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The phenomenon of longevity in Guangxi of China proved to be closely relevant
to its specific dietary habits, but the exact effects of this diet on health remain to
be explored. In this work, fourteen screened volunteers with cardiovascular disease
(CVD) risk followed a novel dietary pattern derived from centenarians of Guangxi,
China for 2 weeks, then the effects of diet on human health were explored by
measuring the health metrics and fecal metabolites. The results showed that the
short-term dietary intervention significantly decreased the body weight, body mass
index (BMI), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-c), mean
systolic blood pressure (SBP), and diastolic blood pressure (DBP) levels, while it
significantly increased high-density lipoprotein cholesterol (HDL-c) levels. Orthogonal
partial least squares discriminant analysis (OPLS-DA) indicated a distinct separation
in the fecal metabolic profiles of volunteers before and after the intervention. Nine of
these metabolites showed significant differences, including two metabolites increased
(butyrate and citrulline), seven metabolites decreased (threonine, choline, glycine,
aspartate, alanine, N-acetylglutamic acid and lysine). Pathway and enrichment analysis
showed that the reduction in CVD risk by dietary intervention mainly affected five
pathways, which include arginine biosynthesis; aminoacyl-tRNA biosynthesis; glycine,
serine and threonine metabolism; alanine, aspartate and glutamate metabolism; and
valine, leucine and isoleucine biosynthesis. Herein, the Guangxi longevity dietary pattern
can provide a feasible healthy diet strategy for reducing the CVD risk and human beings.
Trial

Clinical identifier

0058214].

Registration: [http://www.chictr.org.cn], [ChiCTR220

Keywords: dietary patterns, biochemical parameters, fecal metabolomics, cardiovascular diseases, prebiotic
effects

INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of death worldwide. A report has shown that
18.6 million people died of CVD-related diseases in 2019 (1). A healthy diet has been proven
to be effective in reducing the risk of CVD and helping people live healthier lives (2, 3). Studies
have shown that a high dietary fiber intake is significantly associated with a reduction in the risk
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GRAPHICAL ABSTRACT | Schematic diagram of the study design (2 weeks dietary intervention, single arm intervention).
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of coronary heart disease, type 2 diabetes and CVD mortality, etc.
(4). Higher intakes of fruits, vegetables, and beans are inversely
associated with the risk of CVD (5). Interventions regarding
overall dietary patterns rather than a single food or nutrient are
a more effective way of preventing or reducing CVD risk, as a
healthy dietary pattern focuses more on the rational selection
and matching of foods so that different nutrients may create
synergistic effects in the body, which can help the body to better
digest and absorb food. Moreover, the report found a negative
correlation between continuous improvement in overall diet
quality and mortality (6, 7). Therefore, studying dietary patterns
is a practicable entry point to reduce CVD risk and promote
healthy aging of the organism (8, 9). Considering that major
crops and dietary habits vary markedly in different countries and
regions, the associations between different dietary patterns and
CVD risk factors are also different. At present, relevant diversity
studies are very limited. Therefore, a focus on healthy diets in
specific regions to help populations maintain body health status
and reduce CVD risk is urgently needed.

The phenomenon of longevity in Guangxi, China, is
remarkable, with 31 “Longevity towns of China”, accounting for
more than 35% of the total number in China (10). The number of
longevous populations in this area has been increasing in recent
years. Studies have found that the local centenarians are healthy,
with higher high-density lipoprotein cholesterol (HDL-c) levels,
lower triglycerides (TG) levels and dyslipidemia prevalence, and
have a lower risk of CVD (11). Our team explored and traced
the factors that contributed to its longevity from the perspective
of diet over many years. After studies on dietary and metabolite
characteristics, gut microbiota and other aspects of the longevity
population cohort in the longevity population densely-occupied

area of Guangxi, found that the diet of the elderly in this area
was rich in high dietary fiber polysaccharides, dominated by
porridge, coarse-grained, dark vegetables and livestock meat,
which is characterized by its high dietary fiber, low energy, low
fat, low protein, and low cholesterol content (12, 13). From this,
we constructed the Guangxi longevity dietary pattern which was
validated to have good effects on reducing inflammation and
resisting aging on D-galactose-induced aging mice and naturally
aging mice (14, 15). Based on this evidence, we tried to explore the
positive effects of Guangxi longevity dietary pattern on human
health. We recruited volunteers to conduct pre-experiments
and found that it played a good role in improving volunteers’
body weight, especially blood lipid, and had a good potential to
improve the body’s CVD risk. Based on these preliminary data,
this study was conducted to explore the exact effect on reducing
the risk of CVD in humans by recruiting volunteers with high
compliance to this dietary pattern intervention.

Metabolomic profiling has become an important tool, used to
understand the interactions between metabolites and unveil the
mechanism of organism health at the biochemical level. Feces,
as the final product of cellular and microbial metabolism in
the intestinal tract of the body, is one of the best biomaterials
to reflect the information of physiological changes in the gut
(16). Profiling fecal metabolomics has become an important way
of exploring the association between diet, human metabolism,
and gut microbiota composition when maintaining the healthy
state of the organism, and helps to clarify the physiological
and biochemical mechanisms of dietary and metabolic changes
in the body (17). Nuclear magnetic resonance (NMR), an
important analysis method in metabolomics detection, has the
characteristics of high reproducibility and being non-destructive
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to samples (18). Therefore, detecting the changes in fecal
metabolites caused by dietary intervention through 'H NMR
fecal metabolomics was valuable, providing a possible way for
the relationship between dietary intervention and the beneficial
effects on cardiovascular health.

The objectives of this study were to examine the impact of
the constructed dietary pattern on anthropometric measured,
biochemical parameters and fecal metabolites in volunteers with
a high risk of CVD, and evaluate its role as a means of reducing
CVD risk and promoting cardiometabolic health.

MATERIALS AND METHODS
Study Design

This was a 2-weeks single-arm intervention study, whereby
participants acted as their own control. Volunteers were required
to strictly follow the designed dietary pattern for 2 weeks.
The study was approved by the Ethics Committee of Guangxi
University (Approval No.GXU-2020-136). At the beginning of
the study, volunteers were informed of the contents and potential
risks involved in the experiments and signed a “volunteer
informed consent”. Meanwhile, this study was retrospectively
registered at the Chinese Clinical Trial Registry (http://www.
chictr.org.cn) (registration number: ChiCTR2200058216).

Power Calculation

This study considered systolic blood pressure (SBP) as the
primary outcome measure (19). The power calculation was
carried out using R Project. Based on SBP levels measured in
previous studies of similar dietary interventions (20), assuming
mean SBP difference of 6 mmHg and standard deviation of
7 mmHg, a level of significance of 0.05, we calculated that 13
subjects were required for a statistical power of 80%.

Participant Recruitment

Volunteers were recruited from October 8, 2020, to December
1, 2020, through leaflets, email, and personal communication
in Nanning, Guangxi, China. The participants were screened
based on the following criteria: not taking medications that
chronically affect the immune system; not taking antibiotics
during the intervention; no supplementation of prebiotics,
probiotics or vitamins for 2 weeks before the experiment;
at least one CVD risk factor, including: (a) overweight or
obesity (BMI > 25 kg/mz); (b) TG > 1.88 mmol/L; (c) total
cholesterol (TC) > 5.7 mmol/L; (d) HDL-c < 0.9 mmol/L;
(e) low-density lipoprotein cholesterol (LDL-c) > 4.11 mmol/L;
(f) fasting blood glucose (FBG) > 6.1 mmol/L; (g) blood
pressure > 140/90 mmHg. The flow diagram of study selection
process was showed in Figure 1. Eighteen volunteers were
eligible for this study. Three volunteers excluded because
of emergencies in individual homes, and one volunteer was
excluded because of poor compliance. The data were finally
collected from 14 participants (age from 50 to 75): 7 males,
7 females. Questionnaires were used to quantify their physical
activity (22).

Screened prior to eligibility
assessment (n=18)

Screened

Excluded (n=3)

>+ Time conflict (n=3)

A4

‘ Assessed for eligibility (n=15) ‘

Allocation

Allocated to intervention (n = 15)
+ Received allocated intervention (n=15)

[ Enrollment ]

| Discontinued intervention
7| (Low compliance) (n=1)

A 4

Analysis

Analysed (n=14)
+ Excluded from analysis (Low compliance)
(n=1)

FIGURE 1 | Flow diagram of the study selection process. Adapted from (21).

Condensation of Nutrients for Guangxi’s Longevity
Dietary Pattern

According to the results of the team’s earlier survey on the diet
of centenarians in the Guangxi longevity area, based on the
characteristics of high dietary fiber, low energy, low fat and low
protein (12, 13), combined with the “Chinese Dietary Guidelines
summary (2016),” “Chinese Dietary Guideline of the Elderly
(2010),” and “the Report on Dietary Nutrition and Health status
of Guangxi Residents,” the recommended amount of nutrients
and the nutritional content of corresponding foods, with the
investigation on the local daily diet, the important nutrients and
characteristic foods required for longevity diets were listed, we
have constructed the Guangxi longevity dietary pattern in terms
of energy, fat, protein, carbohydrate and dietary fiber. Among
them: energy intake was calculated based on the recommended
amounts of dietary guidelines, combined with the results of the
team’s previous animal experiments (23). The dietary fiber intake
was calculated based on the optimal dose in mice experiments,
combined with the results of dietary surveys on centenarians (12,
15). The intakes of fat, protein, carbohydrates were all designed
based on the dietary characteristics of centenarians (12), and
optimized in combination with recommended amounts from
dietary guidelines, accounting for 15, 25, and 60% of energy
intake, respectively. Diet composition was as follows: 1710 &£ 38
total Kcal/day, 15% =+ 1% protein, 25% =+ 2% fat, and 60% =+ 2%
carbohydrate, including 32.91 £ 0.73 g dietary fiber intake, based
on volunteers aged 60-70 weigh 60 kg with a BMI = 21.25.

Study Food Development

Each volunteer’s nutrient intake was targeted based on
information such as gender, weight, and daily work intensity,
obtained from previous surveys and measurements. During
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the design process, BMI = 21.25 (median of 18.5-24.0) was
used as the standard to determine their total energy intake
based on the energy requirements for different genders, ages,
and physical activities recommended in the “Chinese Dietary
Guidelines summary (2016)” and “Chinese Dietary Guideline
of the Elderly (2010),” combined with the requirements of the
Guangxi longevity dietary pattern. Protein, fat, carbohydrate,
and dietary fiber intakes were calculated based on energy and
according to the intake of each nutrient designed in the Guangxi
longevity dietary pattern. For each volunteer, on the basis of
the same gender, age, and level of physical activity, the energy
intake was calculated by multiplying the coeflicient based on
the ratio of basal metabolic rate between the volunteer’s BMI
and the standard BMI. Meanwhile, for the obese volunteers
(BMI > 28), we set an obesity coefficient of 0.95 to control their
total energy intake. The menus are based on our nutrient intake,
designed according to the volunteers’ situation, combined with
the preferred food of the centenarians in the Guangxi longevity
area and the characteristic crops grown in this area. The food
groups used in the dietary pattern are shown in Supplementary
Table 1. The menus were designed to be refined into a 7-day
diet, and the recipes were cycled every 7 days. Examples of 1-day
menus are given in Supplementary Table 2. The volunteer’s
diet was prepared and supplied in a specific place that met the
requirements. All food was precisely measured and weighed.

Intervention

Volunteers participating in this study were required to keep their
eating habits stable for at least 2 weeks before beginning the
dietary intervention. During the dietary intervention, volunteers
were asked to receive the designed meal for 2 weeks with high
compliance. The meal consists of breakfast, lunch and dinner.
Except for drinking water, no other food will be consumed. All
volunteers were required to maintain a stable level of physical
activity during the intervention. Meanwhile, special attention was
paid to communicating with volunteers about their compliance
and helping them address any specific issues that arose.

Anthropometric Assessment

The age and sex of the volunteers were recorded before the
experiment begins. Volunteers” height and weight were measured
before the experiment, in the middle of the experiment (morning
of day 8), and after the experiment (morning of day 15) for
the calculation of body mass index [BMI = weight (kg)/height
(m?)]. The blood pressure of volunteers was measured using
a sphygmomanometer. Volunteers were told to avoid intensive
exercise 1 h before the measurement and avoid moving and
speaking during the measurement.

Blood Specimen Collection and

Measurements of Clinical Parameters

Blood samples from volunteers were collected in anticoagulant
tubes using a non-invasive method after an overnight fast at day
0, 8, 15, for the detection of blood indicators. Serum samples
were measured for FBG, TC, TG, LDL-c, and HDL-c using an
automated biochemistry analyzer (Roche Cobasc702, IN).

Fecal Untargeted Metabolomics Analysis

Based on 'H-NMR

Sample Preparation

Using a non-invasive method, fecal samples were collected on
spontaneous defecation before and after dietary intervention.
Feces were immediately put into the icebox and transferred to
a —80°C freezer. Fecal metabolites were extracted using the
method of Wu et al., with minor modifications (24). In brief, a
homogenized 50 mg aliquot was placed into a 2.0 mL safe-lock
tube (Eppendorf, Hamburg, Germany), then, 500 wL PBS/D,0O
buffer (0.1 M, pH 7.4) was added, containing 10% D,O (v/v)
and 0.005% TSP (w/v), vortexed for 15 s, mixed and repeatedly
freeze-thawed with liquid nitrogen three times. The mixture
was homogenized for 60 s, followed by centrifugation (12,000 g,
10 min, 4°C). Supernatants were removed and the extraction
procedure was repeated. The supernatants from two extractions
were collected for centrifugation (12,000 g, 15 min, 4°C). Then,
550 L of the resulting supernatant was transferred into a 5 mm
NMR tube for further analysis.

TH-NMR Data Acquisition and Processing

'H NMR spectra of the feces were measured by a Bruker
Avance 500 MHz NMR spectrometer (Bruker, Germany) at a
'H frequency of 500.13 MHz and a temperature of 298 K. Fecal
extract samples were recorded using the water-pre-saturated
standard one-dimensional NOESYPR1D pulse sequence (recycle
delay — 90°— t; — 90°— t,, — 90° — acquisition) with
water suppression to obtain representative total metabolite
compositions. The acquisition parameters were as follows:
relaxation delay, 2.0 s; mixing time, 0.1 s; number of scans,
64; spectral size, 65,536 points; spectral width, 10,000 Hz.
MestReNova (version 14.0, Mestrelab Research, Spain) was used
to obtain the NMR spectra. All free induction decays (FIDs)
from 1D 'H NMR were multiplied by a 0.5 Hz exponential line
broadening before Fourier Transformation. After corrections for
phase and baseline distortion, 'H NMR spectra were referenced
to the TSP signal (3 0.0) and spectral regions 0.00-9.00 ppm
were integrated into regions with equal widths of 0.001 ppm.
The water signal, dominating the spectrum between 4.70 ppm
and 5.10 ppm, was excluded to eliminate the spurious effect of
water suppression, and the integration data were normalized for
further analysis.

Multivariate Data Analysis and Biomarker
Identification

SIMCA-P software file (V13.0, Umea, Sweden) was used
for multivariate data analysis. An unsupervised pattern
recognition analysis method, principal component analysis
(PCA) was applied to examine any intrinsic clustering of
the data. Furthermore, supervised orthogonal partial least
squares discriminant analysis (OPLS-DA) was performed
to maximize the separation between metabolites before and
after dietary intervention. The validity of the model was
assessed with the R?Y and Q? values, reflecting the explained
variables and the predictability of the model. The validity of
the model was further evaluated with rigorous permutation
tests (n = 200). Feces metabolites with fold change (FC > 1.1
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or <0.9), paired samples Wilcoxon test p < 0.05 and variable
importance in projection (VIP) values > 1 were considered
potential biomarkers.

Functional Interpretation and Metabolic
Network Construction

Metabolic networks were constructed using the Search Tool
for Interactions of Chemicals (STITCH) to illustrate the
relationships between biomarkers and relevant targets that
modulate the risk of CVD (25). The minimum required
interaction score was set to 0.4. The obtained results were
downloaded and visualized by the Cytoscape software. On the
MetaboAnalyst 5.0 platform, pathway analysis and enrichment
analysis based on the Kyoto Encyclopedia of Gene and
Genomes (KEGG) database were performed to visualize the
fecal metabolite network and confirm the targeted pathways
that are involved.

Statistical Analysis

All the analyses were performed using SPSS version 25.0 (SPSS
Inc., United States) and a 5% level of significance. The data
were expressed as mean & SD values. The Mann-Whitney U
test was used to the differences in continuous variables between
the different sexes. Paired samples Wilcoxon test was used to
examine differences in volunteer metabolites before and after
dietary intervention and to examine differences in volunteer
anthropometric measurements and biochemical indexes from
pre-dietary intervention to mid- and post-dietary intervention
separately. Pearson correlation analysis was used to examine the
relationships between fecal metabolites and clinical parameters
before and after the intervention.

RESULTS

Anthropometric and Biochemical

Parameters of Participants
Table 1 lists anthropometric data and blood biochemical
parameters throughout the study period. Compared to the

baseline, the body weight, BMI, blood pressure and blood
lipid levels of volunteers were significantly improved after the
two-week experiment. These indicators decreased significantly
in the first week and gradually stabilized in the second
week. By the end of the dietary intervention, the volunteer’s
body weight decreased by 2.96% (p = 0.004), BMI decreased
by 2.96% (p = 0.004), while SBP and diastolic blood
pressure (DBP) decreased by 6.33% (p = 0.041) and 3.62%
(p = 0.044), respectively. TC and LDL-c decreased by
8.84% (p = 0.002) and 16.98% (p = 0.001), respectively.
HDL-c significantly increased by 54.71% (p = 0.001). After
dietary interventions, the FBG and TG levels also showed a
downward trend, but they did not show a statistical difference
(p > 0.05).

In addition, there were sex differences in these changes
(Figure 2). Compared with baseline, the body weight and
TC of male volunteers decreased by 3.45% (p = 0.028) and
11.67% (p = 0.028), respectively, after dietary intervention,
which was greater than the decreases in female volunteers of
247% (p = 0.063) and 6.00% (p = 0.028). Male volunteers
had more stable LDL-c and HDL-c levels than female
volunteers, with a 20.68% (p = 0.028) decrease in LDL-c,
61.61% (p = 0.018) and an increase in HDL-c after dietary
intervention, which was more significant than the improvement
in female volunteers by 13.27% (p = 0.018) and 47.82%
(p = 0.018). In the second week, the LDL-c and HDL-c levels
in female volunteers were markedly reduced in general. The
blood pressure level of male volunteers fluctuated less than
that of female volunteers. By the end of the intervention,
the SBP and DBP levels of female volunteers decreased by
9.91% (p = 0.028) and 5.28% (p = 0.043), respectively, which
was greater than the levels of male volunteers by 2.75%
(p = 0.498) and 1.96% (p = 0.499). In summary, these results
indicated the positive effect of our designed dietary pattern on
reducing CVD risks.

The above results indicate that the Guangxi longevity dietary
pattern constructed in this study could significantly improve the
volunteers’ weight, BMI, blood pressure and lipid levels in the
short term (2 weeks), with a significant effect on reducing the risk
of CVD in volunteers.

TABLE 1 | Body composition and biochemical parameters of participants throughout the study?.

Baseline Day 8 Day 15 p Value
Baseline vs. Day 8 Baseline vs. Day 15
Weight (kg) 64.72 £ 13.74 62.83 + 12.92 62.68 + 12.68 0.002 0.004
BMI (kg/m?) 25.42 + 3.75 24.69 + 3.45 24.63 + 3.35 0.002 0.004
TC (mmol/L) 5.36 + 0.91 5.17 £0.79 4.88 + 0.86 0.035 0.002
TG (mmol/L) 1.92 +£0.92 1.64 +£0.53 1.76 £0.55 0.177 0.330
HDL-c (mmol/L) 1.10 £ 0.22 1.84 £0.37 1.70 £0.44 0.001 0.001
LDL-c (mmol/L) 3.44 + 0.63 2.73 +0.46 2.84 +0.58 0.001 0.001
FBG (mmol/L) 5.64 +1.10 5.39 + 1.02 5.39 + 0.83 0.234 0.073
SBP (mmHg) 132.50 £+ 20.47 120.43 +11.82 122.50 + 11.22 0.033 0.041
DBP (mmHg) 79.93 + 11.84 76.71 + 11.66 76.64 +9.83 0.284 0.044

4Data are presented as mean + SD value. The meaning of the bold value is p < 0.05.
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Effects on Fecal Untargeted
Metabolomics After 2 Weeks Diet

Intervention

Figure 3 shows representative 500 MHz 'H-NMR spectrograms
of fecal samples before and after dietary intervention. According
to the chemical shift and signal diversity of each metabolite,
45 different metabolites were identified and quantified, in
combination with the previously reported literature and the
human metabolome database (HMDB; http://www.hmdb.ca/)
(26-28). To obtain an overview of fecal metabolites before
and after dietary intervention, PCA was performed on the
results. Figure 4A shows the PC1 and PC2 scores for all
samples. The first two principal components cumulatively
explained 44.1% of the total variances. To achieve maximum
separation between groups in fecal metabolites before and
after dietary intervention, OPLS-DA was used to visualize
metabolite differences (Figure 4B). The results showed that
the model had a good performance for the separation
of fecal metabolites before and after dietary intervention
in volunteers, R?X = 0.759, R?Y = 0945, Q* = 0.592,
which indicated that the fecal metabolites before and after
dietary intervention in volunteers could be well-identified and
distinguished by the model. The Permutation Test (200 times)
was used to further evaluate the robustness of the model,
R?> = 0.641, Q> = —0.383, suggesting that the model was
well-fitted and highly predictable. As the R? and Q? values
in the permutation test were lower than the corresponding
original values, the regression line of Q? had a negative
intercept (Figure 4C).

The volcano plot was employed to identify—potentially
important metabolic markers according to fold change (FC > 1.1
or <0.9) and Paired Samples Wilcoxon test p < 0.05
(Figure 4D).Then further combined with the VIP value (VIP > 1)
in OPLS-DA score plots, significantly different metabolite
profiles were screened and selected as potential biomarkers to
determine the essential changes in fecal metabolites before and
after dietary intervention (Table 2). Nine metabolites showed
significant changes compared with pre-intervention values.
Among them, two metabolites increased (butyrate and citrulline);
while seven metabolites decreased (threonine, choline, lysine,
glycine, aspartate, alanine, and N-acetylglutamic acid).

Correlations Between Feces Metabolites

and Clinical Parameters

As the volunteers’ body weight, blood pressure and blood
lipid significantly improved after the dietary intervention,
and volunteers’ fecal metabolites also significantly changed,
it is necessary to further study the correlation between the
volunteers’ fecal metabolites and clinical parameters using
Pearson correlation analysis. As shown in Figure 5, FBG, blood
pressure and serum TG, LDL-c levels were significantly and
positively correlated with fecal metabolites in volunteers, of
which SBP levels were correlated with alanine and aspartate,
DBP levels were correlated with aspartate, FBG levels were
correlated with N-acetylglutamic acid, TG levels were correlated
with choline, and LDL-c levels were correlated with glycine.

Moreover, HDL-c levels were significantly inversely correlated
with threonine.

Prediction of Metabolic Interactions by
Search Tool for Interactions of

Chemicals

To explore the exact effects of dietary patterns on the efficacy
of reducing CVD in humans, using lipid-related indexes
(triacylglycerol and cholesterol) as targets, the relationship
between the nine significantly changed biomarkers and targets
were explored. The algorithm used by STITCH contains
metabolic pathways, molecular structures, etc., which can
identify data and their interactions from multiple perspectives,
and outperforms other traditional correlation-based network
analyses (25). Therefore, metabolic networks based on these
biomarkers and biochemical targets were constructed by
STITCH. The results showed that all biomarkers can directly or
indirectly interact with triacylglycerol and cholesterol (Figure 6).
Furthermore, glycine, choline, alanine, lysine, and aspartate
showed strong direct interactions with cholesterol (combined
score: 0.708; 0.847; 0.872; 0.766; 0.698). Butyrate has a weaker
direct interaction with cholesterol (combined score: 0.490).
Additionally, choline, alanine, and aspartate also showed strong
interactions with triacylglycerol (combined score: 0.637; 0.819;
0.586). Glycine and citrulline had weaker direct interactions with
triacylglycerol (combined score: 0.428;0.435). N-acetylglutamic
acid and threonine do not directly act with triacylglycerol
or cholesterol. However, N-acetylglutamic acid can modulate
triacylglycerol and cholesterol via ASS1 to generate citrulline and
aspartate. Threonine can modulate triacylglycerol and cholesterol
through alanine, aspartate, and glycine. In addition, choline,
butyrate, glycine, aspartate, lysine, and alanine can also strongly
interact with triacylglycerol and cholesterol through bile acids.
In summary, the predicted metabolic interaction among the
nine identified biomarkers and lipid targets provided a potential
explanation for the changes in lipid metabolism/transport caused
by dietary interventions, thus improving the clinical indicators
related to CVD in volunteers.

Metabolic Pathway Analysis

To understand whether the fecal metabolite changes of volunteers
reflected synergistic changes in their metabolic pathways, nine
biomarkers were used for metabolome enrichment analysis
and pathway analysis using MetaboAnalyst 5.0 (Figures 7A,B).
The pathway analysis module of MetaboAnalyst 5.0 contains
new algorithms and concepts with the high-quality KEGG and
well-established methods. Accordingly, the pathway library of
Homo sapiens and Fisher’s exact test was applied for pathway
enrichment analysis, and relative-betweenness centrality was
performed for pathway topology analysis based on reported
protocols (29). Metabolites that have been significantly altered
are mapped onto likely relevant pathways, and were used to
explain the metabolism. The influenced metabolic pathways were
set as p value less than 0.05. The results showed that there
were five potential metabolic pathways with significant changes
that may be critical in reducing the risk of CVD (p < 0.05)
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(30). These were: (1) arginine biosynthesis; (2) aminoacyl-tRNA
biosynthesis; (3) glycine, serine, and threonine metabolism; (4)
alanine, aspartate, and glutamate metabolism; (5) valine, leucine,
and isoleucine biosynthesis. These results indicated that the
effects of this dietary pattern on the body’s health status were
associated with different metabolic pathways, and these metabolic
pathways may play an important role in reducing the risk
of CVD in humans.

DISCUSSION

Studies have shown that a healthy dietary pattern can reduce
the risk of CVD and plays an important role in health care (8,
9). However, the application and promotion of these healthy
dietary patterns were limited by the differences in food types
and eating habits in different areas. Therefore, it is necessary
to combine the characteristics of local food materials and
dietary habits to study healthy dietary patterns with high
local acceptance in different regions. This small pilot study
showed that 2 weeks intervention using the Guangxi longevity

dietary pattern was beneficial for reducing CVD risk factors
in humans under high compliance, which was characterized
by significantly reduced body weight, TC, LDL-c, and blood
pressure levels, while it increased volunteers’ HDL-c levels.
Untargeted fecal metabolomics analysis demonstrated that nine
metabolites showed significant differences, including amino
acid metabolism, lipid metabolism and urea cycle. Among
them, two metabolites increased (butyrate and citrulline),
seven metabolites decreased (threonine, choline, glycine,
aspartate, alanine, N-acetylglutamic acid, and lysine). We
also found that five pathways are closely related to these
beneficial effects, involving the biosynthesis of arginine,
aminoacyl-tRNA, valine, leucine and isoleucine, as well as the
metabolism of alanine, aspartate and glutamate, glycine, serine
and threonine.

Anthropometry and Blood Biochemical

Metabolism
As important factors affecting individual lifespan, body weight
and BMI are significantly associated with CVD and mortality
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TABLE 2 | Statistical analysis results of the main metabolite in feces.

Metabolite (peak position) VIP Relative intensity FC p Value
Baseline Day 15
Threonine (4.24 ppm) 1.57 0.60 &+ 0.34 0.30 +0.23) 0.50 0.004
Choline (4.06 ppm) 1.14 0.24 +£0.16 0.09 £ 0.06} 0.40 0.001
Glycine (3.57 ppm) 1.57 1.154+0.34 0.85 + 0.24| 0.74 0.022
Lysine (3.03 ppm) 2.32 2.90 &+ 3.10 1.71 £1.06) 0.59 0.022
Aspartate (2.68 ppm) 1.04 0.56 &+ 0.19 0.404+0.21) 0.71 0.085
N-Acetylglutamic acid (2.06 ppm) 1.60 0.93+0.38 0.61 £0.29) 0.65 0.012
Citrulline (1.56 ppm) 2.46 4.22 +£1.27 5.20 +1.41¢ 1.23 0.012
Alanine (1.48 ppm) 2.30 2.87 +0.80 218 +£0.70 0.76 0.041
Tyrosine (3.07 ppm) 0.81 0.27 £0.27 0.14 £0.10} 0.53 0.030
Trimethylamine (2.89 ppm) 0.56 0.14 +0.08 0.09 £+ 0.05) 0.63 0.039
Uracil (5.81 ppm) 0.84 0.38 +£0.12 0.29 4+ 0.09 0.75 0.019
Fumarate (6.52 ppm) 0.48 0.12+0.08 0.08 £0.03} 0.65 0.035
Butyrate (0.90 ppm) 2.64 7.08 +1.93 8.36 + 2.161 1.18 0.080

“4” indlicates that relative abundance of metabolites increased after the dietary intervention.
“|” indicates that relative abundance of metabolites decreased after the dietary intervention.
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FIGURE 5 | Heatmap of correlations between the nine significantly different fecal metabolites identified and clinical parameters (red indicates a positive correlation,
green indicates a negative correlation). Significantly correlated at “p < 0.05, **p < 0.01, **p < 0.001 (two-sided test).

Citrulline
Alanine
Butyrate
Lysine

risk (31). This relationship was particularly obvious among
Asians. Studies have shown that a one-unit increase in
BMI would cause 14% of the increase in the risk of
coronary heart disease (32). In this study, volunteers’ averaged
baseline BMI > 25 kg/m?, therefore, it is very important
to apply personalized weight loss strategies for overweight
volunteers to regulate their health status. After 2 weeks of

the high-compliance Guangxi longevity dietary intervention,
volunteers’ body weight was significantly reduced (2.96%,
p = 0.004), and BMI decreased by 0.79 units (25.42 £ 3.75
vs 24.63 + 3.35 kg/m?, p = 0.004). This may be related
to our dietary pattern, with rice and coarse cereals as
the staple food, which was rich in fruits and vegetables
and has a high dietary fiber content. Studies have shown

Frontiers in Nutrition | www.frontiersin.org

May 2022 | Volume 9 | Article 853365


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/
https://www.frontiersin.org/journals/nutrition#articles

Han et al.

Dietary Intervention and Cardiovascular Disease

N-acetylglutamic acid @
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that a higher dietary fiber intake helps to reduce food
energy density, increase satiety, and buffer fluctuations in
insulin levels, thereby effectively regulating appetite (33).
Therefore, the Guangxi longevity dietary can reduce the
body weight and BMI of volunteers and better protect the
body’s health state.

This dietary pattern also significantly improved blood lipid
levels in the volunteers. After the dietary intervention, TC and
LDL-c levels were reduced by 8.84% (p = 0.002) and 16.98%
(p = 0.001), and HDL-c level increased by 54.71% (p = 0.001).
The blood lipid levels can reflect the lipid metabolism status in
the body. It has been widely used in the prevention and treatment
of CVD, and thus has become an important indicator of human
health status (34, 35). The potential mechanism regulating these
may be the diet containing nuts rich in essential fatty acids
such as w-3 fatty acids, arachidonic acid, and a high intake of
unsaturated fatty acids. Studies have shown that the appropriate
intake of polyunsaturated fatty acids (PUFA) can effectively
reduce blood TC and LDL-c levels, with positive effects on
reducing CVD risk and improving body metabolism (36, 37).
Meanwhile, high levels of soluble dietary fiber intake are also
a key factor affecting blood cholesterol levels. The dietary fiber
content in this study is high, soluble dietary fiber intake could
effectively accelerate gut motility, increase the fecal excretion
of bile acids, and reduce bile acid reabsorption in the small
intestine. Organism bile acid loss would lead to LDL-c uptake
by the liver from the blood, which would reduce serum TC
and LDL-C concentrations (38). Therefore, Guangxi longevity
dietary pattern can effectively improve blood lipids and reduce
the body’s risk of CVD.

Hypertension is one of the main causes of CVD and death.
Healthy dietary patterns have been shown to be effective in
controlling blood pressure, which then reduces CVD risk (39).
The Guangxi longevity dietary pattern constructed by our team
showed a significant decrease in SBP (6.33%, p = 0.041) and
DBP (3.62%, p = 0.044) levels of volunteers after 2 weeks of
high compliance dietary intervention. Dietary patterns rich in
potassium, magnesium and dietary fiber, while limiting total
fat intake, have been shown to have a good blood pressure
reduction effect (40). This is consistent with our study showing
that Guangxi longevity dietary pattern was low in fat, and high in
potassium, magnesium and dietary fiber due to its high levels of
whole grains, fruits and vegetables. These results also indicate the
potential protective effect of this dietary pattern on the human
cardiovascular system.

Although volunteers’ FBG levels showed a decreased trend
after the dietary intervention, there was no statistical difference.
This might be due to the limited number of volunteers and their
different FBG levels, so short-term dietary intervention had a
limited effect on FBG. In addition, according to the existing
dietary intervention studies, the hypoglycemic effect of diet needs
to be further explored (41).

Untargeted Feces Metabolomics and

Metabolites

In this study, nine metabolites with significant differences
were identified by 'H-NMR (Table 2), mainly involving
amino acid metabolism, lipid metabolism and urea cycle.
Moreover, serum TG, LDL-c, HDL-c, FBG, and blood pressure
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levels were significantly correlated with fecal metabolites.
The STITCH network showed that all metabolic markers
could directly or indirectly interact with triacylglycerol and
cholesterol, suggesting that the effect of the dietary pattern
on improving the risk of CVD in volunteers was closely
related to the changes in metabolic markers. Pathway and
enrichment analysis showed that dietary intervention mainly
affected five pathways, including the biosynthesis of arginine,
aminoacyl-tRNA, valine, leucine, and isoleucine, as well as the
metabolism of alanine, aspartate and glutamate, glycine, serine,
and threonine.

Amino Acid Metabolism

After the dietary intervention, some amino acid levels in the fecal
metabolites of volunteers were markedly decreased (threonine,
glycine, lysine, aspartate, and alanine). Many studies have
demonstrated that fecal amino acids are effective in predicting
organism health status, with good diagnostic potential in diseases
such as diabetes (42). Studies have shown that subjects at
high risk of diabetes have higher levels of fecal amino acid,
and that the impaired metabolism of the organism caused by
obesity also leads to an increase in fecal amino acid levels.
For example, higher levels of alanine have been found in the
feces of overweight and obese subjects (43). Studies in patients
with diabetes and metabolic syndrome have found that the
concentration of fecal alanine increased with the development

of the disease (44). And alanine was positively associated with
dyslipidemia (45). It was also verified in the animal model that
diabetic mice exhibited higher levels of aspartate and lysine
in feces than healthy mice (46). All volunteers in this study
were at risk for CVD, so we conclude that a reduction in
fecal amino acid levels is a marker of recovery from metabolic
adjustment and has a positive effect on improving blood lipids
and blood glucose.

Meanwhile, the nutrient malabsorption caused by intestinal
epithelial inflammation and injury leads to excessive amino
acid levels in feces (47). As an essential amino acid, threonine
is an important component of intestinal mucin proteins, and
can effectively help the intestine to form mucus gels, thereby
protecting the intestine from pathogens. It can also improve
the immune system by participating in inflammation and
immune gene expression (27). Significantly higher levels of
threonine were found in the fecal metabolites of patients with
irritable bowel syndrome (IBD) and ankylosing spondylitis (AS)
(27, 48). Meanwhile, increased levels of lysine, alanine, and
glycine have also been shown to correlate with malabsorption
due to intestinal inflammation (49, 50). Therefore, the
decreased fecal levels of alanine, threonine, aspartate, lysine
and glycine could reflect the improved inflammatory status
in vivo. In addition, threonine and lysine in the intestine can
synthesize butyrate, thus improving the lipid and blood pressure
levels (51).
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Lipid Metabolism

Butyrate and choline, as important components of lipid
metabolism, also significantly changed after intervention. As the
most common short-chain fatty acids (SCFAs), butyrate is mainly
produced by the fermentation of indigestible carbohydrates by
gut microorganisms (52). Studies have shown that butyrate can
effectively improve blood pressure status, and play a positive
role in maintaining the integrity of intestinal epithelial cells
and reducing apoptosis (53, 54). And butyrate can increase
insulin sensitivity by stimulating intestinal epithelial cells to
secrete glucagon-like peptide 1 (55), and improve blood lipid
levels by down-regulating the expression of nine key genes
of cholesterol biosynthesis (56). It has been demonstrated
that short-term dietary interventions can rapidly change the
composition and activity of gut microbiota, thereby affecting
the production of SCFAs (57). After the dietary intervention,
butyrate levels in the volunteers’ feces significantly increased.
The potential reason for this is that the high levels of
grains, fruits and vegetables in the diet effectively modify the
composition and numbers of the bacterial communities (58).
Therefore, Guangxi longevity dietary pattern is able to play
a positive role in reducing the risk of CVD by increasing
butyrate content.

Choline, as part of the lipid metabolism, was significantly
reduced after this experiment. In the large intestine, choline
can be converted to trimethylamine (TMA) by gut microbiota,
and subsequently delivered to the liver through the portal
circulation, then metabolized to trimethylamine-N-oxide
(TMAO) in the liver and circulated throughout the body (59).
TMAO is a predictor of CVD risk such as coronary heart
disease, atherosclerosis, etc. (60). Studies also demonstrated
a significant dose-dependent association between TMAO
concentration and the risk of hypertension, which is also
associated with cardiovascular metabolic risk indicators such
as HDL-c in both healthy individuals and patients with CVD
(61). Therefore, we believe that a significant reduction in
choline levels plays an important role in reducing the risk
of CVD.

Urea Cycle

Although the urea cycle occurs in the liver, studies have shown
that citrulline in the body is almost exclusively produced
by the gut (62). As a precursor substance for arginine, the
citrulline produced in the intestine can be released into the
blood stream, becoming a major source of endogenous arginine
(63). In addition, arginine metabolism in the intestine can also
generate citrulline, which is released into the portal vein and
participates in urea cycle processes (64). N-acetylglutamic acid
as an essential cofactor of carbamoyl phosphate, studies have
proved that the synthesis of citrulline and urea is related to it
(65). Therefore, we believe that the changes of citrulline and
N-acetylglutamic acid in volunteers’ feces are associated with
urea cycle.

As essential components of the arginine biosynthetic pathway,
Studies have proven that citrulline may effectively protect diabetic
patients from renal damage by promoting nitric oxide (NO)
production. Meanwhile, NO produced from citrulline increases

the adenosine monophosphate-activated protein kinase alpha
(AMPKa) of phosphorylation and activation, then specifically
inhibiting the expression of sterol regulatory element-binding
protein 1 (SREBP-1). SREBP-1 makes a master regulator
of lipogenesis, which can induce cholesterol and fatty acids
biosynthesis. Therefore, citrulline mediated inhibition of SREBP1
expression would decrease lipogenesis and accumulation (66).
In addition, it has anti-inflammatory properties, and can exert
beneficial effects on a variety of metabolic problems caused by
aging (67). Therefore, the significant increase in citrulline in
this study has a positive effect on reducing blood lipids and
improving body health. N-acetylglutamic acid plays an important
role in the urea cycle. Although N-acetylglutamic acid has
not been reported to have the ability to improve CVD risk,
STITCH predicted a close association between N-acetylglutamic
acid and citrulline. Thus, the mechanism behind this was
likely related.

In summary, nine of the metabolites discussed above played
an important role in reducing the risk of CVD in the human
body. Our study had high compliance and low dropout
(n = 1) throughout the experiment, which shows that the
designed dietary pattern was well-tolerated. This study has some
limitations. The intervention time is short, which may have
weakened its ability to detect changes in the studied parameters.
Therefore, it is necessary to extend the intervention time in
subsequent experiments to further evaluate the improvement
effect of this dietary pattern on CVD risk factors, and establish
an effective pathway for CVD disease prevention through diet.

CONCLUSION

Human health indicators and 'H NMR-based metabolomics
analysis revealed that Guangxi longevity dietary pattern has
the beneficial property of reducing CVD risk factors at a
short-term intervention with high compliance. This study
better verified and highlighted the beneficial effect of Guangxi
longevity dietary pattern on human health, which provides
a new strategy for ensuring physical health and promoting
optimal cardiometabolic through food instead of drugs. This
has a promising development prospect. To support these results,
further in-depth investigations are necessary, and targeted
metabolomics analysis could also be performed.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by The Ethics Committee of Guangxi University
(Approval No.GXU-2020-136). The patients/participants
provided their written informed consent to participate
in this study.

Frontiers in Nutrition | www.frontiersin.org

May 2022 | Volume 9 | Article 853365


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/
https://www.frontiersin.org/journals/nutrition#articles

Han et al.

Dietary Intervention and Cardiovascular Disease

AUTHOR CONTRIBUTIONS

KH and QL: conceptualization. JM and JD: software. DH:
formal analysis. WZu and XY: investigation. WZe, YS,
and FS: data curation. KH: methodology and Writing—
original draft. DH and QL: writing—review and editing.
All authors had reviewed the manuscript and approved the
final manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (No. 31871802) and the Key

REFERENCES

1. Zhao D. Epidemiological features of cardiovascular disease in Asia. JACC Asia.
(2021) 1:1-13. doi: 10.1016/j.jacasi.2021.04.007

2. Tektonidis TG, Akesson A, Gigante B, Wolk A, Larsson SCA. Mediterranean
diet and risk of myocardial infarction, heart failure and stroke: a
population-based cohort study. Atherosclerosis. (2015) 243:93-8. doi: 10.1016/
j.atherosclerosis.2015.08.039

3. Mertens E, Markey O, Geleijnse M, Lovegrove JA, Givens DI. Adherence
to a healthy diet in relation to cardiovascular incidence and risk markers:
evidence from the caerphilly prospective study. Eur ] Nutr. (2018) 57:1245-58.
doi: 10.1007/s00394-017-1408-0

4. Reynolds A, Mann J, Cummings J, Winter N, Mete E, Te Morenga L.
Carbohydrate quality and human health: a series of systematic reviews
and meta-analyses. Lancet. (2019) 393:434-45. doi: 10.1016/S0140-6736(18)
31809-9

5. Miller V, Mente A, Dehghan M. Fruit, vegetable, and legume intake, and
cardiovascular disease and deaths in 18 countries (PURE): a prospective
cohort study. Lancet. (2017) 390:2037-49. doi: 10.1016/S0140-6736(17)
32253-5

6. Reedy J, Krebs-Smith SM, Miller PE, Liese AD, Kahle LL, Park Y, et al. Higher
diet quality is associated with decreased risk of all-cause, cardiovascular
disease, and cancer mortality among older adults. ] Nutr. (2014) 144:881-9.
doi: 10.3945/jn.113.189407

7. Sotos-Prieto M, Bhupathiraju SN, Mattei J, Fung TT, Li Y, Pan A,
et al. Association of changes in diet quality with total and cause-specific
mortality. N Engl ] Med. (2017) 377:143-53. doi: 10.1056/NEJMoal6
13502

8. Properzi C, O’Sullivan TA, Sherriff JL, Ching HL, Jeffrey GP, Buckley RE, et al.
Ad libitum Mediterranean and low-fat diets both significantly reduce hepatic
Steatosis: a randomized controlled trial. Hepatology. (2018) 68:1741-54. doi:
10.1002/hep.30076

9. Juraschek SP, Yokose C, McCormick N, Miller ER, Appel L], Choi HK. Effects
of dietary patterns on serum urate: results from a randomized trial of the
effects of diet on hypertension. Arthritis Rheumatol. (2021) 73:1014-20. doi:
10.1002/art.41614

10. Committee OOGHAP. Create a new business card of “Longevity towns of
China”. Healthy China Observ. (2021) 4:24-5.

11. Pan S-L, Wang E Lu Z-P, Liu C-W, Hu C-Y, Luo H, et al. Cholesteryl ester
transfer protein Taq IB polymorphism and its association with serum lipid
levels and longevity in Chinese Bama Zhuang population. Lipids Health Dis.
(2012) 11:26. doi: 10.1186/1476-511X-11-26

12. Cai D, Zhao S, Li D, Chang E Tian X, Huang G, et al. Nutrient intake is
associated with longevity characterization by metabolites and element profiles
of healthy centenarians. Nutrients. (2016) 8:564. doi: 10.3390/nu8090564

13. Wang E Yu T, Huang G, Cai D, Liang X, Su H, et al. Gut microbiota
community and its assembly associated with age and diet in chinese

Research and Development Projects in Guangxi, China
(No. AB18221065).

ACKNOWLEDGMENTS

We are deeply grateful to all the participants for their
collaboration in 2 weeks trial and sample collection.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnut.2022.
853365/full#supplementary- material

centenarians. ] Microbiol Biotechnol. (2015) 25:1195-204. doi: 10.4014/jmb.
1410.10014

14. Haijing L, Boning Y, Lianli H, Hui S, Qi S, Yanting H, et al. Effect of Bama
characteristic dietary patterns on exercise capacity and antianxiety level of
D-galactose-induced aging mice. Food Sci. (2019) 40:196-203.

15. Yanting H, Lihua M, Haibo P, Lugi Q, Chuanyan R, Menglin N, et al. Anti-
aging effect of Bama longevity characteristic dietary patterns in naturally aging
mice. Food Sci. (2021) 42:137-44.

16. Zhao D, Liu X, Zhao S, Li Z, Qin X. (1)H NMR-based fecal metabolomics
reveals changes in gastrointestinal function of aging rats induced by
d-Galactose. Rejuvenation Res. (2021) 24:86-96. doi: 10.1089/rej.2020.2352

17. Jain A, Li XH, Chen WN. An untargeted fecal and urine metabolomics analysis
of the interplay between the gut microbiome, diet and human metabolism in
Indian and Chinese adults. Sci Rep. (2019) 9:9191. doi: 10.1038/s41598-019-
45640-y

18. LiY, Xie Z, Gao T, Li L, Chen Y, Xiao D, et al. A holistic view of gallic acid-
induced attenuation in colitis based on microbiome-metabolomics analysis.
Food Funct. (2019) 10:4046-61. doi: 10.1039/C9FO00213H

19. Lockyer S, Rowland I, Spencer JPE, Yaqoob P, Stonehouse W. Impact
of phenolic-rich olive leaf extract on blood pressure, plasma lipids and
inflammatory markers: a randomised controlled trial. Eur ] Nutr. (2017)
56:1421-32. doi: 10.1007/s00394-016-1188-y

20. Saltzman E, Das SK, Lichtenstein AH, Dallal GE, Corrales A, Schaefer EJ,
et al. An oat-containing hypocaloric diet reduces systolic blood pressure and
improves lipid profile beyond effects of weight loss in men and women. J Nutr.
(2001) 131:1465-70. doi: 10.1093/jn/131.5.1465

21. Eldridge SM, Chan CL, Campbell MJ, Bond CM, Hopewell S, Thabane L,
et al. CONSORT 2010 statement: extension to randomised pilot and feasibility
trials. BMJ. (2016) 355:15239. doi: 10.1136/bmj.i5239

22. Baecke ], Burema J, Frijters JE. A short questionnaire for the measurement of
habitual physical activity in epidemiological studies. Am ] Clin Nutr. (1982)
36:936-42. doi: 10.1093/ajcn/36.5.936

23. Qi S, Lianzhong A, Hongyan L, Dan H, Yu C, Hui §, et al. Effect of Bama
longevity dietary patterns on antioxidant stress in a mouse model of aging.
Food Sci. (2018) 39:147-53.

24. WuJ, AnY, Yao ], Wang Y, Tang H. An optimised sample preparation method
for NMR-based faecal metabonomic analysis. Analyst. (2010) 135:1023-30.
doi: 10.1039/B927543F

25. Kuhn M, von Mering C, Campillos M, Jensen L], Bork P. STITCH: interaction
networks of chemicals and proteins. Nucleic Acids Res. (2008) 36:D684-8.
doi: 10.1093/nar/gkm?795

26. Lin H, An 'Y, Hao E Wang Y, Tang H. Correlations of fecal metabonomic and
microbiomic changes induced by high-fat diet in the pre-obesity state. Sci Rep.
(2016) 6:21618. doi: 10.1038/srep21618

27. Lee JS, Kim SY, Chun YS, Chun YJ, Shin SY, Choi CH, et al. Characteristics
of fecal metabolic profiles in patients with irritable bowel syndrome
with predominant diarrhea investigated using (1) H-NMR coupled with

Frontiers in Nutrition | www.frontiersin.org

May 2022 | Volume 9 | Article 853365


https://www.frontiersin.org/articles/10.3389/fnut.2022.853365/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2022.853365/full#supplementary-material
https://doi.org/10.1016/j.jacasi.2021.04.007
https://doi.org/10.1016/j.atherosclerosis.2015.08.039
https://doi.org/10.1016/j.atherosclerosis.2015.08.039
https://doi.org/10.1007/s00394-017-1408-0
https://doi.org/10.1016/S0140-6736(18)31809-9
https://doi.org/10.1016/S0140-6736(18)31809-9
https://doi.org/10.1016/S0140-6736(17)32253-5
https://doi.org/10.1016/S0140-6736(17)32253-5
https://doi.org/10.3945/jn.113.189407
https://doi.org/10.1056/NEJMoa1613502
https://doi.org/10.1056/NEJMoa1613502
https://doi.org/10.1002/hep.30076
https://doi.org/10.1002/hep.30076
https://doi.org/10.1002/art.41614
https://doi.org/10.1002/art.41614
https://doi.org/10.1186/1476-511X-11-26
https://doi.org/10.3390/nu8090564
https://doi.org/10.4014/jmb.1410.10014
https://doi.org/10.4014/jmb.1410.10014
https://doi.org/10.1089/rej.2020.2352
https://doi.org/10.1038/s41598-019-45640-y
https://doi.org/10.1038/s41598-019-45640-y
https://doi.org/10.1039/C9FO00213H
https://doi.org/10.1007/s00394-016-1188-y
https://doi.org/10.1093/jn/131.5.1465
https://doi.org/10.1136/bmj.i5239
https://doi.org/10.1093/ajcn/36.5.936
https://doi.org/10.1039/B927543F
https://doi.org/10.1093/nar/gkm795
https://doi.org/10.1038/srep21618
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/
https://www.frontiersin.org/journals/nutrition#articles

Han et al.

Dietary Intervention and Cardiovascular Disease

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

multivariate statistical analysis. Neurogastroenterol Motil. (2020) 32:e13830.
doi: 10.1111/nmo.13830

Zidi O, Souai N, Raies H, Ben Ayed F Mezlini A, Mezrioui S, et al.
Fecal metabolic profiling of breast cancer patients during neoadjuvant
chemotherapy reveals potential biomarkers. Molecules. (2021) 26:2266. doi:
10.3390/molecules26082266

Chong J, Soufan O, Li C, Caraus I, Li S, Bourque G, et al. MetaboAnalyst
4.0: towards more transparent and integrative metabolomics analysis. Nucleic
Acids Res. (2018) 46:W486-94. doi: 10.1093/nar/gky310

Palviainen M, Laukkanen K, Tavukcuoglu Z, Velagapudi V, Karkkainen
O, Hanhineva K, et al. Cancer alters the metabolic fingerprint of
extracellular vesicles. Cancers (Basel). (2020) 12:3292. doi: 10.3390/cancers121
13292

Willett WC, Dietz WH, Colditz GA. Guidelines for healthy weight. N Engl J
Med. (1999) 341:427-34.

Jee SH, Pastor-Barriuso R, Appel L], Suh I, Miller ER III, Guallar E. Body mass
index and incident ischemic heart disease in South Korean men and women.
Am ] Epidemiol. (2005) 162:42-8. doi: 10.1093/aje/kwil66

Slavin JL. Dietary fiber and body weight. Nutrition. (2005) 21:411-8. doi:
10.1016/j.nut.2004.08.018

Ference BA, Ginsberg HN, Graham I, Ray KK, Packard CJ, Bruckert E,
et al. Low-density lipoproteins cause atherosclerotic cardiovascular disease.
1. Evidence from genetic, epidemiologic, and clinical studies. A consensus
statement from the European atherosclerosis society consensus panel. Eur
Heart ]. (2017) 38:2459-72. doi: 10.1093/eurheartj/ehx144

Assmann GJA. High-density lipoprotein cholesterol as a predictor of
coronary heart disease risk. The PROCAM experience and pathophysiological
implications for reverse cholesterol transport. Atherosclerosis. (1996) 124:S11—
20. doi: 10.1016/0021-9150(96)05852-2

Shramko VS, Polonskaya YV, Kashtanova EV, Stakhneva EM, Ragino
YI. The short overview on the relevance of fatty acids for human
cardiovascular disorders. Biomolecules. (2020) 10:1127. doi: 10.3390/biom100
81127

Mozaffarian D, Wu JH. Omega-3 fatty acids and cardiovascular disease: effects
on risk factors, molecular pathways, and clinical events. ] Am Coll Cardiol.
(2011) 58:2047-67. doi: 10.1016/j.jacc.2011.06.063

Surampudi P, Enkhmaa B, Anuurad E, Berglund L. Lipid lowering with soluble
dietary fiber. Curr Atheroscler Rep. (2016) 18:75. doi: 10.1007/s11883-016-
0624-z

Willcox DC, Scapagnini G, Willcox BJ. Healthy aging diets other than the
Mediterranean: a focus on the Okinawan diet. Mech Ageing Dev. (2014)
136-137:148-62. doi: 10.1016/j.mad.2014.01.002

Kwan MW, Wong MC, Wang HH, Liu KQ, Lee CL, Yan BP, et al.
Compliance with the dietary approaches to stop hypertension (DASH) diet:
a systematic review. PLoS One. (2013) 8:¢78412. doi: 10.1371/journal.pone.00
78412

Zimorovat A, Mohammadi M, Ramezani-Jolfaie N, Salehi-Abargouei A. The
healthy Nordic diet for blood glucose control: a systematic review and meta-
analysis of randomized controlled clinical trials. Acta Diabetol. (2020) 57:1-12.
doi: 10.1007/s00592-019-01369-8

Lynch CJ, Adams SH. Branched-chain amino acids in metabolic signalling and
insulin resistance. Nat Rev Endocrinol. (2014) 10:723-36. doi: 10.1038/nrendo.
2014.171

Cui M, Trimigno A, Castro-Mejia JL, Reitelseder S, Bulow ], Bechshoft RL,
et al. Human fecal metabolome reflects differences in body mass index,
physical fitness, and blood lipoproteins in healthy older adults. Metabolites.
(2021) 11:717. doi: 10.3390/metabo11110717

Palmer ND, Stevens RD, Antinozzi PA, Anderson A, Bergman RN,
Wagenknecht LE, et al. Metabolomic profile associated with insulin
resistance and conversion to diabetes in the insulin resistance atherosclerosis
study. J Clin Endocrinol Metab. (2015) 100:E463-8. doi: 10.1210/jc.2014-
2357

Macias-Acosta MP, Valerdi-Contreras L, Bustos-Angel ED, Garcia-Reyes RA,
Alvarez-Zavala M, Gonzalez-Avila M. Involvement of the fecal amino acid
profile in a clinical and anthropometric study of Mexican patients with insulin
resistance and type 2 diabetes mellitus. Amino Acids. 2022, 54:47-55. doi:
https://doi.org/10.1007/s00726-021-03107-3

Zhu Y, Cong W, Shen L, Wei H, Wang Y, Wang L, et al. Fecal metabonomic
study of a polysaccharide, MDG-1 from ophiopogon japonicus on diabetic
mice based on gas chromatography/time-of-flight mass spectrometry (GC

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

TOF/MS) [10.1039/C3MB70392D]. Mol Biosyst. (2014) 10:304-12. doi: 10.
1039/C3MB70392D

Marchesi JR, Holmes E, Khan F, Kochhar S, Scanlan P, Shanahan E et al.
Rapid and noninvasive metabonomic characterization of inflammatory bowel
disease. J Proteome Res. (2007) 6:546-51. doi: 10.1021/pr060470d

Shao T-J, He Z-X, Xie Z-J, Li H-C, Wang M-J, Wen C-P. Characterization
of ankylosing spondylitis and rheumatoid arthritis using 1H NMR-based
metabolomics of human fecal extracts. Metabolomics. (2016) 12:70. doi: 10.
1007/s11306-016-1000-2

Mars RAT, Yang Y, Ward T, Houtti M, Priya S, Lekatz HR, et al. Longitudinal
multi-omics reveals subset-specific mechanisms underlying irritable bowel
syndrome. Cell. (2020) 182:1460-73.e17. doi: 10.1016/j.cell.2020.08.007

Jagt JZ, Struys EA, Ayada I, Bakkali A, Jansen EEW, Claesen J, et al. Fecal
amino acid analysis in newly diagnosed pediatric inflammatory bowel disease:
a multicenter case-control study. Inflamm Bowel Dis. (2021) izab256. doi:
10.1093/ibd/izab256

Lin R, Liu W, Piao M, Zhu H. A review of the relationship between the gut
microbiota and amino acid metabolism. Amino Acids. (2017) 49:2083-90.
doi: 10.1007/s00726-017-2493-3

Tan J, Mckenzie C, Potamitis M, Thorburn AN, Mackay CR, Macia L. The
role of short-chain fatty acids in health and disease. Adv Immunol. (2014)
121:91-119. doi: 10.1016/B978-0-12-800100-4.00003-9

Gomez-Arango LE Barrett HL, McIntyre HD, Callaway LK, Morrison M,
Dekker Nitert M, et al. Increased systolic and diastolic blood pressure
is associated with altered gut microbiota composition and butyrate
production in early pregnancy. Hypertension. (2016) 68:974-81. doi: 10.1161/
HYPERTENSIONAHA.116.07910

Mathewson ND, Jenq R, Mathew AV, Koenigsknecht M, Hanash A, Toubai
T, et al. Gut microbiome-derived metabolites modulate intestinal epithelial
cell damage and mitigate graft-versus-host disease. Nat Immunol. (2016)
17:505-13. doi: 10.1038/ni.3400

Gao E Lv YW, Long ], Chen JM, He JM, Ruan XZ, et al. Butyrate improves
the metabolic disorder and gut microbiome dysbiosis in mice induced by a
high-fat diet. Front Pharmacol. (2019) 10:1040. doi: 10.3389/fphar.2019.01040
Aguilar EC, Leonel AJ, Teixeira LG, Silva AR, Silva JE Pelaez JMN,
et al. Butyrate impairs atherogenesis by reducing plaque inflammation and
vulnerability and decreasing NFB activation. Nutr Metab Cardiovasc Dis.
(2014) 24:606-13. doi: 10.1016/j.numecd.2014.01.002

Briissow H, Parkinson SJ. You are what you eat. Nat Biotechnol. (2014)
32:243-5. doi: 10.1038/nbt.2845

Paparo L, Calignano A, Tocchetti CG, Di Scala C, Russo R, Bonaduce
D, et al. Chapter 4 - the influence of fiber on gut microbiota: butyrate
as molecular player involved in the beneficial interplay between dietary
fiber and cardiovascular health. In: Samaan RA editor, Dietary Fiber for
the Prevention of Cardiovascular Disease. London: Academic Press (2017).
p. 61-71.

Arias N, Arboleya S, Allison ], Kaliszewska A, Higarza SG, Gueimonde M,
et al. The relationship between choline bioavailability from diet, intestinal
microbiota composition, and its modulation of human diseases. Nutrients.
(2020) 12:2340. doi: 10.3390/nu12082340

Simo C, Garcia-Canas V. Dietary bioactive ingredients to modulate the
gut microbiota-derived metabolite TMAO. New opportunities for functional
food development. Food Funct. (2020) 11:6745-76. doi: 10.1039/DOFO0
1237H

Abbasalizad Farhangi M, Vajdi M. Gut microbiota-associated trimethylamine
N-oxide and increased cardiometabolic risk in adults: a systematic review
and dose-response meta-analysis. Nutr Rev. (2021) 79:1022-42. doi: 10.1093/
nutrit/nuaalll

Curis E, Crenn P, Cynober L. Citrulline and the gut. Curr Opin Clin Nutr Metab
Care. (2007) 10:620-6. doi: 10.1097/mco.0b013e32829fb38d

Cynober L, Boucher JL, Vasson M-P. Arginine metabolism in mammals. ] Nutr
Biochem. (1995) 6:402-13. doi: 10.1016/0955-2863(95)00066-9

van de Poll MC, Siroen MP, van Leeuwen PA, Soeters PB, Melis GC, Boelens
PG, et al. Interorgan amino acid exchange in humans: consequences for
arginine and citrulline metabolism. Am J Clin Nutr. (2007) 85:167-72. doi:
10.1093/ajcn/85.1.167

Rabier D, Kamoun P. Metabolism of citrulline in man. Amino Acids. (1995)
9:299-316. doi: 10.1007/BF00807268

Azizi S, Mahdavi R, Mobasseri M, Aliasgharzadeh S, Abbaszadeh F, Ebrahimi-
Mameghani M. The impact of L-citrulline supplementation on glucose

Frontiers in Nutrition | www.frontiersin.org

May 2022 | Volume 9 | Article 853365


https://doi.org/10.1111/nmo.13830
https://doi.org/10.3390/molecules26082266
https://doi.org/10.3390/molecules26082266
https://doi.org/10.1093/nar/gky310
https://doi.org/10.3390/cancers12113292
https://doi.org/10.3390/cancers12113292
https://doi.org/10.1093/aje/kwi166
https://doi.org/10.1016/j.nut.2004.08.018
https://doi.org/10.1016/j.nut.2004.08.018
https://doi.org/10.1093/eurheartj/ehx144
https://doi.org/10.1016/0021-9150(96)05852-2
https://doi.org/10.3390/biom10081127
https://doi.org/10.3390/biom10081127
https://doi.org/10.1016/j.jacc.2011.06.063
https://doi.org/10.1007/s11883-016-0624-z
https://doi.org/10.1007/s11883-016-0624-z
https://doi.org/10.1016/j.mad.2014.01.002
https://doi.org/10.1371/journal.pone.0078412
https://doi.org/10.1371/journal.pone.0078412
https://doi.org/10.1007/s00592-019-01369-8
https://doi.org/10.1038/nrendo.2014.171
https://doi.org/10.1038/nrendo.2014.171
https://doi.org/10.3390/metabo11110717
https://doi.org/10.1210/jc.2014-2357
https://doi.org/10.1210/jc.2014-2357
https://doi.org/https://doi.org/10.1007/s00726-021-03107-3
https://doi.org/https://doi.org/10.1007/s00726-021-03107-3
https://doi.org/10.1039/C3MB70392D
https://doi.org/10.1039/C3MB70392D
https://doi.org/10.1021/pr060470d
https://doi.org/10.1007/s11306-016-1000-2
https://doi.org/10.1007/s11306-016-1000-2
https://doi.org/10.1016/j.cell.2020.08.007
https://doi.org/10.1093/ibd/izab256
https://doi.org/10.1093/ibd/izab256
https://doi.org/10.1007/s00726-017-2493-3
https://doi.org/10.1016/B978-0-12-800100-4.00003-9
https://doi.org/10.1161/HYPERTENSIONAHA.116.07910
https://doi.org/10.1161/HYPERTENSIONAHA.116.07910
https://doi.org/10.1038/ni.3400
https://doi.org/10.3389/fphar.2019.01040
https://doi.org/10.1016/j.numecd.2014.01.002
https://doi.org/10.1038/nbt.2845
https://doi.org/10.3390/nu12082340
https://doi.org/10.1039/D0FO01237H
https://doi.org/10.1039/D0FO01237H
https://doi.org/10.1093/nutrit/nuaa111
https://doi.org/10.1093/nutrit/nuaa111
https://doi.org/10.1097/mco.0b013e32829fb38d
https://doi.org/10.1016/0955-2863(95)00066-9
https://doi.org/10.1093/ajcn/85.1.167
https://doi.org/10.1093/ajcn/85.1.167
https://doi.org/10.1007/BF00807268
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/
https://www.frontiersin.org/journals/nutrition#articles

Han et al.

Dietary Intervention and Cardiovascular Disease

homeostasis, lipid profile, and some inflammatory factors in overweight
and obese patients with type 2 diabetes: a double-blind randomized
placebo-controlled trial. Phytother Res. (2021) 35:3157-66. doi: 10.1002/ptr.
6997

Chen R, Liao C, Guo Q, Wu L, Zhang L, Wang X. Combined
systems pharmacology and fecal metabonomics to study the biomarkers
and therapeutic mechanism of type 2 diabetic nephropathy treated with
Astragalus and leech. RSC Adv. (2018) 8:27448-63. doi: 10.1039/C8RA04
358B

67.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Han, Ma, Dou, Hao, Zhu, Yu, Zheng, Song, Shi and Li. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Nutrition | www.frontiersin.org

15

May 2022 | Volume 9 | Article 853365


https://doi.org/10.1002/ptr.6997
https://doi.org/10.1002/ptr.6997
https://doi.org/10.1039/C8RA04358B
https://doi.org/10.1039/C8RA04358B
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/
https://www.frontiersin.org/journals/nutrition#articles

	A Clinical Trial of the Effects of a Dietary Pattern on Health Metrics and Fecal Metabolites in Volunteers With Risk of Cardiovascular Disease
	Introduction
	Materials and Methods
	Study Design
	Power Calculation
	Participant Recruitment
	Condensation of Nutrients for Guangxi's Longevity Dietary Pattern
	Study Food Development
	Intervention

	Anthropometric Assessment
	Blood Specimen Collection and Measurements of Clinical Parameters
	Fecal Untargeted Metabolomics Analysis Based on 1H-NMR
	Sample Preparation
	1H-NMR Data Acquisition and Processing
	Multivariate Data Analysis and Biomarker Identification

	Functional Interpretation and Metabolic Network Construction
	Statistical Analysis

	Results
	Anthropometric and Biochemical Parameters of Participants
	Effects on Fecal Untargeted Metabolomics After 2 Weeks Diet Intervention
	Correlations Between Feces Metabolites and Clinical Parameters
	Prediction of Metabolic Interactions by Search Tool for Interactions of Chemicals
	Metabolic Pathway Analysis

	Discussion
	Anthropometry and Blood Biochemical Metabolism
	Untargeted Feces Metabolomics and Metabolites
	Amino Acid Metabolism
	Lipid Metabolism
	Urea Cycle


	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


