues were minced with scissors and mixed with pre-cooled phosphate buffer
solution (PBS, pH = 7.4) at a 1:9 ratio. The mixture was homogenized using a homogenizer
to obtain a 10% gastric tissue homogenate (w/v). The homogenate was then centrifuged at
5000 rpm at 4 ◦C for 15 min. The supernatant was collected, and the levels of MDA, T-AOC,
GSH, MPO, and GSSG were determined. MDA levels were expressed in nmol/g, T-AOC
levels in μmol/g, GSH levels in μg/mg prot, and GSSG levels in μg/mg prot.

2.8. Measurement of Gastric Tissue Regulatory Mediator Levels

Enzyme-linked immunosorbent assay (ELISA) kits (Wuhan Hualianke Biological
Technology Co., Ltd., Wuhan, China) were used to detect the levels of EGF, MPO, TNF-α,
and IL-1β in the supernatant of gastric tissue homogenates, following the manufacturer’s
instructions. EGF, TNF-α, and IL-1β levels were expressed in ng/L, MPO levels in ng/mL.

2.9. Western Blot Assay

Total protein was extracted from gastric tissues by grinding an appropriate amount of
tissue in liquid nitrogen. The gastric tissue homogenate was homogenized in a mixture of
RIPA lysis buffer (Shanghai Biyuntian Biological Technology Co., Ltd., Shanghai, China)
and protease phosphatase inhibitor cocktail (Beijing Solaibao Technology Co., Ltd., Beijing,
China). Protein samples underwent separation using 10% SDS-PAGE, were transferred
to a polyvinylidene fluoride (PVDF) membrane, and then blocked with 5% skim milk in
Tris-buffered saline with Tween 20 (TBST). Subsequently, the membrane was incubated
overnight at 4 ◦C with anti-HO-1, anti-Keap-1, anti-NQO-1, and anti-Nrf2 antibodies. Fol-
lowing three washes with TBST, the membrane was exposed to HRP-conjugated secondary
antibodies at room temperature for a duration of 2 h. Images were acquired using the
Image Quant LAS 4000 Mini system (GE Healthcare, Chicago, IL, USA), and grayscale
values were measured using Image J 2.0 software.

2.10. Statistical Analysis

Statistical analysis was performed using SPSS software (IBM SPSS Statistics 26). Data
are presented as the mean ± S.E.M. A one-way analysis of variance (ANOVA) was con-
ducted, followed by Duncan’s test for multiple comparisons, with the significance level set
at p < 0.05. Graphs were created using GraphPad Prism 8 software, and tables were created
using Excel 2021 software. Graphical abstracts drawn by Figdraw.

3. Results

3.1. Analysis of Walnut Peptide Amino Acid Sequences

LC-MS/MS was used to identify and analyze the amino acid sequences of the main
peptide segments in the walnut peptide samples to determine the composition and identifi-
cation of the major peptide segments in the samples. Table 1 lists the top eight peptide seg-
ments with the highest scores, including EIDIGVPDEVGRL, DLAPTHPIRL, LDRLIPVLE,
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SVIQH, NTGSPITVPVGR, SKRPTF, DREIDIGVPDEVGRL, and RDENEKL. Among them,
the highest score was 490.0 for EIDIGVPDEVGRL, indicating that the results of peptide
segment identification through LC-MS and secondary spectrum quality integration were
the most reliable among all peptide segments. In terms of peptide segment abundance,
SKRPTF had the highest abundance at 81,398,000, composed of six amino acids, with an
m/z of 368.211 and a score of 428.9. It had the highest output detected among these eight
peptide segments, indicating its high content in the sample. These amino acid sequences
may provide potential clues for further research into the mechanisms underlying the impact
of walnut peptides on gastric mucosal barrier damage in mice.

Table 1. The amino acid sequence of walnut peptides.

Peptide Sequence
Observed

m/z Score Scan Time
Protein
Name

Intensity

EIDIGVPDEVGRL 706.372 490.0 48.0578 A0A2I4EK72 60,222,000
DLAPTHPIRL 566.827 474.2 29.0392 A0A2I4EB92 22,166,000
LDRLIPVLE 534.326 466.0 45.2099 A0A2I4EGJ3 45,179,000

SVIQH 625.331 431.2 7.1603 A0A2I4FTY2 40,419,000
NTGSPITVPVGR 599.334 428.9 25.3499 A0A2I4GH77 25,614,000

SKRPTF 368.211 428.9 8.6987 A0A2I4EFN4 81,398,000
DREIDIGVPDEVGRL 841.940 422.2 43.2557 A0A2I4EK72 13,398,000

RDENEKL 452.230 420.2 7.1808 A0A2I4E5L6 71,960,000

3.2. The Effects of WP on Mouse Body Weight and Organ Indices

During the gavage period, mice in all groups showed no abnormal behavior, and there
were no significant changes in food and water intake, or signs of hair loss or death. The
quality of the mice directly reflected their growth status, as shown in Figure 1. As a result
of fasting, all groups experienced a decline in body weights on Day 24 and the trend in
the body weight changes in the LWG and HWG groups were similar to the CK group,
suggesting that walnut peptides did not have adverse effects on the body weights or the
growth status of the mice. As shown in Table 2, the liver indices of the LWG and HWG
groups were 42.15 mg/g and 42.08 mg/g, respectively, which were not significant different
compared to the PG group (p > 0.05), but higher and significantly different from the CK
group (p < 0.05). The gastric indexes of the LWG, HWG, and PG groups were 8.92 mg/g,
8.99 mg/g, and 8.67 mg/g, respectively, which were not significantly different compared
to the CK and MG groups (p > 0.05). However, the gastric index was the lowest in the CK
group and highest in the MG group. Similarly, the kidney indexes and spleen indexes of
the LWG and HWG groups were not significantly different (p > 0.05) compared to the CK
group. This indicates that the effect of the walnut peptides on the mice organ coefficients
was similar to that of the positive drug and did not cause damage to the internal organs of
the mice and did not form a significant effect on the organ coefficients of the mice.

Table 2. Organ indexes of mice in each group. CK group: blank control group; MG group: model
group; PG group: positive omeprazole control group (20 mg/kg bw); LWG group: low-dose walnut
peptide group (200 mg/kg bw); HWG group: high-dose walnut peptide group (400 mg/kg bw).
Different letters represent significant differences between groups at p < 0.05.

Group
Liver Index

(mg/g)
Kidney Index

(mg/g)
Spleen Index

(mg/g)
Gastric Index

(mg/g)
Starting Weight

(g)
Final Weight

(g)

CK 39.43 ± 2.32 b 12.17 ± 1.41 ab 29.29 ± 1.50 a 7.85 ± 1.82 a 39.05 ± 0.86 a 43.80 ± 2.04 a
MG 42.81 ± 1.96 a 11.95 ± 1.19 ab 35.28 ± 2.16 a 9.36 ± 1.73 a 38.32 ± 1.15 a 42.25 ± 1.97 a
PG 43.48 ± 3.65 a 13.41 ± 2.97 a 28.25 ± 2.26 a 8.67 ± 2.43 a 40.07 ± 1.61 a 44.43 ± 2.22 a

LWG 42.15 ± 3.10 a 11.61 ± 1.31 b 25.38 ± 0.79 a 8.92 ± 1.24 a 38.93 ± 2.41 a 43.97 ± 2.51 a
HWG 42.08 ± 2.95 a 11.87 ± 1.10 ab 24.40 ± 0.62 a 8.99 ± 1.91 a 39.47 ± 1.69 a 44.53 ± 1.11 a
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Figure 1. The effects of WP on the serum levels of ALT (A) and AST (B) in mice. CK group: blank
control group; MG group: model group; PG group: positive omeprazole control group (20 mg/kg
bw); LWG group: low-dose walnut peptide group (200 mg/kg bw); HWG group: high-dose walnut
peptide group (400 mg/kg bw). Different letters represent significant differences between groups at
p < 0.05.

3.3. The Effects of WP on Serum ALT and AST Levels

The ALT levels were 0.72 U/mL for HWG, 0.94 U/mL for CK, and 0.967 U/mL for
PG. According to Figure 1A, it is evident that the ALT levels in HWG were significantly
reduced compared to MG (p < 0.05) and showed no significant difference compared to CK
and PG (p > 0.05). The AST levels of LWG and HWG were 1.16 U/mL and 1.17 U/mL,
as shown in Figure 1B, compared to the MG group, the AST levels in the WP treatment
groups all exhibited a significant decrease from the MG group (p < 0.05) and showed no
significant difference compared to the CK group (p > 0.05).

3.4. The Impact of WP on Gastric Mucosal Tissue Pathological Changes

According to Figure 2, in the CK group, the gastric mucosa of mice appeared intact
with normal color and shape, and no obvious signs of hemorrhage, ulceration, or erosion
were observed, whereas the gastric mucosa of mice in the MG group showed obvious
hemorrhagic damage, with the appearance of multiple large hemorrhagic streaks and
hemorrhagic dots, which confirms that the model of ethanol-induced gastric mucosal injury
was successfully established. The gastric mucosa of the PG group showed a small number
of hemorrhagic spots but no ulceration or erosion, and the degree of injury was significantly
reduced compared with that of the MG group, with an inhibition rate of 61.33%; in the
LWG and HWG groups, the gastric mucosa of mice also showed a few bleeding spots, but
no erosion or ulceration, with an inhibition rate of 58.67% and 66.67%. Compared with
the PG group, there was no significant difference in the damage inhibition rate (p > 0.05);
however, there was a significant difference compared to the MG group (p < 0.05). The
HE staining results revealed that in the CK group, the gastric mucosal epithelium had a
well-organized glandular structure, and the mucosal layer, submucosal layer, and muscular
layer appeared intact, well-structured, and free from obvious edema and inflammation
infiltration. In the MG group, the glandular structure of the gastric tissue was disrupted,
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with localized epithelial cell necrosis, shedding, and partial mucosal bleeding, confirming
the successful modeling of the gastric mucosal injury induced by ethanol. In the PG, LWG,
and HWG groups, there were a noticeable improvement in the status of the gastric mucosal
injury. The gastric mucosal injury indices in the PG, LWG, and HWG groups were 2.5, 3.5,
and 2, respectively, with no significant difference among these three groups (p > 0.05), and
significantly different from the MG group (p < 0.05).

Figure 2. The effects of WP on gastric mucosal injury in mice. From left to right: Observation of
gastric mucosal pathological features through gross morphology and HE staining (scale bar: 20 μm).
(A) CK group. (B) MG group. (C) PG group. (D) LWG group. (E) HWG group. (F) Injury inhibition
rate in each group of mice. (G) Injury index in each group of mice. CK group: blank control group;
MG group: model group; PG group: positive omeprazole control group (20 mg/kg bw); LWG group:
low-dose walnut peptide group (200 mg/kg bw); HWG group: high-dose walnut peptide group
(400 mg/kg bw). Different letters represent significant differences between groups at p < 0.05.

3.5. The Effects of WP on Gastric Tissue Oxidative Stress

We investigated the effects of WP on relevant oxidative stress markers in ethanol-
induced gastric injury in mice using an assay kit. According to Figure 3, we observed that
the presence of WP effectively decreased the content of MDA and significantly increased
the content of GSH, T-AOC, and GSSG. The GSH contents of the LWG and HWG groups
were 83.86 μg/mg prot and 93.26 μg/mg prot, which were not significantly different from
the CK group (p > 0.05), but formed a significant difference with the MG group (p < 0.05).
The GSSG content of the HWG group was 0.69 μg/mg prot, which formed a significant
difference with the MG group (p < 0.05). The T-AOC contents of the LWG, HWG, and CK
groups were 11.99 μmol/g, 11.20 μmol/g, and 12.83 μmol/g, and these three results were
not significantly different but formed a significant difference with the MG group (p < 0.05).

174



Nutrients 2023, 15, 4866

The MDA content of 59.81 nmol/g in the MG group formed a significant difference with the
LWG, HWG, and CK groups, which were 25.32 nmol/g, 32.93 nmol/g, and 35.93 nmol/g
(p < 0.05).

Figure 3. The effects of WP on gastric tissue oxidative stress markers of GSH (A), GSSG (B),
T-AOC (C), and MDA (D) in mice. CK group: blank control group; MG group: model group;
PG group: positive omeprazole control group (20 mg/kg bw); LWG group: low-dose walnut peptide
group (200 mg/kg bw); HWG group: high-dose walnut peptide group (400 mg/kg bw). Different
letters represent significant differences between groups at p < 0.05.

3.6. The Effects of WP on Gastric Tissue Inflammation

We investigated the impact of WP on the gene expression of pertinent inflammatory
factors in ethanol-induced gastric injury in mice through ELISA. According to Figure 4, we
observed that WP significantly increased the expression level of EGF, which was 99.99 ng/L
in the LWG group, 122.89 ng/L in the HWG group, and 103.80 ng/L in the PG group,
with no significant difference among the three groups (p > 0.05), and was significantly
different from the MG group (p < 0.05). Although the expression levels of TNF-α and IL-1β
in the LWG group were slightly lower than those in the MG group, the differences were
not statistically significant (p > 0.05). The results of the MPO assay showed no significant
differences between the groups (p > 0.05).
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Figure 4. The test results of WP on the expression levels of inflammatory factors in gastric tissue of
EGF (A), TNF-α (B), IL-1β (C), and MPO. (D) in mice. CK group: blank control group; MG group:
model group; PG group: positive omeprazole control group (20 mg/kg bw); LWG group: low-dose
walnut peptide group (200 mg/kg bw); HWG group: high-dose walnut peptide group (400 mg/kg
bw). Different letters represent significant differences between groups at p < 0.05.

3.7. The Effects of WP on the Protein Expression of Inflammatory Factors in Gastric Tissue

The Western blotting (WB) results showed that the Nrf2 expression of the HWG group
was 0.82; the difference was not statistically significant compared to the PG group, which
was 0.99 (p > 0.05), but significantly different from MG group, which was 0.41 (p < 0.05),
proving that a high dose of WP could effectively up-regulate the expression of Nrf2. The
expression levels of Keap1 in all groups were not statistically significant (p > 0.05).

To further confirm that Nrf2 is a key target for antioxidant stress and the inhibition
of iron metamorphosis, we explored the concentrations of two crucial downstream target
genes of Nrf2, namely HO-1 and NQO1. The HO-1 gene expression of the LWG group was
1.27, which was significantly different from that of MG group, which was 0.51 (p < 0.05).
NQO1 gene expression of the LWG and HWG groups were 1.08 and 1.03, which were
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significantly different from the MG group content of 0.77 (p < 0.05) and not significantly
different from the PG group content of 1.23 (p > 0.05). In summary: the WB results indicated
that the expression of two key downstream target genes, HO-1 and NQO1, was significantly
increased in the presence of WP.

4. Discussion

The eight highest scoring peptides, EIDIGVPDEVGRL, DLAPTHPIRL, LDRLIPVLE,
SVIQH, NTGSPITVPVGR, SKRPTF, DREIDIGVPDEVGRL, and RDENEKL, were obtained
from the LC-MS/MS results. Among them, the highest scoring peptide EIDIGVPDEVGRL
has a C-terminal of Leu and an N-terminal of Glu, and this peptide was detected to be
derived from the A0A2I4EK72 protein of walnut by searching through the Uniprot Whole
Species Sequence Library (https://www.uniprot.org, accessed on 12 September 2023). The
most abundant of the eight proteins was a hexapeptide, SKRPTF, with a C-terminal of
Phe and an N-terminal of Ser, which was searched to be derived from a walnut-derived
RING-type E3 ubiquitin transferase. The determination of the peptide composition and
the analysis of the amino acid sequence of the sample can help to provide theoretical and
experimental data support for the subsequent active peptides of walnut peptides that
contribute significantly to the protection of gastric mucosa. Ethanol exhibits corrosive
effects on the gastric mucosa, disrupting the surface mucus layer and mucous cells, thereby
weakening the protective role of gastric mucosal defense factors [25]. Research has shown
that gavage with 75% ethanol on empty gastric tissue can lead to gastric mucosal vascular
occlusion, impaired blood circulation, cell necrosis, and bleeding in mice [26]. These results
align with the findings of our study. Furthermore, our research indicates that different
doses of walnut peptides can significantly reduce ethanol-induced gastric mucosal damage
in mice, as evidenced by a significant decrease in gross observations and pathological tissue
damage scores, along with an increase in the injury inhibition rate.

Ethanol-induced liver injury manifests with the release of hepatic enzymes (ALT and
AST) into the circulatory system. Elevated serum levels of ALT and AST signify damage to
cell membranes and cellular mitochondria in the liver, respectively [27]. The experimental
findings revealed that ethanol induced harm to the cell membrane of the liver, but the
presence of WP inhibited the excessive release of ALT and AST, thus reducing the damage
of alcohol to the liver cells and restoring the AST indexes to almost normal levels, and a
high concentration of WP could restore the ALT indexes to almost normal levels, which is
consistent with the results of a previous similar study on dendrobium officinale [28].

Gastric tissues undergo a series of oxidative stress responses when stimulated by
ethanol. In this experiment, the expression levels of GSH, GSSG, T-AOC, and MDA
were used to assess the antioxidant capacity of mice. GSH is the major source of thiol
groups in activated gastric mucosal cells and plays a role in maintaining the normal
redox state of intracellular protein thiols. It is also an important antioxidant in cellular
physiological activities [29]. Glutathione is converted to GSSG by glutathione peroxidase,
which is involved in scavenging free radicals. When gastric mucosal cells accelerate
the accumulation of hydrogen peroxide and lipid peroxides, the activity of glutathione
peroxidase decreases, leading to a decrease in the level of GSSG expression, which can
exacerbate the damage [30]. The results showed that ethanol-induced impairment of the
gastric mucosal barrier decreased the expression of GSH and GSSG, while the presence
of WP promoted the expression of GSH and GSSG, which reduced the excessive damage
caused by oxidative stress. T-AOC is one of the main measurements used for assessing
and evaluating the level and potential of oxidative stress in certain diseases [31]. The
experimental results showed that when ethanol caused gastric mucosal barrier damage,
the T-AOC values of mice decreased significantly, and the presence of WP could promote
the expression of T-AOC and restore it to normal levels. MDA is an important indicator
for assessing lipid peroxidation when reactive oxygen species interact with unsaturated
fatty acids [32]. The experimental results showed that the MDA content in mice increased
significantly when ethanol caused gastric mucosal barrier damage, and the presence of

177



Nutrients 2023, 15, 4866

WP prevented the excessive accumulation of MDA. It has been demonstrated that wheat
peptides can downregulate MDA levels in mice with alcoholic gastric ulcers, and our
findings are consistent with them [5,33]. In summary, WP can alleviate the oxidative stress
of alcohol-induced gastric mucosal injury by promoting the expression of GSH, GSSG, and
T-AOC and reducing the expression of MDA.

When ethanol enters the digestive tract and stimulates gastric mucosal damage, it
involves the interaction of various inflammatory cytokines. During the inflammatory
process, a large amount of reactive oxygen species is generated at the inflammatory site,
exacerbating oxidative stress reactions and causing tissue damage [34]. In this experiment,
the expression levels of EGF, IL-1β, TNF-α, and MPO were used to evaluate the anti-
inflammatory effects of walnut peptides. EGF is a growth factor that can inhibit gastric
acid secretion, promote the proliferation of gastric mucosal epithelial cells, and facilitate
tissue healing. When gastric tissue is damaged, the secretion of EGF is inhibited [35]. MPO
is a peroxidase produced by neutrophils, which can reflect the number of neutrophils
and the degree of inflammation infiltration in the gastric mucosa. It can also indicate
the extent of damage caused by inflammation [36]. TNF-α can promote the production
of various inflammatory factors and inhibit the blood circulation around the damaged
mucosa, thereby delaying healing. Under normal conditions, the expression of TNF-α
in tissues is low. When there is damage, the tissue secretes a large amount of TNF-α,
worsening the injury [37]. IL-1β is a pro-inflammatory cytokine released by immune
cells, and its expression level is strongly associated with intense gastric inflammation, the
progression of gastric cancer, and an unfavorable prognosis. This may be because IL-1β has
a strong inhibitory effect on parietal cells that induce gastric acid secretion and can drive
the overexpression of several pro-inflammatory mediators, thereby altering the gastric
mucosa’s homeostasis [38,39]. However, this experimental study demonstrated that there
was no significant difference in the expression levels of TNF-α, IL-1β, and MPO between
the WP experimental group and the MG group. This indicated that the presence of WP
did not alleviate the increased expression levels of the inflammatory factors TNF-α, IL-1β,
and MPO caused by damage to the gastric mucosal barrier, which proved that WP relied
on the increase in the secretion level of EGF to alleviate the effect of ethanol on the gastric
mucous membrane damage; this aligns with the findings of a prior analogous study on
wheat peptides and fucoidan [40].

An increasing body of experiments demonstrates the significant role of the Nrf2/Keap1
signaling pathway in protecting the gastric mucosa from oxidative stress [41]. HO-1 and
NQO1 are key downstream target genes of Nrf2, and studying the gene expression levels of
HO-1 and NQO1 can help to validate Nrf2 as a critical target in antioxidant stress [42]. To
further investigate the protective effect of WP against ethanol-induced oxidative stress in
mouse gastric mucosal histiocytes, the activity of Nrf2, Keap1, HO-1, and NQO1 enzymes
related to oxidative stress in the cytoplasm of gastric histiocytes was determined (Figure 5).
Experiments have shown that ethanol-induced gastric mucosal damage in mice leads
to the suppression of HO-1, NQO1, and Nrf2 expression. However, HO-1 and NQO1
were significantly upregulated in the LWG group compared to the MG group. However,
HO-1 and NQO1 were significantly upregulated in the LWG group compared to the MG
group. Similarly, Nrf2 in the HWG group had a trend of significant upregulation, with
the same trend as in the CK and PG groups. And there was no notable variance in Keap1
expression between the groups. It was demonstrated that the presence of WP could
alleviate this inhibition, leading to an enhancement in antioxidant activity and the removal
of accumulated lipid peroxides, consequently shielding gastric mucosal cells from harm
(Figure 6).
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Figure 5. The effects of WP on the protein expression of inflammatory factors in gastric tissue. Protein
blot analysis of Nrf2, NQO, Keap1, and HO-1. (A,B) Protein content analysis of Nrf2, Keap1, HO-1,
and NQO1 (C–F). CK group: blank control group; MG group: model group; PG group: positive
omeprazole control group (20 mg/kg bw); LWG group: low-dose walnut peptide group (200 mg/kg
bw); HWG group: high-dose walnut peptide group (400 mg/kg bw). Different letters represent
significant differences between groups at p < 0.05.
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Figure 6. Schematic abstract: WP enhanced the gastric mucosal barrier by activating Nrf2 signaling,
as well as increasing the expression of HO-1 and NQO1, thereby ameliorating oxidative stress and
ethanol-induced gastric mucosal damage in mice (gastric ulcer image sourced from freepik).

5. Conclusions

In summary, our study demonstrates the potential therapeutic value of walnut pep-
tides in protecting against ethanol-induced gastric mucosal barrier damage in mice. We
have investigated the antioxidant and anti-inflammatory mechanisms of walnut peptides
during this process. This opens up new avenues for exploring non-toxic and side-effect-free
natural products as alternatives to existing drugs that may improve gastric mucosal barrier
damage but carry potential risks.
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Abstract: The occupational groups exposed to air pollutants, particularly PM2.5, are closely linked
to the initiation and advancement of respiratory disorders. The aim of this study is to investigate
the potential protective properties of selenium-enriched soybean peptides (Se-SPeps), a novel Se
supplement, in mitigating apoptosis triggered by PM2.5 in A549 lung epithelial cells. The results
indicate a concentration-dependent reduction in the viability of A549 cells caused by PM2.5, while Se-
SPeps at concentrations of 62.5–500 μg/mL showed no significant effect. Additionally, the Se-SPeps
reduced the production of ROS, proinflammatory cytokines, and apoptosis in response to PM2.5
exposure. The Se-SPeps suppressed the PM2.5-induced upregulation of Bax/Bcl-2 and caspase-3,
while also restoring reductions in p-Akt in A549 cells. The antiapoptotic effects of Se-SPeps have been
found to be more effective compared to SPeps, SeMet, and Na2SeO3 when evaluated at an equivalent
protein or Se concentration. Our study results furnish evidence that supports the role of Se-SPeps
in reducing the harmful effects of PM2.5, particularly in relation to its effect on apoptosis, oxidative
stress, and inflammation.

Keywords: selenium-enriched soybean peptides; fine particulate matter; apoptosis; oxidative stress;
inflammatory; protective effect

1. Introduction

In recent years, the accelerated rate of industrialization and urbanization has given
rise to a significant worldwide environmental issue: air pollution. Although attempts to
regulate air pollution have resulted in some advancements in air quality, there are still
specific occupations that necessitate humans working in environments characterized by
significant air pollution [1]. In urban settings, the primary origins of PM2.5 are linked to air
pollutants from transportation [2], with peak pollutant concentrations in transportation
settings reaching up to three times higher than background levels [3]. Consequently, bus
drivers, traffic police, sanitation workers, and other occupations are the main exposure
groups of PM2.5 [4,5]. Various health problems, particularly the initiation and advancement
of respiratory diseases, are closely associated with occupational exposure to PM2.5 [6].
PM2.5 first contacts the lung epithelial cells after entering the human body, inducing
stimulation and destruction, increasing the release of ROS, and inducing oxidative damage
in lung tissue [7]. In addition, it can further stimulate and induce the release of various
proinflammatory cytokines, resulting in inflammation [8]. The damage and shedding
of lung epithelial cells can aggravate the toxic effect of PM2.5, thereby leading to more
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severe inflammatory responses and lung injury. Prolonged exposure to low levels of PM2.5
has been shown to trigger oxidative stress and inflammation in healthy mice, resulting
in apoptosis of bronchial and alveolar epithelial cells [9,10]. Zhang et al. demonstrated
that PM2.5 prompted the apoptosis of A549 cells by upregulating the Bax/Bcl-2 ratio
and the expression levels of caspase-3 [11]. Hence, the initiation of oxidative stress and
inflammation by PM2.5 may result in the apoptosis of alveolar epithelial cells. However,
utilizing barriers or filtration techniques to lessen particle inhalation is the primary strategy
used presently to protect people from PM2.5 exposure [12]. Despite the aforementioned
measures, inhaling PM2.5 is frequently unavoidable and has the potential to cause damage
to lung cells. Hence, it is imperative to develop novel and effective strategies aimed at
preventing or mitigating PM2.5-induced apoptosis and lung damage, as this is essential for
safeguarding the health of individuals exposed to occupational hazards.

Natural foods to prevent PM2.5-induced lung damage have attracted a great deal of
public interest. Selenium (Se) is considered a crucial microelement for promoting health, pri-
marily owing to its antioxidant and anti-inflammatory properties [13]. Research has shown
that administering Se can effectively safeguard rat lungs from acute injuries by activating
GSH-Px, diminishing the inflammatory response, and reducing lipid peroxidation [14,15].
Se-containing compounds, which include sodium selenite and selenomethionine, along
with selenoproteins and Se nanoparticles, possess the capacity to regulate defense systems
against many viral infections, including COVID-19 [16]. Methylselenic acid can also control
the cell cycle by influencing the PI3K/AKT/mTOR signaling pathway [17]. Hence, Se
exhibits the potential to mitigate lung damage resulting from the inhalation of air pollu-
tants. Se is incorporated into the molecular structure of selenoproteins within the human
body, contributing to their biological functions [18]. Organic forms of Se are more effective
in fulfilling dietary requirements compared to inorganic forms, due to improvements in
bioavailability and low toxicity [19]. In recent years, researchers have become increasingly
interested in extracting peptides from Se-enriched, plant-derived foods and determining
their anti-inflammatory and antioxidant activities. Several investigations have demon-
strated that peptides containing Se have displayed remarkable capabilities in terms of
antioxidation and immunoregulation [20,21]. Research findings indicate that Se-enriched
soybean peptides (Se-SPeps) possess the ability to mitigate oxidative damage induced
by H2O2 through the enhancement of GSH-Px activity [22]. Fang et al. revealed that
Se-enriched rice peptides exhibited high immunomodulatory activity. Soybean peptides
(SPeps) have been proven to have anti-inflammatory and antioxidant properties [23]. The
study results demonstrate that SPeps exhibited significant antioxidant properties in safe-
guarding HepG2 cells from oxidative stress induced by H2O2 [24]. In addition, it has been
observed that SPeps exhibit a mitigating effect on the inflammatory response within the
RAW264.7 cell provoked by LPS [25]. Based upon this literature, it is postulated that Se-
SPep have the potential to mitigate the detrimental impacts of PM2.5 on A549 cell apoptosis
by regulating oxidative stress and inflammatory responses.

Within this investigation, A549 cells were subjected to the intervention of Se-SPeps
and exposed to PM2.5 in vitro. The analysis encompassed the examination of apoptosis,
intracellular generation of ROS, secretion of proinflammatory factors, and expression of
proteins related to apoptosis. This study aimed to explore the combined mechanism of
Se-SPep intervention in countering oxidative stress, inflammatory response, and apoptosis
triggered by PM2.5 in A549 cells.

2. Materials and Methods

2.1. Materials

Se-enriched soybeans were acquired from Enshi Se-Run Health Tech Development Co.,
Ltd. (Enshi, China). The PM2.5 standard reference material (SRM 2786) [26] was procured
from the NIST (Gaithersburg, MD, USA). Seleno-DL-methionine (SeMet) and sodium
selenite (Na2SeO3) were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). DMEM,
FBS, penicillin, and streptomycin were acquired from Gibco (Grand Island, NE, USA). The
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ELISA kits for IL-1β, IL-6, and TNF-α were purchased from Multisciences (Hangzhou,
China). The antibodies against Bax (AF1270), Bcl-2 (AF6285), caspase-3 (AF1213), Akt
(AF1777), p-Akt (Ser473) (AA329), β-Actin (AF5003), and HRP-labeled goat anti-rabbit
IgG (H + L) were obtained from Beyotime (Shanghai, China). The Hoechst 33342, ECL
kit, CCK-8 kit, and ROS kit were supplied by Beyotime (Shanghai, China). The RIPA lysis
buffer, Annexin V-FITC/PI apoptosis kit, and BCA protein assay kit were supplied by
Solarbio (Beijing, China).

2.2. Preparation of the Se-SPeps

A previous study described a method for extracting Se-SPeps from Se-enriched soy-
beans [27]. In summary, the Se-enriched soybeans were subjected to grinding, defatting,
and drying processes in order to obtain soybean kernel flour. Using soybean kernel flour as
the raw material, Se-enriched soybean protein (Se-SPro) precipitate was obtained through
alkali dissolution and acid precipitation. The Se-SPro precipitate was then redissolved,
followed by dialysis using a 3500 Da membrane at 4 ◦C. The dialysate was freeze-dried
to produce the Se-SPro. The Se-SPro underwent digestion in a 2:1:1 ratio with alkaline
protease, neutral protease, and papain. Proteases, constituting 0.2% of the Se-SPro weight,
were introduced and subjected to hydrolysis under optimal conditions at 50 ◦C for 4 h.
Following this, the hydrolysate underwent centrifugation at 3500× g for 15 min. The result-
ing supernatant was freeze-dried to yield Se-SPeps. The procedure for SPep preparation
mirrored the aforementioned process. The Se concentrations in Se-SPeps and SPeps were
determined as 86.03 ± 4.28 mg/kg and 0.06 ± 0.03 mg/kg, respectively, utilizing hydride
generation atomic fluorescence spectrometry (LCAFS6500, Beijing Haiguang Instrument
Co., Ltd., Beijing, China) following the Chinese national standard GB 5009.93-2010 [28]. The
protein concentrations of the Se-SPeps and SPeps were 85.10 ± 0.21% and 87.41 ± 0.04%,
assessed using the Kjeldahl method. Essential amino acids constituted 36.88 ± 1.23% and
37.18 ± 1.17% of the total amino acids (Table S1) in Se-SPeps and SPeps, determined using
an amino acid analyzer (Biochrom 30+, BioChrom Ltd., Cambridge, UK). Utilizing an
ÄKTA pure system (AKTA pure 25, Cytiva, Marlborough, MA, USA) and following the
procedure outlined in the Chinese national standard GB/T 22492-2008 [29], the Se-SPeps
and SPeps demonstrated molecular weights (Figure S1) below 3000 Da, determined to be
86.42% and 88.46%, respectively.

2.3. Preparation of the PM2.5 Suspension

Briefly, the PM2.5 was obtained from NIST (SRM 2786) with an average particle
diameter of 2.8 μm and was collected in 2005 in Prague, Czech Republic. The primary
constituents consisted of trace elements, polycyclic aromatic hydrocarbons, and polybromi-
nated diphenyl ether (Table S2). PM2.5 was suspended in DMEM medium without FBS,
achieving a final concentration of 1 mg/mL. Subsequently, the suspension underwent
sonication for 20 min before administration.

2.4. Cell Lines and Cell Culture

The A549 cells were purchased from the PCRC (Beijing, China). The A549 cells within
10 generations were thawed in 37 ◦C water bath and transferred to high glucose DMEM
medium supplemented with 10% FBS and 1% penicillin/streptomycin. Following this, the
cells underwent cultivation and revival within a cell incubator (37 ◦C, 5% CO2) for the
ensuing cytotoxicity assessment.

2.5. Cytotoxicity of PM2.5 and Se-SPeps

The cell viability of A549 cells was assessed through the CCK-8 assay. Cells were
planted in 96-well plates with a density of 5 × 103 cells per well and incubated for 24 h.
Next, the cells underwent a 24 h treatment with varying doses of PM2.5 (0, 25, 50, 100,
150, and 200 μg/mL) or Se-SPeps (0, 62.5, 125, 250, 500, 1000, 2000, and 4000 μg/mL),
followed by 60 min at a 37 ◦C incubation with 10 μL CCK-8 solution. The microplate
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reader (Infinite 200 Pro Nanoquant, Tecan, Männedorf, Switzerland) measured absorbance
at 450 nm. Expressing cell viability as a percentage, it compared the absorbance of treated
cells to that of untreated cells. Concurrently, an inverted microscope (IX73, OLYMPUS,
Tokyo, Japan) was employed to observe and capture images of cell morphology.

2.6. Toxicity Suppression by Se-SPeps

The protective effect of Se-SPeps was examined by plating A549 cells in 96-well plates
with a density of 5 × 103 cells per well and allowing them to culture for 24 h. The media
was then replaced with DMEM media containing samples of 125, 250, and 500 μg/mL of
Se-SPeps, SPeps (the same protein concentration as 250 μg/mL of Se-SPeps), SeMet (the
same Se concentration as 250 μg/mL of Se-SPeps), and Na2SeO3 (the same Se concentration
as 250 μg/mL of Se-SPeps) for 24 h. The Se concentration in the SeMet and Na2SeO3
groups was 0.022 μg/mL, which was equivalent to the Se concentration in the 250 μg/mL
of Se-SPep group. After removing the samples, PM2.5 was added to the medium at a final
concentration of 150 μg/mL and incubated for 24 h. The control group received an equal
volume of DMEM, while the model group received an average amount of DMEM only
containing PM2.5, and the cell viability test was performed using CKK-8.

2.7. Analysis of Cell Apoptosis

To assess the protective effect of Se-SPeps against PM2.5-induced cell apoptosis, an-
nexin V-FITC/PI double staining was carried out. A549 cells were seeded at a density
of 5 × 104 cells per well in 24-well plates, then incubated without or with Se-SPeps, SPeps,
SeMet, and Na2SeO3 for 24 h followed by PM2.5 treatment as previously described. Af-
ter Se-SPep and PM2.5 treatments, the cells were suspended in 1 mL of binding buffer,
accompanied by 5 μL of annexin V-FITC and 5 μL of PI, in darkness at 37 ◦C for 20 min.
Flow cytometry was used to detect fluorescence immediately after. The treated cells were
also resuspended with binding buffer supplemented with Hoechst 33342 for 30 min. A
fluorescence microscope was used to monitor the apoptotic cells (IX73, OLYMPUS, Japan).

2.8. Detection of Intracellular ROS

The fluorogenic dye DCFH-DA was used to measure ROS production. The A549 cells
were seeded at a density of 5 × 104 cells per well in 24-well plates and then preincubated
without or with Se-SPeps, SPeps, SeMet, and Na2SeO3 for 24 h followed by PM2.5 treatment
as described previously. Following that, cells underwent a PBS solution wash and were
subjected to a 30 min incubation with 10 μmol/L DCFA-DA at 37 ◦C. After incubation,
excess DCFH-DA was eliminated by washing the cells with PBS, and 300 μL of PBS was
introduced into each well. The flow cytometer (FACSAria III, BD, Franklin Lakes, NJ, USA)
was employed to quantify fluorescence intensity, with the excitation wavelength set at 488
nm and the emission wavelength at 525 nm. Additionally, the cells were scrutinized using
a fluorescence microscope (IX73, OLYMPUS, Japan).

2.9. Determination of the Cytokines

Supernatants devoid of cells were gathered following treatment with Se-SPeps and
PM2.5. The concentrations of IL-1β, IL-6, and TNF-α in the supernatants were determined
using ELISA kits.

2.10. Western Blot Analysis

A549 cells were seeded into 24-well plates and subsequently incubated for 24 h with Se-
SPeps, SPeps, SeMet, and Na2SeO3 before being treated with PM2.5 treatment as previously
described. After the treatments, PBS was used to wash A549 cells, followed by lysis on
ice in RIPA buffer for 10 min, which included 1% PMSF and a cocktail of phosphatase
inhibitors. Whole-cell lysates underwent centrifugation at 10,000× g for 5 min at 4 ◦C, leading
to the collection of supernatants. The total protein concentration was gauged using the BCA
protein quantitative kit. On a 10% polyacrylamide gel, equal amounts of protein (10 μg) were
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separated and transferred onto PVDF membranes. The membranes were blocked with 5% BSA
at room temperature for 1 h. The PVDF membranes were incubated with primary antibodies
against β-Actin, Akt, p-Akt, Bax, Bcl-2, and caspase-3 overnight at 4 ◦C. Following incubation,
the membranes were washed three times with TBST and incubated with an HRP-labeled
secondary antibody for 1 h at room temperature. After being rewashed with TBST, the bands
were developed by an ECL kit. The gray value of the protein bands was analyzed using
ImageJ vision 1.8.0 software. The relative expression of the target protein was calculated using
the following formula: (the target protein/gray value of β-Actin).

2.11. Statistical Analysis

The mean ± SD represented the data. Statistical analysis was performed utilizing
ANOVA followed by Tukey’s test with SPSS 23 software. Graphs were generated using
Graph Pad Prism 9.2.0 software.

3. Results and Discussion

3.1. Effect of PM2.5 on the Viability of A549 Cells

We investigated the detrimental impacts of PM2.5 on A549 cells. The A549 cells were
exposed to different concentrations of PM2.5 (0, 25, 50, 100, 150, and 200 μg/mL) for 24 h. The
CCK-8 assay demonstrated that the incubation of A549 cells with 25–200 μg/mL PM2.5 for 24
h reduced their viability in a concentration-dependent manner (Figure 1A), with a significant
difference between each dose group and the 0 μg/mL group (p < 0.05). At concentrations
exceeding 50 μg/mL, the cell viability dropped below 80%, indicating that PM2.5 had a strong
toxic effect. At the highest concentration of 200 μg/mL, the cell viability was only 63.05%.
The microscopic observation results are shown in Figure 1B. The cells in the 0 μg/mL group
have a complete spindle shape and uniform distribution. At concentrations surpassing 150
μg/mL, A549 cells adhered to the PM2.5 particles, and the cell membrane boundary became
indiscernible, resulting in evident damage and death. Based on these results, we selected a
concentration of PM2.5 of 150 μg/mL, which led to a cell viability of 68.68%. We chose this
concentration with the rationale of utilizing a midpoint effective dose, inducing damage to
the cell population without triggering a complete collapse.

Figure 1. Effect of different concentrations (0, 25, 50, 100, 150, and 200 μg/mL) of PM2.5 pretreatment
on A549 cells for 24 h. (A) Viability of the A549 cells. (B) Cell morphological changes of the A549
cells. Scale bar = 100 μm. Data are shown as the mean ± SD, n = 8/group. Statistical analysis was
performed using ANOVA followed by Tukey’s post hoc test. Different letters over bars indicate
statistically significant differences (p < 0.05).

3.2. Effect of Se-SPeps on the Viability of A549 Cells

To assess the Se-SPep’s potential as a therapeutic intervention against PM2.5-induced
toxicity in A549 cells, it was essential to determine a dose range that would not adversely
affect the cells. Although Se and peptides exhibit documented benefits to human health,
certain reports have indicated potential adverse effects when Se is present in high con-
centrations [30]. Hence, A549 cells were exposed to varying concentrations of Se-SPeps
(0, 62.5, 125, 250, 500, 1000, 2000, and 4000 μg/mL). Subsequently, the cell viability was
quantified to determine the optimal concentration for our assays. Illustrated in Figure 2A,
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the CCK-8 assay revealed that exposure to Se-SPep concentrations ranging from 62.5 to
500 μg/mL for 24 h did not induce a noteworthy impact on the viability of A549 cells.
The viability of A549 cells was 99.04%, 96.83%, 95.76%, and 94.37% when the Se-SPep
concentration was below 500 μg/mL compared to the 0 μg/mL group, respectively. When
the concentration of Se-SPeps was 1000, 2000, and 4000 μg/mL, the cell viability decreased
to 72.93%, 67.57%, and 65.18%, respectively. The results demonstrated that Se-SPeps are
cytotoxic at high concentrations (more than 1000 μg/mL). Furthermore, to determine the
optimal Se-SPep concentration, the cell morphology was examined. Illustrated in Figure 2B,
cells in the low-concentration Se-SPep treatment group (less than 500 μg/mL) were in a
normal state, and no significant decrease in the cell number was observed compared to the
0 μg/mL group. Treatment with high doses of Se-SPeps (over 1000 μg/mL) resulted in
cell damage and decreased cell numbers. Based on the cell viability assessment and cell
state observation, 125, 250, and 500 μg/mL were selected as the treatment concentrations
of Se-SPeps for subsequent experiments.

Figure 2. Effect of different concentrations (0, 62.5, 125, 250, 500, 1000, 2000, and 4000 μg/mL) of
Se-SPep pretreatment on A549 cells for 24 h. (A) Viability of the A549 cells. (B) Cell morphological
changes of the A549 cells. Scale bar = 100 μm. Data are shown as the mean ± SD, n = 8/group.
Statistical analysis was performed using ANOVA followed by Tukey’s post hoc test. Different letters
over bars indicate statistically significant differences (p < 0.05).

3.3. Effect of Se-SPeps on the Viability of A549 Cells Exposed to PM2.5

After the Se-SPep intervention, A549 cells encountered exposure to PM2.5 to explore
the protective impact of Se-SPeps on their viability following injury induced by PM2.5.
As shown in Figure 3, the 150 μg/mL of PM2.5 significantly decreased the viability of the
DMEM-pretreated cells compared to control cells (p < 0.05). However, the cell viabilities of
Se-SPep- and SPep-pretreated cells, after PM2.5 exposure, were markedly higher than those
of DMEM-pretreated cells (p < 0.05). The SeMet group exhibited a higher cell viability than
the PM2.5 group, yet the disparity lacked statistical significance (p > 0.05). Contrarily, the
Na2SeO3 group witnessed a significant decrease in cell viability (p < 0.05), reaching 15.22%,
indicating that Na2SeO3 pretreatment had a significant toxic effect on A549 cells. The findings
underscore the Se-SPep’s protective influence on viability against the PM2.5-induced injury in
A549 cells, with the organic Se form outperforming the inorganic Se form.

Figure 3. Effect of Se-SPep pretreatment on the cell viability in A549 cells exposed to PM2.5. The Se
concentration in the SeMet and Na2SeO3 groups is 0.022μg/mL, which is equivalent to the Se concentration
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in the 250 μg/mL Se-SPep group. Data are shown as the mean ± SD, n = 8/group. Statistical analysis
was performed using ANOVA followed by Tukey’s post hoc test. Different letters over bars indicate
statistically significant differences (p < 0.05).

3.4. Effect of Se-SPeps on Cell Apoptosis of A549 Cells Exposed to PM2.5

A distinctive feature of PM2.5 toxicity is its ability to directly affect cells, leading to
apoptosis [31]. To assess the protective effect of Se-SPeps on PM2.5-induced apoptosis in
A549 cells, the Hoechst 33342 and annexin V-FITC assays were employed. Illustrated in
Figure 4A, the PM2.5 group exhibited a pronounced increase in potent blue fluorescence
compared to the control group. Simultaneously, a noteworthy reduction in blue fluorescence
was observed after Se-SPep, SPep, and SeMet interventions compared to the PM2.5 group.
A few viable cells were stained in the Na2SeO3 group, and a more intense blue fluorescence
was observed. As shown in Figure 4B,C, the flow cytometry analysis revealed a notable
rise in the apoptotic percentage in the PM2.5 group (p < 0.05), reaching 16.81% compared
to the control group. This implies a substantial induction of cell apoptosis by PM2.5. In
contrast, Se-SPep, SPep, and SeMet treatments significantly decreased the apoptotic cell
percentages to 10.64%, 9.39%, 9.21%, 12.62%, and 12.19%, respectively. The Se-SPep group
had significantly lower cell apoptosis than the SPep and SeMet groups (p < 0.05). Na2SeO3
intervention induced a noteworthy elevation in the apoptotic rate of A549 cells, reaching
57.22%. The results showed that Se-SPeps could prevent the apoptosis of A549 cells induced
by PM2.5. The antiapoptotic ability of Se-SPeps was greater than that of SPeps and SeMet.

Figure 4. Effect of Se-SPep pretreatment on cell apoptosis in A549 cells exposed to PM2.5.
(A) Representative photomicrographs of A549 cells stained with Hoechst 33342 fluorescent dye.
Scale bar = 300 μm. (B) Flow cytometry analysis of cell apoptosis induced by PM2.5. (C) The apop-
tosis ratio induced by PM2.5 after intervention with Se-SPeps. The Se concentration in the SeMet
and Na2SeO3 groups is 0.022 μg/mL, which is equivalent to the Se concentration in the 250 μg/mL
Se-SPep group. Data are shown as the mean ± SD, n = 3/group. Statistical analysis was performed
using ANOVA followed by Tukey’s post hoc test. Different letters over bars indicate statistically
significant differences (p < 0.05).
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3.5. Effect of Se-SPeps on ROS Generation of A549 Cells Exposed to PM2.5

Research findings have offered substantiation that prolonged exposure to PM2.5 can
induce respiratory system damage [32,33]. Oxidative stress, a crucial mechanism, is impli-
cated in the induction of damage to the respiratory system, representing a significant factor
in the negative impacts of PM2.5 air pollution on respiratory health [34]. Cells produce a
large amount of ROS when exposed to PM2.5, causing oxidative damage to tissues and
cells, triggering cellular inflammatory reaction and apoptosis [35,36]. Lao et al. reported
that oxidative stress occurred in A549 cells after exposure to airborne PM2.5 elements [37].
Further investigations have demonstrated a significant increase in ROS levels in bronchial ep-
ithelial cells following exposure to airborne PM2.5 components [38]. In addition, a decreased
cell viability caused by PM2.5 exposure was correlated with ROS overproduction.

As shown in Figure 5A, DCFH-DA detection reveals that ROS green fluorescence in
the control group is virtually invisible, whereas the green fluorescence in the PM2.5 group
surpasses that of the control group significantly. Meanwhile, Figure 5B shows that ROS
fluorescence intensity in the PM2.5 group is 1.8 times higher than that in the control group,
indicating that PM2.5 induces a strong intracellular oxidative stress response in cells. The
intracellular green fluorescence and DCF fluorescence intensities were significantly lower
after Se-SPep, SPep, and SeMet intervention compared to the PM2.5 group (p < 0.05). The
ROS level in the 500 μg/mL of Se-SPep group was markedly lower than that in the SPep
group (p < 0.05). However, due to apoptosis, both the cell count and fluorescence intensity
in the Na2SeO3 group were significantly decreased (p < 0.05). These results suggest that
Se-SPeps, SPeps, and SeMet inhibit the generation of intracellular ROS, protecting A549
cells from oxidative stress generated by PM2.5 exposure and preventing cell apoptosis.
Simultaneously, Se-SPeps have a more significant inhibitory effect on PM2.5-induced
cellular oxidative stress. This effect was amplified when Se was combined with SPeps,
indicating that Se-SPeps can suppress ROS generation, which is beneficial for cell viability.

Figure 5. Effect of Se-SPep pretreatment on ROS generation in A549 cells exposed to PM2.5.
(A) Representative photomicrographs of A549 cells stained with DCFH-DA fluorescent dye. Scale bar
= 300 μm. (B) Relative fluorescence intensity of intracellular ROS of A549 cells. The Se concentration
in the SeMet and Na2SeO3 groups is 0.022 μg/mL, which is equivalent to the Se concentration in
the 250 μg/mL Se-SPep group. Data are shown as the mean ± SD, n = 3/group. Statistical analysis
was performed using ANOVA followed by Tukey’s post hoc test. Different letters over bars indicate
statistically significant differences (p < 0.05).

3.6. Effect of Se-SPeps on Proinflammatory Cytokines Release of A549 Cells Exposed to PM2.5

Respiratory diseases exhibit a close association with inflammation. PM2.5 can stimu-
late lung immune cells to initiate an acute inflammatory response, stimulate normal cells to
secrete numerous proinflammatory cytokines, modulate the inflammatory response, and
induce inflammatory damage [39,40]. The inflammatory response induced by PM2.5 has
been assessed by measuring the levels of expression of various proinflammatory cytokines.
Figure 6 illustrates the ability of Se-SPeps to alleviate the release of IL-1β, IL-6, and TNF-α
from PM2.5-induced A549 cells. The levels of proinflammatory cytokines IL-1β, IL-6, and
TNF-α in the PM2.5 group were significantly increased in comparison to the control group
(p < 0.05). The findings demonstrate that PM2.5 has the ability to induce multiple proin-
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flammatory cytokines and inflammatory responses in A549 cells, proving that exposure to
PM2.5 is immunotoxic to A549 cells. Meanwhile, after Se-SPep and SeMet intervention, the
intracellular levels of IL-1β, IL-6, and TNF-α exhibited a significant decrease in comparison
to the PM2.5 group (p < 0.05). The intervention with SPeps resulted in notably lower levels
of IL-6 and TNF-α compared to the PM2.5 group (p < 0.05). In particular, the levels of IL-6
in the Se-SPep group exhibited a significant reduction compared to the SPep group (p <
0.05), while the levels of IL-1β and TNF-α in the Se-SPep group were lower than those in
the SPep group (p > 0.05). Concentrations of proinflammatory cytokines in the Na2SeO3
group were notably lower due to severe apoptosis.

Figure 6. Effect of Se-SPep pretreatment on proinflammatory cytokines secretion in A549 cells
exposed to PM2.5. (A) IL-1β secretion. (B) IL-6 secretion. (C) TNF-α secretion. The Se concentration
in the SeMet and Na2SeO3 groups is 0.022 μg/mL, which is equivalent to the Se concentration in
the 250 μg/mL Se-SPep group. Data are shown as the mean ± SD, n = 3/group. Statistical analysis
was performed using ANOVA followed by Tukey’s post hoc test. Different letters over bars indicate
statistically significant differences (p < 0.05).

PM2.5 has the potential to induce and exacerbate inflammatory responses in cells,
exerting toxic effects on cellular function [41,42]. Several studies have indicated that
PM2.5 has the capacity to elevate the secretion of proinflammatory cytokines [43,44],
indicating that inflammation is a crucial mechanism of cellular damage in the respiratory
system. Xue et al. demonstrated that PM2.5 could significantly promote the release of
proinflammatory factors in cells and lead to cell damage [45]. In alignment with the
outcomes of this investigation, PM2.5 has the capacity to induce an inflammatory response
in A549 cells, elevating the secretion of proinflammatory cytokines such as IL-1β, IL-6, and
TNF-α. The results show that after the intervention of Se-SPeps, SPeps, and SeMet, the
proinflammatory cytokines decrease significantly compared with the PM2.5 group, proving
that the intervention of Se-SPeps, SPeps, and SeMet could inhibit the PM2.5-induced
inflammatory damage of cells. In addition, Se-SPeps exhibited a more robust capability to
inhibit the production of proinflammatory cytokines compared to SPeps.

3.7. Effect of Se-SPeps on the Mitochondrial Apoptotic Pathway of A549 Cells Exposed to PM2.5

According to our studies, when A549 cells are stimulated by PM2.5, a significant
quantity of ROS is created, an inflammatory response is initiated, and proinflammatory
cytokines are released, ultimately leading to apoptosis. The modulation of various proteins
in the mitochondrial apoptosis pathway governs the intricate process of cellular apoptosis.
Currently, the Bcl-2 family is the most studied of the apoptosis pathway-related proteins and
is mainly classified as apoptosis-promoting and antiapoptotic [46]. The Bcl-2 family plays a
pivotal role in the endogenous apoptosis pathway [47]. It was found that the ratio of Bax to
Bcl-2 was the main factor determining the inhibitory effect on apoptosis [48]. An elevation
in the Bax to Bcl-2 ratio modifies the potential of the mitochondrial membrane, stimulates
the cytosolic release of cytochrome C, and triggers caspase-3 activation, ultimately leading
to apoptosis [49]. Research has indicated that the oxidative stress induced by PM2.5 can
disturb the antioxidant system and facilitate apoptosis through mitochondria-dependent
mechanisms [50]. Therefore, regulating the expression of antiapoptotic and proapoptotic
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proteins within the Bcl-2 family is crucial for apoptosis control. The protein expression of
antiapoptotic protein Bcl-2 and proapoptotic protein Bax in the intervention of Se-SPeps
to prevent cell apoptosis was verified. Displayed in Figure 7A–C, the exposure to PM2.5
notably reduced the expression of the antiapoptotic protein Bcl-2 (p < 0.05), increased the
expression of the proapoptotic protein Bax (p < 0.05), and elevated the Bax/Bcl-2 ratio
significantly (p < 0.05). Zhang et al. proved that PM2.5-induced apoptosis could lead to an
elevation in the Bax/Bcl-2 ratio [11]. We also found that PM2.5 could induce an increase
in Bax while Bcl-2 levels experienced a significant decrease, highlighting Bax/Bcl-2 as a
pathway for PM2.5-induced apoptosis in A549 cells. In the cells treated with Se-SPeps and
SPeps, the Bax protein level was significantly decreased (p < 0.05) compared to the PM2.5
group, while the Bcl-2 protein level was significantly increased (p < 0.05), resulting in a
decreased Bax/Bcl-2 ratio (p < 0.05). Meanwhile, the Se-SPep group exhibited significantly
higher levels of the antiapoptotic protein Bcl-2 compared to the SPep and SeMet groups
(p < 0.05), along with a lower Bax/Bcl-2 ratio than the SPep and SeMet groups (p < 0.05).
These findings suggest that Se-SPep and SPep intervention can prevent PM2.5-induced
apoptosis in A549 cells by regulating Bax/Bcl-2 protein expression. Secondly, the Se-
SPeps have a more solid ability than the SPeps and SeMet to control the expression of
Bax/Bcl-2 protein.

Figure 7. Effect of Se-SPep pretreatment on the mitochondrial apoptotic pathway in A549 cells
exposed to PM2.5. The expression of Bcl-2, Bax, caspase-3, Akt, and p-AKT in PM2.5-exposed A549
cells was analyzed using Western blotting. β-Actin was used as the internal control. (A) Protein
expression of Bcl-2. (B) Protein expression of Bax. (C) Protein expression of Bax relative to Bcl-2.
(D) Protein expression of caspase-3. (E) Protein expression of Akt. (F) Protein expression of p-Akt.
(G) Protein expression of p-AKT relative to AKT. The Se concentration in the SeMet and Na2SeO3

groups is 0.022 μg/mL, which is equivalent to the Se concentration in the 250 μg/mL Se-SPep
group. Data are shown as the mean ± SD, n = 3/group. Statistical analysis was performed using
ANOVA followed by Tukey’s post hoc test. Different letters over bars indicate statistically significant
differences (p < 0.05).

Caspase-3, identified as the “death executor protease”, acts as a pivotal player in apopto-
sis execution, amplifying signals from the caspase promoter and instigating apoptosis [51].
The activation of caspase-3 is considered to be a central link to apoptosis [52]. Illustrated in
Figure 7D, the activation level of caspase-3 surged in cells exposed to PM2.5, signifying that
PM2.5 exposure heightened apoptosis. However, the expression of caspase-3 significantly
decreased in cells treated with Se-SPeps, SPeps, and SeMet compared to the PM2.5 group
(p < 0.05). These findings imply that Se-SPeps, SPeps, and SeMet can protect A549 cells from
apoptosis caused by an increased caspase-3 expression induced by PM2.5 exposure.
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Research has indicated that the increased phosphorylation of Akt is related to the
inhibition of apoptosis [53]. Akt can phosphorylate target proteins through multiple
downstream pathways to play an antiapoptotic role [54]. The activation of this signaling
pathway necessitates the initiation of S473 phosphorylation in a hydrophobic sequence [55].
Bcl-2 can depolymerize with phosphorylated BAD when Akt is activated, and free Bcl-2 can
play an antiapoptotic role [56]. Figure 7E–G indicates that exposure to PM2.5 significantly
decreased the phosphorylation level of Akt (p < 0.05). Intervention with Se-SPeps, SPeps,
and SeMet markedly elevated the phosphorylation level of Akt (p < 0.05) in comparison
to the PM2.5 exposure group. These findings suggest that Se-SPeps, SPeps, and SeMet
may promote the antiapoptotic effect of A549 cells by increasing Akt phosphorylation.
Meanwhile, the Se-SPeps had a more significant effect on Akt phosphorylation than the
SPeps (p < 0.05), indicating a stronger antiapoptotic effect. The study showed that PM2.5
exposure inhibited Akt phosphorylation in A549 cells, which is consistent with the present
findings [57]. These findings suggest that the decreased viability and apoptosis of A549
cells induced by PM2.5 are related to the activation of the mitochondrial apoptosis pathway
triggered by oxidative stress and inflammatory response.

4. Conclusions

In this study, we investigated the protective effects of Se-SPeps on PM2.5-induced
apoptosis via regulating oxidative stress and inflammatory response. The results demon-
strated that Se-SPep intervention could prevent PM2.5-induced apoptosis and maintain
regular cell morphology. Simultaneously, Se-SPep intervention can protect cells from the
oxidative stress response caused by PM2.5 exposure by inhibiting the generation of in-
tracellular ROS. Regarding the inflammatory response, Se-SPep intervention inhibited
the overproduction of the proinflammatory cytokines IL-1β, IL-6, and TNF-α, thereby
inhibiting the inflammatory damage caused by PM2.5 and reducing cell apoptosis. The
intervention of Se-SPeps can play an antiapoptotic role by promoting the phosphorylation
of Akt and the depolymerization of the Bcl-2 protein. Se-SPeps can also inhibit the proapop-
totic effect of Bax by inhibiting the expression of the Bax protein. In addition, Se-SPep
intervention inhibits the expression of caspase-3, thereby inhibiting its proapoptotic effects.
This study also showed that Se-SPeps were more effective than SPeps in regulating the
expression of Akt/Bcl-2/Bax pathway proteins to exert antiapoptotic effects. Finally, this
study proved that nutritional intervention in the form of Se-SPeps and SeMet was safer
compared to the primarily inorganic Se form of Na2SeO3. Our study demonstrates the
effectiveness of Se-SPeps, a novel organic Se oral supplement, in providing protective
effects against occupational air pollution-induced apoptosis of lung epithelial cells.
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SPep and SPep; Table S2: Mean concentration (μg/g) of main compositions detected in PM2.5 sample.
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