%g«l nutrients

Special Issue Reprint

Dietary Habits and
Metabolic Health

Edited by
Guowei Le, Xue Tang and Bowen Li

mdpi.com/journal/nutrients

WVI\DPI

F




Dietary Habits and Metabolic Health






Dietary Habits and Metabolic Health

Guest Editors

Guowel Le
Xue Tang
Bowen Li

F
rM\D\Py Basel o Beijing ¢ Wuhan e Barcelona e Belgrade e Novi Sad e Cluj e Manchester
/



Guest Editors
Guowei Le

School of Food Science and

Xue Tang
School of Food Science and

Bowen Li

College of Food Science

Technology Technology Southwest University
Jiangnan University Jiangnan University Chongqing

Wuxi Wuxi China

China China

Editorial Office

MDPI AG

Grosspeteranlage 5
4052 Basel, Switzerland

This is a reprint of the Special Issue, published open access by the journal Nutrients ISSN 2072-6643),
freely accessible at: https:/ /www.mdpi.com/journal /nutrients/special_issues/152X9KV52G.

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-4917-8 (Hbk)
ISBN 978-3-7258-4918-5 (PDF)
https://doi.org/10.3390/books978-3-7258-4918-5

© 2025 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms
and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license (https:/ /creativecommons.org/licenses/by-nc-nd /4.0/).



Contents

Bowen Li, Xue Tang and Guowei Le
Dietary Habits and Metabolic Healt

Reprinted from: Nutrients 2023, 15, 3975, https:/ /doi.org/10.3390/nul5183975 . . . ... .. ..

Bohan Fan and Jie V. Zhao
Sex-Specific Associations of Red Meat and Processed Meat Consumption with Serum
Metabolites in the UK Biobank

Reprinted from: Nutrients 2022, 14, 5306, https:/ /doi.org/10.3390/nu14245306 . ... ... ...

Yang Chen, Xiaohong Sun, Wenjuan Fan, Jiao Yu, Peng Wang, Dong Liu, et al.
Differences in Dietary and Lifestyle Triggers between Non-Erosive Reflux Disease and Reflux
Esophagitis—A Multicenter Cross-Sectional Survey in China

Reprinted from: Nutrients 2023, 15, 3400, https:/ /doi.org/10.3390/nu15153400 . .. ... .. ..

Fusheng Xu, Zhiming Yu, Yaru Liu, Ting Du, Leilei Yu, Fengwei Tian, et al.
A High-Fat, High-Cholesterol Diet Promotes Intestinal Inflammation by Exacerbating Gut
Microbiome Dysbiosis and Bile Acid Disorders in Cholecystectomy

Reprinted from: Nutrients 2023, 15, 3829, https:/ /doi.org/10.3390/nul5173829 . ... ... ...

Jian Yin, Li Cheng, Yan Hong, Zhaofeng Li, Caiming Li, Xiaofeng Ban, et al.
A Comprehensive Review of the Effects of Glycemic Carbohydrates on the Neurocognitive
Functions Based on Gut Microenvironment Regulation and Glycemic Fluctuation Control

Reprinted from: Nutrients 2023, 15, 5080, https:/ /doi.org/10.3390/nu15245080 . .. ... .. ..

Wei Hu, Zhiwen Pei, Aonan Xia, Yang Jiang, Bo Yang, Xiaoming Liu, et al.
Lactobacillus helveticus-Derived Whey-Calcium Chelate Promotes Calcium Absorption and Bone
Health of Rats Fed a Low-Calcium Diet

Reprinted from: Nutrients 2024, 16, 1127, https:/ /doi.org/10.3390/nul6081127 . . . . . ... ..

Xinru Du, Yongheng Yan, Yufeng Dai and Ruijie Xu
Yogurt Alleviates Cyclophosphamide-Induced Immunosuppression in Mice through D-Lactate

Reprinted from: Nutrients 2024, 16, 1395, https:/ /doi.org/10.3390/nul6091395 . . . ... .. ..

Sitong Wan, Wenbin Wu, Yan Zhang, Jian He, Xiaoping Wang, Peng An, et al.
Antioxidant Lipid Supplement on Cardiovascular Risk Factors: A Systematic Review and
Meta-Analysis

Reprinted from: Nutrients 2024, 16, 2213, https://doi.org/10.3390/nul6142213 . . . .. ... ..

Katsumi Iizuka, Kotone Yanagi, Kanako Deguchi, Chihiro Ushiroda, Risako
Yamamoto-Wada, Kazuko Kobae, et al.

Sex and Age Differences in the Effects of Food Frequency on Metabolic Parameters in Japanese
Adults

Reprinted from: Nutrients 2024, 16, 2931, https:/ /doi.org/10.3390/nul6172931 . . . . ... ...






BN 1utrients MbPy

Editorial
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Dietary habits refer to the long-term dietary patterns and habits that an individual
forms and maintains in their daily life. Dietary behavior is an essential and ongoing activity
in daily life, which involves internal, external, and conscious activities related to eating.
With a deeper understanding of nutritional science, people are increasingly aware of the
complex relationship between dietary habits and health outcomes.

Exploring the variations in nutrient composition in food contributes to the formation
of proper dietary habits. Positive dietary behaviors are important strategies for individuals
to ensure their health. Eating regular meals, moderating the intake of fats and sugars,
consuming an adequate number of fruits and vegetables, paying attention to nutritional
labels and calorie content, practicing good hygiene, and choosing foods based on principles
of nutrition and health are all considered behaviors that promote physical well-being. How-
ever, as the pace of life accelerates, various fast-food products and the rapid development of
the ultra-processed food industry have flooded the market. Ultra-processed foods refer to
foods that have undergone packaging, processing, and the addition of numerous additives,
preservatives, seasonings, and added sugars. These foods often lack a variety of nutrients
such as fiber, vitamins, and minerals, while containing excessive amounts of sugar, salt,
and unhealthy fats [1]. This leads to nutritional imbalance and can contribute to metabolic
health problems such as obesity, diabetes, and cardiovascular disease. In these processed
foods, significant changes have occurred in the nutritional composition, including the
presence of protein oxidation products, lipid oxidation products, and advanced glycation
end products [2]. These products not only stimulate the appetite center, making individuals
more prone to excessive intake of these unhealthy components, but they also potentially
have a negative impact on the gut microbiota, disrupting the balance of beneficial bacteria
and compromising gut health.

In addition to reducing the intake of harmful substances in food, dietary patterns
with nutrient interactions and synergistic effects, or specific food combinations, have
become popular dietary strategies for the prevention of metabolic diseases. A whole
grain diet refers to a dietary pattern that primarily relies on grains as the main source
of food. Compared to refined grains, a whole grain diet is rich in dietary fiber, vitamins,
minerals, and antioxidants, which can improve blood glucose control, insulin sensitivity,
and lipid levels. This dietary habit is associated with lower risks of cardiovascular diseases,
diabetes, cancer, and mortality [3]. Energy restriction refers to limiting energy intake and is
commonly used for weight control or weight loss. An energy-restricted diet can reduce
body weight, fat content, and body fat percentage. This dietary habit can improve insulin
sensitivity, reduce insulin resistance, lower the risk of cardiovascular diseases, and improve
lipid levels [4]. Specific amino acid restriction refers to limiting the intake of specific amino
acids, such as methionine, phenylalanine, etc. This type of diet can be used to treat certain
genetic metabolic diseases, such as phenylketonuria [5]. Recent studies have shown that
methionine restriction helps in improving neurological disorders and extending lifespan [6].
A diet with specific amino acid restriction can reduce the accumulation of pathological
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products, improve pathological symptoms, maintain amino acid balance in the body, and
reduce the generation of harmful metabolic by-products.

Changes in dietary habits can affect the structure of the gut microbiota, and alterations
in the gut microbiota can also regulate the development of metabolic diseases [7]. The
gut microbiota is involved in the breakdown and metabolism of food, aiding in the diges-
tion and utilization of nutrients. When the gut microbiota is imbalanced, the activity of
digestive enzymes and other related enzymes may be inhibited, leading to the incomplete
digestion and absorption of food. This can increase the risk of malnutrition and related
diseases. Changes in the gut microbiota can also disrupt energy balance. Microbes can
convert prebiotics in food into different metabolites, providing energy to intestinal cells
and participating in the regulation of energy balance. This may result in excessive energy
absorption and storage, thus increasing the risk of obesity and metabolic syndrome when
the gut microbiota is imbalanced. In addition, an imbalanced gut microbiota can also affect
toxin metabolism, leading to the accumulation of toxins in the body and adversely affecting
metabolic health. Probiotics, prebiotics, and postbiotics are currently the most widely used
methods to regulate the gut microbiota [8]. Probiotics can regulate the gut microbiota
in various ways. Firstly, they occupy positions in the gut microbiota and competitively
exclude harmful bacteria, maintaining the balance of the gut microbiota. Secondly, specific
probiotics can produce beneficial metabolites, such as short-chain fatty acids, which help
promote gut health and regulate energy metabolism. Research has also found that certain
probiotics, such as Bifidobacterium and Lactobacillus, can improve metabolic health by regu-
lating immune function, suppressing inflammatory responses, and enhancing the integrity
of the intestinal mucosa [9]. Prebiotics are a type of carbohydrate that is not broken down
by human digestive enzymes and can promote the growth and activity of beneficial bacteria.
Prebiotics, such as inulin, oligofructose, and lactulose, are considered as the "food" for gut
microbiota. Prebiotics improve the balance of the gut microbiota by providing nutrients
that beneficial bacteria require for their growth. The intake of prebiotics can increase the
abundance and diversity of beneficial bacteria, and regulate the gut ecosystem, thereby im-
proving metabolic function and reducing the risk of metabolic diseases [10]. Postbiotics are
important intermediates between the gut microbiota and human metabolism. Postbiotics
help promote the diversity and balance of the gut microbiota, thereby providing protection
against metabolic diseases [11]. Therefore, forming dietary habits that include an adequate
supplementation of probiotics, prebiotics, and postbiotics contributes to metabolic health.

Furthermore, individualized dietary interventions for metabolic regulation in spe-
cial populations are also necessary. Firstly, special populations may face unique health
risks. For example, diabetes patients need to control blood glucose levels, hypertension
patients need to limit sodium intake, and liver disease patients need to reduce fat intake.
Personalized dietary interventions can develop suitable healthy eating plans according to
the specific conditions of patients, forming personalized dietary habits, and reducing the
risk of related diseases. Secondly, special populations may have specific nutritional needs.
For instance, pregnant women need to increase the nutrients required during pregnancy,
older adults need to consume adequate protein and vitamin D to maintain bone health, and
athletes need to supplement enough protein and carbohydrates to improve sports perfor-
mance [12]. Personalized dietary interventions can aid in developing specific dietary plans
to meet the nutritional needs of different populations, providing the necessary nutrients
for their bodies.

In conclusion, dietary habits are closely related to metabolic health. Therefore, it is
crucial to explore the regulatory principles and mechanisms of different dietary habits on
metabolic health, deepen our understanding of the relationship between dietary habits and
health outcomes, promote healthy dietary habits, and prevent metabolic diseases.

Author Contributions: B.L., X.T. and G.L. have contributed equally to this editorial. All authors have
read and agreed to the published version of the manuscript.
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Sex-Specific Associations of Red Meat and Processed Meat
Consumption with Serum Metabolites in the UK Biobank

Bohan Fan and Jie V. Zhao *

School of Public Health, Li Ka Shing Faculty of Medicine, The University of Hong Kong, Hong Kong, China
* Correspondence: janezhao@hku.hk; Tel.: +852-3917-6739; Fax: +852-3917-9280

Abstract: Red meat consumption has been found to closely related to cardiometabolic health, with
sex disparity. However, the specific metabolic factors corresponding to red meat consumption in
men and women have not been examined previously. We analyzed the sex-specific associations of
meat consumption, with 167 metabolites using multivariable regression, controlling for age, ethnicity,
Townsend deprivation index, education, physical activity, smoking, and drinking status among
~79,644 UK Biobank participants. We also compared the sex differences using an established formula.
After accounting for multiple testing with false discovery rate < 5% and controlling for confounders,
the positive associations of unprocessed red meat consumption with branched-chain amino acids
and several lipoproteins, and the inverse association with glycine were stronger in women, while
the positive associations with apolipoprotein Al, creatinine, and monounsaturated fatty acids were
more obvious in men. For processed meat, the positive associations with branched-chain amino acids,
several lipoproteins, tyrosine, lactate, glycoprotein acetyls and inverse associations with glutamine,
and glycine were stronger in women than in men. The study suggests that meat consumption has
sex-specific associations with several metabolites. This has important implication to provide dietary
suggestions for individuals with or at high risk of cardiometabolic disease, with consideration of
sex difference.

Keywords: red meat; processed meat; UK Biobank; serum metabolites

1. Introduction

Cardiovascular disease (CVD) is the leading cause of mortality [1]. Diabetes is an
established risk factor for CVD. Dietary factors are key components for cardiometabolic
disease prevention. In recent years many national dietary guidelines, such as the US
the 2020-2025 Dietary Guidelines, have recommended limiting red and processed meat
due to their associated detrimental health outcomes [2]. Several observational studies
have shown that red meat consumption is linked with increased risks of cardiometabolic
disease, including CVD and diabetes [3]. The changes in metabolites, such as lipids
and glucose, which occur prior to cardiometabolic events, are predictive of these events.
Disentangling the specific metabolic factors that correspond to red meat consumption could
provide insights for cardiometabolic disease prevention strategies. In addition, red meat
consumption is associated with cardiometabolic deaths with a potential sex disparity; the
association is higher in men than in women [4]. However, the sex-specific association of red
meat consumption with metabolic factors have not been clarified. The dietary guidelines,
including the US 2020-2025 Dietary Guidelines, have not considered men and women
separately in the recommendations of meat intake, possibly due to the lack of relevant
evidence. Prior studies suggested red meat consumption may be related to higher gut
microbiota-generated metabolite trimethylamine N-oxide [5], lipoprotein subclasses and
lipids [6], ferritin, and lower glycine [7]. However, no studies took account of a wide range
of metabolites corresponding to different biological pathways and none of them considered
sex disparity.

Nutrients 2022, 14, 5306. https:/ /doi.org/10.3390/nu14245306 4 https:/ /www.mdpi.com/journal /nutrients
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Given the apparent sex differences in meat consumption and in cardiometabolic
disease risk, it is worthwhile to assess the association of meat consumption and metabolic
factors in a sex-specific manner. Metabolomics, which is systematic profiling of the small
circulating molecules of our body, can reveal metabolic alterations due to changes in diet
and lifestyle and provide a way to comprehensively assess the associations [8]. Therefore,
we systematically assessed metabolic factors corresponding to red meat and processed meat
consumption in men and women with metabolomics. The identification of the sex-specific
associations of red meat consumption with metabolic factors may help understand the
sex-specific associations of red meat consumption with cardiometabolic diseases. The
information can also be applied to health promotion program and provide more references
for dietary guidelines.

2. Materials and Methods
2.1. Study Population

This study examined the sex-specific associations of unprocessed red meat and pro-
cessed meat consumption with serum metabolites in the UK Biobank. The UK Biobank is a
population-based cohort study consisting of half a million individuals aged 40-69 years
across the UK between 2006-2010 [9]. The UK Biobank participants were registered via
National Health Service for on-going follow up.

2.2. Metabolomic Profiling

Metabolomic profiling was conducted using high-throughput proton nuclear magnetic
resonance spectrometry (NMR) on plasma samples from approximately 120,000 randomly
selected participants between 2019-2020. The samples are stored at a temperature of
—80 °C and go through minimal sample preparation by only adding a phosphate buffer
to each sample. A sample volume of 100 pL or 350 pL is used for the analysis and the
quality-control procedures detect irregularities from potential sample degradation. The
measurements of all 249 metabolites, including 14 lipoproteins subclasses, fatty acids,
and various low-molecular weight metabolites, such as amino acids, ketone bodies, and
glycolysis metabolites and fluid balance related metabolites (albumin and creatinine), were
yielded automatically at once [10]. The NMR metabolomics platform has now been applied
to large-scale epidemiological studies and in clinical settings. We obtained metabolites
quantified in absolute mmol/1 units and standardized them before analysis.

2.3. Assessment of Dietary Intake

At recruitment, participants electronically signed consent forms and were invited to
assessment centres for verbal interviews, physical measures, biosample collection, and
completed various questionnaires. The baseline questionnaires collected information on
sociodemographic (i.e., ethnicity, employment status, marital status, education, income
etc.), lifestyle (i.e., diet, food consumption, physical activity, smoking and alcohol drinking
etc.), as well as a dietary questionnaire [11]. The intakes of processed meat (i.e., bacon, ham,
sausages, meat pies, kebabs, burgers, chicken nuggets), and unprocessed red meat (i.e.,
unprocessed beef, lamb/mutton, and pork) was obtained from the baseline questionnaires.
The intakes of unprocessed red meat and processed meat were transformed into weekly
frequency of consumption: never eaten = 0, eaten < 1 time/week = 0.5, 1 time/week =1,
2-4 times/week = 3, 5-6 times/week = 5.5, and >1 time daily = 7; ‘Do not know’ or ‘prefer
not to answer” were coded as missingness.

2.4. Assessment of Potential Confounders

Information on age, ethnic background, smoking status, Townsend deprivation Index,
education, physical activity level, smoking status and alcohol drinking status was collected
by baseline questionnaires. Ethnicity was regrouped into 5 categories as: White; Asian
or Asian British; Black or Black British; Chinese; mixed; and Other. Acquired qualifi-
cations including ‘College or University degree’, ‘A levels/AS levels or equivalent’, ‘O
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levels/GCSEs or equivalent’, “CSEs or equivalent’, ‘NVQ or HND or HNC or equivalent’,
‘Other professional qualifications” were regrouped as ‘with college/university degree” and
‘without college/university degree’. Townsend deprivation Index is calculated based on un-
employment, overcrowded households, households without car ownership, and non-home
owners percentages [12]. Physical activity measurement was taken from the International
Physical activity questionnaire at baseline and was classified as low, moderate, and high
levels [13]. Smoking status and alcohol drinking status were classified as never, previous,
and current users. Body mass index (BMI) is calculated by dividing weight (kg) by standing
height"2 (m?) measured during the baseline assessments according to standard protocol.

2.5. Statistical Analysis

We used multivariable regression to assess the association of unprocessed red meat
consumption and processed meat consumption with each metabolite in men and women
separately, controlling for age, ethnicity, Townsend deprivation Index, education, physi-
cal activity level, smoking status, and drinking status in model 1. As BMI is a potential
confounder or a mediator, we further controlled for BMI in model 2. To account for mul-
tiple testing, we controlled the false discovery rate (FDR) at 5% [14]. We then selected
metabolites significantly associated with red meat consumption in men and women sepa-
rately, after controlling for multiple testing. For the metabolites which passed the statistical
significance in both men and women, we also tested whether the associations differ by
sex. Sex differences were estimated using z-test with a statistical significance of p < 0.05.
All statistical analyses were conducted using R version 4.0.1 (Foundation for Statistical
Computing, Vienna, Austria).

3. Results

Baseline characteristics of the included ~79,644 participants (47.7% men) with infor-
mation of both meat consumption and metabolites measures were shown in Table S1. The
mean ages of men and women were 56.7 years, and 56.3 years, respectively. As expected,
men consume more meat (2.29 times per week) than women (1.98 times per week), and
both men and women eat more unprocessed red meat than processed meat (Supplemental
Table S1).

Among 167 metabolites examined, we found 148 significant metabolites in men and
149 in women associated with unprocessed red meat consumption (Figure 1). Majorities
of associations remained after controlling for BMI in model 2 (Figures 1 and 2). Among
these 148 metabolites in men and 149 metabolites in women, 135 metabolites are shared
in men and women. Regarding processed meat consumption, 148 significant metabolites
were found in men and 130 in women (Figure 2). Among these, 122 metabolites are shared
in men and in women. When testing the heterogeneity by sex, 34 metabolites had sex
differences (testing for sex difference with significance of p value < 0.05) corresponding to
unprocessed red meat consumption (Table S2), and 45 for processed meat consumption
(Table S3).
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Figure 1. Associations of unprocessed red meat consumption with metabolites in men and women.
(a) Associations with lipid subclasses. (b) Associations with other metabolites. Footnote: Mode I
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Figure 2. Associations of processed meat consumption with metabolites in men and women.
(a) Associations with lipid subclasses. (b) Associations with other metabolites. Footnote:
Mode 1 adjusted for age at recruitment, ethnicity (White/Asian or Asian British/Black or Black
British/Chinese/Mixed /Other), Townsend deprivation Index (TDI), education (with/without univer-
sity degree), physical activity level (low/moderate/high), smoking status (never/previous/current),
alcohol drinking status (never/previous/current); model 2 additionally adjusted for body mass index
(BMI). Non-significant associations that did not pass FDR < 5% threshold is shown in hollow dot.
Metabolites showing significant sex differences after adjusting for minimally adjusted confounders

are indicated with *.

For unprocessed red meat consumption, its positive association with branched-chain
amino acids and various lipid measures in lipoprotein subclasses including cholesterol
and cholesterol esters in very small very-low-density lipoprotein (VLDL), triglycerides,
cholesterol, cholesterol esters, and phospholipids in medium low-density lipoprotein (LDL)
and free cholesterol in medium VLDL; as well as its inverse association with glycine,
high-density lipoprotein (HDL) size, cholesterol, cholesterol esters, phospholipids, free
cholesterol and lipids in large HDL and all lipid measures in large HDL is larger in women
than in men (Figure 1). More unprocessed red meat consumption is also related to higher
apolipoprotein Al, creatinine, monounsaturated fatty acids, triglycerides, and lipids in
chylomicrons and extremely large VLDL, as well as triglycerides in small LDL, medium
LDL, intermediate-density lipoprotein (IDL), LDL, large LDL, and very large HDL. These
metabolites have stronger associations with unprocessed red meat consumption in men
than in women (Figure 1).

More processed meat consumption is associated with higher branched-chain amino
acids, tyrosine, glycolysis related metabolite lactate, inflammation marker glycoprotein
acetyls, triglycerides in small HDL and small VLDL, total lipids, phospholipids, free
cholesterol, cholesteryl esters, cholesterol in large VLDL, and large VLDL particles sizes
but lower glutamine, glycine, LDL and HDL participle sizes, phosphoglycerides, free
cholesterol, cholesteryl esters and cholesterol in medium HDL, and phospholipids in HDL,
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large HDL, large VLDL, and very large HDL, the associations are generally larger in women
than in men (Figure 2).

4. Discussion

This is the first study comprehensively evaluating the sex-specific association of red
meat and processed meat consumption with 167 metabolites in the UK Biobank. We added
to the limited evidence on sex disparity in association, by showing various metabolites, such
as branched-chain amino acids, glycine, monounsaturated fatty acids, lipids in lipoprotein
subclasses, apolipoprotein A1, and creatinine were linked to red meat consumption. These
sex differences may underlie differential metabolic and cardiovascular risk.

Red meat is rich in essential amino acids, consistently we found red meat and pro-
cessed meat consumption are associated with higher branched-chain amino acids in both
sexes. Previous evidence has shown that branched-chain amino acids may link to higher
risk of diabetes [7] and cardiovascular disease [15]. Their stronger positive associations in
women are consistent with a previous cohort study suggesting women had a higher risk of
ischemic heart disease associated with red meat consumption than men [16]. We also found
the inverse associations with glycine in response to both red meat and processed meat
consumption are larger in women than in men. Glycine is related to insulin resistance and
may be linked to risk of type 2 diabetes [7]. The evidence regarding sex-specific associations
with tyrosine and glutamine has not been reported previously, hence, these results need to
be replicated.

Cholesterol and triglycerides are the major lipids that are transported in plasma by
lipoproteins. The associations of red meat consumption with higher lipids for lipoprotein
subclasses are partly consistent with a previous Chinese study [6], that reported increased
cardiovascular disease risk with these metabolites. Our findings showed these associations
of lipids and lipoprotein metabolites in response to meat consumption were stronger in
women than in men. The sex disparity in apolipoprotein Al, the main apolipoprotein of
plasma HDL, was also consistent with the patterns for HDL and its subclasses. However,
the underlying mechanisms are unclear. A possible explanation is that red meat may alter
sex hormones which could play a role modulating lipid and lipoprotein metabolism [17].

Moreover, we found red meat was associated with higher serum creatinine in men
than in women. Men have more red meat consumption and more muscle mass that
produce creatine than women, which were converted to creatinine that is excreted by the
kidneys into the urine [18]. This is consistent with the sex-specific association of red meat
consumption with creatinine. Women had more pronounced increase in glycolysis-related
lactate with regard to processed meat but not red meat intake, that could be due to the use
of lactate in processed meat for antimicrobial and flavoring purposes [19]. Glycoprotein
acetyls biomarker could predict risk of cardiovascular and diabetic risk outcomes [20].
Here we showed more elevated inflammation marker glycoprotein acetyls associated with
processed meat consumption in women than in men, possibly because processed meat
could change female sex hormone estrogen that regulates metabolic inflammation [21].
Whether this biomarker mediates the sex-specific association between processed meat
consumption and cardiometabolic risks requires further investigation.

Our study takes advantage of powerful metabolomics data in UK Biobank to study
sex-specific associations of meat consumption and metabolic factors. Despite the novelty,
there are several limitations. First, self-reported questionnaires for ascertaining dietary
intake are susceptible to recall bias. Second, residual confounding may still exist, even if
potential confounding factors such as baseline sociodemographic factors, lifestyle factors,
and BMI were adjusted in multivariable models. These associations should be confirmed in
interventional studies. Third, UK Biobank participants are not fully representative because
they are healthier than the general population [22], and results from Europeans may not be
generalized to other populations with different dietary habits.

Taken together, our study is in line with the US 2020-2025 Dietary Guidelines regarding
the limitation of meat consumption. In addition, our study provides information on the

10



Nutrients 2022, 14, 5306

sex-specific associations of red meat consumption with metabolites, which may promote the
consideration of sex disparity in the future dietary recommendations. Although in dietary
recommendations, red meat is grouped under the category of “protein foods”, in our study,
a large variety of metabolites including lipids, lipoproteins, fatty acids, amino acids and
fluid balance indicator (creatinine), correspond to red meat consumption. This means
that people with hyperlipidemia and metabolic dysfunction, such as people with renal
failure and Maple syrup urine disease (with excessive accumulation of branched-chain
amino acids in the organism) are especially recommended to limit red meat intake. Our
finding regarding the sex-specific associations of red meat consumption with metabolites
may also be applied to health promotion programs, to advance the lowering of red meat
consumption thereby lowering the risk of cardiometabolic diseases (Figure 3).

. —
{{{ Behavior change
== =>
‘ Consumers of meat (women) \ Consumers of meat (men) ‘
T A A T A A
’ Doctor of medicine ‘ ’ Doctor of medicine l
y § A

o Dietetics Dietetics
(5]
2 !
g
-o \
(]
g Bi Jers higher i
Q branched-chain amino acids, cholesterol and cholesterol esters in very small VLDL, apolipoprotein Al, creatinine, monounsaturated fatty
Q triglycerides, cholesterol, cholesterol esters, and phospholipids in medium LDL and acids, triglycerides, and lipids in chylomicrons and
& free cholesterol in medium VLDL, tyrosine, lactate, glycoprotein acetyls, extremely large VLDL, triglycerides in small LDL,

triglycerides in small HDL and small VLDL, total lipids, phospholipids, free medium LDL, IDL, LDL, large LDL, and very large HDL

cholesterol, cholesteryl esters, cholesterol in large VLDL, large VLDL size

Bi Kers ] 5

glycine, HDL size, cholesterol, cholesterol esters, phospholipids, free cholesterol and
lipids in large HDL, all lipid measures in large HDL, glutamine, LDL size,
phosphoglycerides, free cholesterol, cholesteryl esters and cholesterol in medium
HDL, and phospholipids in HDL, large VLDL, and very large HDL

Figure 3. A simple model comprising the key findings of this study, consumers of meat (men and
women), doctors of medicine, and dietetics to demonstrate science-based health education strategy.

5. Conclusions

We showed meat consumption was associated with metabolites by sex, which are
consistent with differential cardiometabolic disease risk related to meat consumption.
The study has important implications in primary prevention and treatment because diet
is modifiable that can be incorporated into people’s daily life. Our study suggested
that people with hyperlipidemia and metabolic dysfunction, such as people with renal
failure and Maple syrup urine disease, are especially recommended to limit red meat and
processed meat consumption. Given the sex-disparity in the associations with metabolites,
our findings also suggested that sex disparity should be considered in dietary suggestions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /nu14245306/s1, Table S1: Baseline characteristics of participants
included in the study. Table S2: Sex differences for metabolites and unprocessed red meat consump-
tion. Table S3: Sex differences for metabolites and processed meat consumption.
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Abstract: The occurrence of gastroesophageal reflux disease (GERD) and symptom onset are closely
associated with diet. We aimed to compare the dietary and lifestyle triggers between non-erosive reflux
disease (NERD) and reflux esophagitis (RE) in Chinese patients and to provide evidence for development
of practical dietary modifications for GERD. A multicenter cross-sectional survey was conducted. A total
of 396 GERD patients with typical gastroesophageal reflux symptoms who received upper endoscopy
in the previous month were enrolled, including 203 cases of NERD patients and 193 cases of RE
patients. All participants completed questionnaires including demographic data, reflux symptoms,
previous management, dietary and lifestyle habits, triggers of reflux symptoms, psychological status,
and quality of life. There were no significant differences in GERD symptom scores between NERD and
RE. RE patients had a higher male proportion and smoking/drinking and overeating rates than NERD
patients. In the NERD group, more patients reported that fruits, dairy products, yogurt, bean products,
cold food, and carbonated beverages sometimes and often induced reflux symptoms and had more
triggers compared to RE patients. The number of triggers was positively correlated to GERD symptom
score and GERD-HRQL score in both NERD and RE patients. However, 74.0% of GERD patients still
often consumed the triggering foods, even those foods that sometimes and often induced their reflux
symptoms, which might be related to the reflux relapse after PPI withdrawal considering NERD and RE
patients had similar GERD symptom severity. There were some differences in terms of dietary habits,
dietary and lifestyle triggers, and related quality of life between NERD and RE, and these results may
provide evidence of different approaches toward the dietary modification of NERD and RE patients.

Keywords: gastroesophageal reflux disease; non-erosive reflux disease; reflux esophagitis; diet;
lifestyle; triggers
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1. Introduction

Gastroesophageal reflux disease (GERD) is the condition in which the reflux of gas-
tric contents into the esophagus results in symptoms and/or complications [1,2]. Typical
symptoms include heartburn and regurgitation. The extra-esophageal symptoms present
in about one-third GERD patients, including laryngeal, oropharyngeal, pulmonary, and
sleep-related symptoms [3,4]. All these symptoms adversely affect health-related quality of
life, especially when complications occur, such as esophageal ulceration, stricture, perfora-
tion, metaplasia, and adenocarcinoma. The overall pooled prevalence of GERD is about
14.0% and varied greatly according to region and country. The highest prevalence was in
North America (19.6%), followed by Europe (14.1%), and Asia (12.9%) [5]. Over the past
two decades, the prevalence of GERD in China has increased from 6.0% to 10.6% [6]. The
incidence was approximately 5 and 7 per 1000 person years in the Western world and
China, respectively [7,8]. GERD has brought substantial economic and health burdens to
patients and society. The annual direct cost of GERD management in the USA is ranging
from USD 9.3 to 12.1 billion, especially in patients with extra-esophageal symptom [7,9].

According to esophageal mucosa injury condition under endoscopy, GERD could
be categorized into non-erosive reflux disease (NERD), reflux esophagitis (RE), and Bar-
rett’s esophagus (BE). The most common subtype is NERD, which accounts for 60-70%
of GERD patients, followed by RE (30%) and BE (6-8%) in Western counties [10]. The
pathophysiology of GERD is multifactorial, including a poorly functioning anti-reflux
barrier, impaired esophageal clearance and motility, decreased salivary production, de-
layed gastric emptying, and esophageal mucosal integrity and hypersensitivity (especially
in NERD) [2,3,11].

The epidemiological studies of Western countries revealed GERD is associated with
some dietary triggers, including increased consumption of high fat diet, sweets, chocolate,
coffee and caffeine, spicy food, carbonated beverages, and acidic foods, such as citrus and
tomatoes, salt, tobacco, and alcohol, while it is inversely associated with consumption of
fruit and fiber [12-14]. Eating habits such as irregular meal pattern, large volume of meals,
and eating meals just before bedtime may correlate with reflux symptom onset. Obesity
is a strong risk factor for GERD [3,12,15]. It was noted there are some differences in the
associated dietary and lifestyle risk factors between NERD and RE, which seem to have
different pathophysiological mechanisms and clinical characteristics [11]. It is reported that
female gender, younger age, low body mass index (BMI), non-smoking, absence of hiatal
hernia, psychological distress, and severity of gastric atrophy were positively associated
with NERD compared with RE in Japanese patients [16-18]. In Korean subjects, a higher
dietary intake of beans, fruits, vegetables, seaweed, fish, milk, eggs, and drinking tea
reduced NERD prevalence, but the dietary component had little effect on RE, while RE
was associated with men, high BMI, alcohol, hiatal hernia, and total energy intake rather
than dietary component [19,20]. Dietary and lifestyle modifications are first-line therapy
for GERD patients, including avoidance of the trigger foods above, reducing or quitting
tobacco/smoking, weight loss in overweight and obese patients, and elevating the head of
the bed at nighttime [2].

Dietary habits and lifestyles differ between regions. There are various dietary cuisines,
including food categories and cooking methods in China, which makes it difficult to identify
the dietary risk factors of GERD. While GERD has increased over the past few decades,
there are few studies on differences in diet and lifestyle triggers between NERD and RE in
the Chinese population. Therefore, we aimed to investigate the diet and lifestyle triggers
between RE and NERD in a large multicenter cross-sectional survey to understand the
comprehensive relationship between the patient’s diets and lifestyles and reflux symptoms
and to provide more lifestyle advices for GERD patients with similar dietary culture.
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2. Materials and Methods
2.1. Study Design and Population

Consecutive adult patients with GERD aged 18-80 years were enrolled in this study
from the gastroenterology clinics in four tertiary hospitals from November 2011 to October
2012. All patients had experienced typical reflux symptoms, i.e., mild heartburn and/or
regurgitation symptoms, for at least 2 days per week or moderate/severe reflux symptoms
for more than 1 day per week [1] during the previous 3 months and had upper endoscopy
examinations in the previous month, which was used to classify GERD into NERD and RE
as well as the severity of RE graded from A to D according to the Los Angeles classifica-
tion [21]. Patients with secondary esophagitis, peptic ulcer, malignant cancer, and surgery
of upper gastrointestinal tract were excluded from this study. All participants provided
oral consent to participate before the enrollment.

The study was designed to consecutively enroll 100 patients with NERD and
100 patients with RE in each hospital.

The study was approved by the Ethics Committee of Peking Union Medical College
Hospital (Project identification code 1-23PJ1009).

2.2. Questionnaires and Data Collection

“Questionnaire of GERD and diets” consists of demographic data, GERD symptoms
and extra-esophageal symptoms, GERD-related tests and previous management, alarm
signs and comorbid diseases, psychological and sleeping status, dietary habits and lifestyle,
dietary and other triggers for reflux symptoms, and so on. The typical GERD symptoms
include heartburn, acid reflux, food regurgitation, and retrosternal chest pain. The severity
of each symptom during the previous 3 months was graded as follows: 0 = no symptom,
1 = mild symptoms which can be felt when paying attention and no interference with
normal activity or sleep; 2 = moderate symptoms between mild and severe and mild
interference with normal daily activities or sleep; and 3 = severe symptoms and marked
interference with normal daily activities or sleep. The frequency of each symptom was
recorded as days per week and further scored as follows: 0 = none; 1 = <2 days per
week; 2 = 2-4 days per week; 3 = >4 days per week [22]. The GERD symptom score was
the product of severity and frequency. The extra-esophageal symptoms include swallow
related pain or dysphagia, respiratory (chronic cough, asthma, short of breath, and snore),
laryngopharyngeal (hoarseness, sensation of a lump in the throat, sore or burning throat),
and oral symptoms (toothache, dental erosion). The extra-esophageal symptoms were
recorded at the levels of severity mentioned above.

According to Chinese’s dietary peculiarities, we asked the following questions con-
cerning diet habits and lifestyle in the questionnaire: the type of staple food, the proportion
of staple foods and dishes, the amounts of vegetables/fruits and meat consumed, food
preferences (listing eight kinds of common foods), eating habits (degree of satiety and
eating speed), association of reflux symptoms and meals in time, and smoking and drink-
ing. Among the factors that may trigger reflux symptoms, 25 dietary and 6 other factors
(including lifestyle) were listed for patients to choose and answer with options “never
triggered, occasionally, sometimes, and often or never experienced”.

The questionnaires also included questions about anxiety, depression, and sleeping
disorders, such as “In the last 3 months, have you felt tense or wound up?” and “In the last
3 months, have you felt downhearted and low?”. If participants answered these questions
with “often” (>2 days a week) or “most of the time” or “always”, they were defined as
having self-reported anxiety or depression in this study [8,23]. Sleeping disorders were
defined as difficulty in falling asleep, early awakening, shallow sleep, sleep time < 6 h,
or daytime drowsiness. The questionnaire was completed by well-trained investigators
in face-to-face interviews. The coexisting functional gastrointestinal disease, including
functional dyspepsia (FD), functional constipation (FC), irritable bowel syndrome (IBS),
and psychological and sleep disorders were recorded, which were diagnosed according to
the Rome III diagnostic criteria [23].
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The quality of life was assessed by gastroesophageal reflux disease health-related qual-
ity of life (GERD-HRQL) and 36-item short-form health survey (SF-36). These
two instruments were completed by patients according to the instruction provided, and
the total scores were calculated as in the previous publications [24,25].

2.3. Statistical Analysis

All statistical analyses were conducted by SPSS 25 (IBM, Armonk, NY, USA). We used
mean =+ standard deviation for continuous variables with normal distribution, median
(interquartile range) for those without normal distribution, and count with percentage for
categorical variables. Univariate analyses were performed using parametric (Student’s
t-test) or non-parametric methods (Mann-Whitney U test) for continuous variables, and
chi-square test for categorical variables. NERD and RE patients were compared to assess
their differences in demographic data, clinical symptoms, dietary habits, trigger factors,
and management. p-Values are two-sided and considered significant when <0.05. Pearson’s
test and Spearman’s test were performed to assess correlations between two quantitative
variables with normal distribution and without normal distribution.

3. Results
3.1. Demographic Data

In total, 396 GERD patients were enrolled in this study, with an average age of
46.8 £ 12.7 years. There were 238 males (60.1%) and 158 females (39.9%). There were
203 NERD patients (51.3%) and 193 RE patients (48.7%). Among RE patients, 95 patients
(49.2%) were classified as LA-A, and 76 (39.4%), 20 (10.4%), and 2 (1.0%) were classified
as LA-B, LA-C, and LA-D respectively. Male patients were more likely to present with
RE than female patients, and there were no significant differences in age, BMI, and other
demographic characteristics (Table 1).

Table 1. Demographic data of RE and NERD patients.

Variable (111\1512{(])3) . 511393) p-Value
Age (years) 45.1 +12.8 485 +12.3 0.729

Gender, n of male (%) 94 (46.3) 144 (74.6) <0.001 *
BMI (kg/m?) 228 +3.1 237+ 3.0 0.472
Education level, n of college and above (%) 49 (24.2) 48 (24.8) 0.865
Family economic status, 1 of well-off and above (%) 94 (46.3) 72 (37.3) 0.070
Marriage status, n of married (%) 179(88.2) 179 (92.7) 0.123
Labor intensity, n of severe (%) 15 (7.4) 16 (8.3) 0.739

Data presented as mean + standard deviation or number (%). Student’s t-test and chi-square test. * p-value < 0.05.

3.2. Characteristics of Reflux Symptoms

There were no significant differences in general GERD symptom scores and the scores
of heartburn, acid reflux, food regurgitation, and retrosternal chest pain between NERD
and RE patients (Table 2).

There was no significant difference in extra-esophageal symptom score, including
swallowing-related symptoms, respiratory symptoms, and laryngopharyngeal symptoms.
The prevalence of oral symptoms of NERD patients was higher than for RE patients
(Table 2).

In addition to GERD symptoms and extra-esophageal symptoms, we found NERD
patients were more likely to coexist with FD and FC than RE patients. NERD patients
had higher prevalence of self-reported anxiety and depression than RE patients, and more
NERD patients thought that their reflux symptoms were related to emotion than RE patients
(Table 2). NERD patients had a higher prevalence of sleep disorders but without significant
difference compared with RE patients.
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Table 2. Characteristics of clinical manifestations of RE and NERD patients.

Variable (71:1512{(])2’) . 511593) p-Value

GERD symptom score 7 (8) 8 (8) 0.277

Heartburn 3(6) 3(6) 0.460

Acid reflux 2 (6) 3(5.8) 0.078

Food regurgitation 0(0) 0(0) 0.608

Retrosternal chest pain 0(2) 0(2) 0.723

Extra-esophageal symptoms

Swallowing-related symptoms, 1 (%) 39 (19.2) 25 (13.0) 0.091

Respiratory symptoms, 1 (%) 120 (59.1) 122 (63.2) 0.403

Laryngopharyngeal symptoms, 1 (%) 119 (58.6) 98 (50.7) 0.117
Oral symptoms, 1 (%) 54 (26.6) 25 (13.0) 0.001 *
Coexisting functional dyspepsia, 1 (%) 63 (31.0) 32 (16.6) 0.001 *
Coexisting functional constipation, 7 (%) 19 (9.4) 8 (4.1) 0.040 *

Coexisting irritable bowel syndrome, 1 (%) 7 (3.4) 2 (1.0 0.107
Feelings of anxiety, # 1 (%) 80 (39.4) 42 (21.8) <0.001 *
Feelings of depression, # 1 (%) 64 (31.5) 40 (20.7) 0.015*
GERD symptoms related to emotion, 1 (%) 50 (24.6) 24 (12.4) 0.002 *

Sleep disorder, 1 (%) 77 (37.9) 57 (29.5) 0.078

GERD symptoms related to sleep disorder, 1 (%) 60 (29.6) 40 (20.7) 0.083

Data presented as median (interquartile range) or number (%). Mann-Whitney test and chi-square test. * p < 0.05.
# Patients with sometimes, often, and always had feelings of anxiety or depression.

We collected the data for pH or pH-impedance monitoring in 26 (12.8%) NERD patients
and 15 (7.8%) RE patients, and we collected the data for esophageal manometry in 19 (9.4%)
NERD patients and 12 (6.2%) RE patients while they were enrolled in this survey. We did
not further analyze the association of dietary and lifestyle triggers and esophageal reflux
and motility parameters in NERD and RE patients.

3.3. Characteristics of GERD Management

We summarized GERD management during the whole disease. Sixty-five (16.4%)
patients used medications long term to treat GERD. Proton-pump inhibitors (PPIs) were
mostly used by 225 (56.8%) patients and the effective rate was 50.2%. The relapse rate after
PPI withdrawal was as high as 88.0%. There were no significant differences in patients who
mostly used PPIs, H,-receptor antagonists, or antacids and the effective rate and relapse
rate after drug withdrawal between NERD and RE patients. In addition to medications,
93 (23.5%) patients raised the head of the bed, 99 (25.0%) patients stopped smoking and
drinking, 96 (24.2%) patients chose a low-lipid and low-sugar diet, 174 (43.9%) patients
avoided overeating to relieve symptoms, and 44.4% and 45.7% of NERD patients reported
the effectiveness from a low-lipid/low-sugar diet and avoiding overeating respectively.
There were no significant differences in the proportions of the above management strategies
and effective rates between NERD and RE patients (Table 3).
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Table 3. Management of RE and NERD patients.

NERD RE

Variable (1 = 203) (1 = 193) p-Value
Long-term use of medications 36 (17.7) 29 (15.0) 0.467
Proton-pump inhibitor was mostly used 125 (61.6) 100 (51.8) 0.050
Effective rate 63 (50.4) 50 (50.0) 0.952
Relapse after withdrawal 111 (88.8) 87 (87.0) 0.680
Hj-receptor antagonist was mostly used 27 (13.3) 24 (12.4) 0.797
Effective rate 12 (44.4) 10 (41.7) 0.842
Relapse after withdrawal 22 (81.5) 19(79.2) 0.835
Antacid was mostly used 29 (14.3) 19 (9.8) 0.176
Effective rate 11 (37.9) 4(21.1) 0.217
Relapse after withdrawal 26 (89.5) 16 (84.2) 0.577
Raise the head of bed 60 (29.6) 33 (17.1) 0.354
Effective rate 20 (33.3) 11 (33.3) 1.000
Stop smoking and drinking 45 (22.2) 54 (28.0) 0.182
Effective rate 14 (31.1) 19 (35.2) 0.669
Low-lipid and low-sugar diet 54 (26.6) 42 (21.8) 0.261
Effective rate 24 (44.4) 12 (28.6) 0.111
Avoid overeating 92 (45.3) 82 (42.5) 0.570
Effective rate 42 (45.7) 27 (33.0) 0.087

Data presented as number (%). Chi-square test.

3.4. Dietary Habits

We compared dietary habits between NERD patients and RE patients. The RE group
had a higher proportion of overeating than NERD patients (26.4% vs. 17.2%, p = 0.027).
There were no significant differences in fast eating, degree of satiety, dominant food type,
dish style, and consumption of fruits or meat between the two groups. The rates of patients
who often consumed spicy food, greasy food, sweet food, sticky food, cold food, carbonated
beverages, coffee, and strong tea had no significant difference between the two groups. In
the RE group, more patients had smoking and drinking habits than did NERD patients
(Table 4).

Table 4. Comparison of dietary habits between RE and NERD patients.

NERD RE

Variable (1 = 203) (1 = 193) p-Value
Overeating, n (%) 35(17.2) 51 (26.4) 0.027 *
Fast eating, n (%) 77 (37.9) 91 (47.2) 0.064

Degree of satiety (0-10) 89+6.0 85+1.2 0.936
Dominant food 0.163
Staple food, 1 (%) 86 (42.4) 64 (33.2)
Dish food, n (%) 15 (7.4) 18 (9.3)
Both equivalent, 1 (%) 102 (50.2) 111 (57.5)
Dish styles 0.055
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Table 4. Cont.

Variable (71:1512{(3) . 511593) p-Value
More vegetables, 1 (%) 89 (43.8) 63 (32.6)
More meat, 1 (%) 17 (8.4) 24 (12.4)
Both equivalent, 1 (%) 97 (47.8) 106 (54.9)
Consumption of fruits 0.319
Seldom, 1 (%) 51 (25.1) 45 (23.3)
Moderate, 1 (%) 137 (67.5) 140 (72.5)
Much, n (%) 15 (7.4) 8(4.1)
Consumption of meat 0.087
Seldom, 71 (%) 66 (32.5) 44 (22.8)
Moderate, 1 (%) 121 (59.6) 138 (71.5)
Much, n (%) 15 (7.4) 11 (5.7)
Often consumption of foods
Spicy, 1 (%) 33 (16.3) 35 (18.1) 0.145
Greasy, 1 (%) 25 (12.3) 28 (14.5) 0.386
Sweet food, 1 (%) 22 (10.8) 16 (8.3) 0.390
Sticky food, 1 (%) 8(3.9) 7(3.6) 0.870
Cold food, 1 (%) 19 (9.4) 9(4.7) 0.068
Acid drink, n (%) 6 (3.0) 5(2.6) 0.238
Coffee, n (%) 2 (1.0 6(3.1) 0.280
Strong tea, 1 (%) 1(0.5) 1(0.5) 0.549
Smoking, 1 (%) 41 (20.2) 67 (34.8) 0.001 *
Drinking, n (%) 42 (20.7) 74 (38.3) <0.001 *

Data presented as mean =+ standard deviation or number (%). Student’s t-test and chi-square test. * p < 0.05.

3.5. Triggers of GERD Symptoms

We compared dietary and other lifestyle triggers that sometimes and often induced
GERD symptoms between NERD patients and RE patients (Table 5). In the NERD group,
more patients reported fruits, dairy products, yogurt, bean products, uncooked food, cold
food, midnight snacks, sweet food, cold weather, and emotional disturbance sometimes and
often induced GERD symptoms than did RE patients. The mean number of triggers was
higher in NERD patients than in RE (5 [8] vs. 4 [6], p = 0.007). In all of the GERD patients,
346 (87.4%) patients had at least one trigger and 274 (69.2%), 204 (51.5%), 90 (22.7%), and
13 (3.3%) patients had at least 3, 5, 10, and 20 triggers, respectively. The percentages of
patients who had at least 3, 5, and 20 triggers in the NERD group were higher than the RE
group (74.9% vs. 63.2%, p = 0.012; 59.6% vs. 43.0%, p = 0.001; and 5.4% vs. 1.0%, p = 0.014,
respectively). The number of triggers was positively correlated to the GERD symptom
score in both NERD and RE patients (Figure 1).
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Table 5. Comparison of triggers that sometimes and often induced GERD symptoms between RE

and NERD patients.
Rice 31/198 (15.7) 26/192 (13.5) 0.554
Cooked wheaten food 30/202 (14.9) 33/193 (17.1) 0.542
Wheat bran 12/139 (8.6) 6/136 (4.4) 0.157
Fruits 43/195 (22.1) 15/189 (7.9) <0.001 *
Shallot or fragrant-flowered garlic 73/191 (38.2) 58/187 (31.0) 0.141
Dairy products 30/179 (16.8) 15/178 (8.4) 0.018 *
Yogurt 29/174 (16.7) 14/172 (8.1) 0.016 *
Bean products 29/197 (16.2) 5/190 (2.6) <0.001 *
Meat 34/197 (19.0) 35/189 (18.5) 0.747
Salted food 37/169 (21.9) 32/169 (18.9) 0.500
Spicy food 94/161 (58.4) 95/171 (55.6) 0.603
Greasy food 61/178 (34.3) 65/183 (35.5) 0.803
Uncooked food 51/161 (31.8) 29/175 (16.6) 0.001 *
Cold food 58/161 (36.0) 30/175 (17.1) <0.001 *
Carbonated beverages 27/126 (21.4) 32/136 (23.5) 0.684
Coffee 14/66 (21.2) 15/73 (20.5) 0.923
Strong tea 20/91 (22.0) 26/105 (24.8) 0.646
Drinking 44/96 (45.8) 62/108 (57.4) 0.099
Dining out 31/155 (20.0) 22/155 (14.2) 0.175
On business 22/120 (18.3) 14/128 (10.9) 0.098
Overeating 80/174 (46.0) 71/168 (42.3) 0.489
Diet food 4/45 (8.9) 2/34(5.9) 0.617
Midnight snacks 35/117 (30.0) 21/121 (17.4) 0.022*
Sweet food 76/177 (43.0) 48/177 (27.1) 0.002 *
Sticky food 37/152 (24.3) 28/161 (17.4) 0.130
Cold weather 71/100 (71.0) 40/71 (56.3) 0.048 *
Weather change 54/88 (61.4) 28/59 (47.5) 0.096
Emotional disturbance 77/119 (64.7) 36/84 (42.9) 0.002 *
Sleep disorder 43/99 (43.4) 26/73 (35.6) 0.301
Bedtime meal 42/124 (33.9) 31/109 (28.4) 0.373
Postprandial bending 41/105 (39.0) 35/94 (37.3) 0.793

Data presented as number (%); the number of denominators refers to the number of patients who had this

experience. Chi-square test. * p < 0.05.
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Figure 1. Correlation analysis of the number of triggers with GERD symptom score in NERD (A) and

RE (B) patients.
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3.6. Diet Modification Based on Triggers

We analyzed whether patients would avoid their reflux-symptom-trigger foods. We
found in patients with rice as a trigger, a higher percentage of RE patients still ate rice
compared with NERD patients. While in patients with cooked wheaten food as a trigger, a
higher percentage of NERD patients still ate cooked wheaten food compared with RE pa-
tients. In patients with fruits, spicy food, greasy food, uncooked food, cold food, carbonated
beverages, coffee, strong tea, sweet food, and sticky food as triggers, a considerable number
of patients still often ate these foods, especially strong tea, spicy food, sweet food, and
cold food (Table 6). In total, 74.0% (214/289) of patients still often consumed the triggering
foods, even those foods that sometimes and often induced their reflux symptoms, and RE
patients had higher percentage than NERD patients (82.1% vs. 66.4%, p = 0.002), while
there were no significant differences in the percentage of patients who still often ate any
type of triggering food between NERD and RE except the staple foods mentioned above.

Table 6. Comparison of patients who still often consumed foods which sometimes and often induced

GERD symptoms.
Variables (,ljflz{(]);) . 511593) p-Value
Rice as staple food 5/31 (16.1%) 12/26 (46.2%) 0.014 *
Cooked wheaten food as staple food 21/30 (70.0%) 14/33 (42.4%) 0.028 *
Fruits (often) 4/43 (9.3%) 1/15 (6.7%) 0.754
Spicy food (often) 23/94 (24.5%) 26/95 (27.4%) 0.649
Greasy food (often) 11/61 (18.0%) 15/65 (23.1%) 0.484
Uncooked food (often) 10/51 (19.6%) 2/29 (6.9%) 0.126
Cold food (often) 12/58 (20.7%) 2/30 (6.7%) 0.088
Carbonated beverages (often) 2/27 (7.4%) 3/32(9.4%) 0.787
Coffee (often) 2/14 (14.3%) 1/15 (6.7%) 0.501
Strong tea (often) 6/20 (30.0%) 8/26 (30.8%) 0.955
Drinking 30/44 (68.2%) 51/62 (82.3%) 0.093
Sweet food (often) 18/76 (23.7%) 11/48 (22.9%) 0.922
Sticky food (often) 6/37 (16.2%) 4/28 (14.3%) 0.879

Data presented as number (%). Chi-square test. * p < 0.05.

3.7. GERD-HRQL Score and SF-36 Total Score

NERD patients had higher GERD-HRQL scores than RE patients (Figure 2A), indi-
cating NERD patients had worse GERD-related quality of life. There was no significant
difference in SF-36 total score between NERD patients and RE patients (Figure 2B). The
number of triggers was positively correlated to GERD-HRQL score (Figure 2C,D) and
negatively correlated to SF-36 total score (Figure 2E,F) in both NERD and RE patients.
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Figure 2. Comparison of GERD-HRQL and SF-36 total score and correlation analysis of the number
of triggers with GERD-HRQL and SF-36 total score in NERD and RE patients. (A) comparison of
GERD-HRQL between NERD and RE patients. (B) Comparison of SF-36 total score between NERD
and RE patients. (C,D) Correlation analysis of the number of triggers with GERD-HRQL in NERD
and RE patients. (E,F) Correlation analysis of the number of triggers with SF-36 total score in NERD
and RE patients.
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4. Discussion

This is a large-scale, multicenter, cross-sectional survey on dietary and lifestyle triggers
of NERD and RE patients in China. We found there were no significant differences in GERD
symptom scores between NERD and RE, while RE patients had a higher male proportion,
smoking/drinking rate, and overeating rate than NERD patients. In total, 87.4% GERD
patients had at least one trigger for their reflux symptoms, and NERD patients had more
triggers than RE. The number of triggers was positively correlated to GERD symptom
scores and GERD-HRQL scores; meanwhile, they were negatively correlated to SF-36 scores.
Of those who took dietary modifications, 44.4% and 45.7% of NERD patients reported
the effectiveness from low-lipid /low-sugar food and avoiding overeating, respectively,
while as high as 82.1% RE patients often consumed triggering foods, even those foods that
sometimes and often induced their reflux symptoms.

In our result, we found there was no significant difference in major GERD symptoms
and most extra-esophageal symptoms between NERD and RE patients, which was consis-
tent with a previous study [26]. The NERD consensus indicated symptom severity does not
allow confident differentiation between NERD and erosive reflux disease [11]. There are
many similarities between NERD and RE in the perspective of pathophysiological mecha-
nisms. RE is characterized by excessive esophageal acid exposure and esophageal mucosa
injury under endoscopy. Generally, the number of acid reflux episodes and the delay of
acid bolus clearance cause excessive acid exposure [27]. RE seemed to have more obvious
esophageal motor dysfunctions and injury of the mucosa barrier, and the pathophysiology
of NERD was poorly understood. The mechanism of esophageal mucosa injury in RE
patients compared to NERD patients with similar symptom severity was not completely
clear. In this study, the self-reported effective rate of PPI was about 50%, but the relapse rate
after PPI withdrawal was over 80%, which indicated there are some lifestyle and dietary
aspects combined with dysmotility of the esophagus to enhance the reflux persistence.

Considering the potential side effects of long-term pharmacotherapy, lifestyle modifi-
cations are increasing in popularity. Although dietary manipulation is commonly employed
in clinical settings, data are conflicting for definitive recommendations. Various lifestyle
factors, such as smoking, alcohol intake, poor dietary habits (large volume of meals, lying
down after a meal, meals just before bedtime) and lack of regular physical activity have
been reported to be risk factors of GERD occurrence [2]. Studies indicated high-fat and
high-caloric-load food; fried, sour, and spicy food; chocolate; and coffee/tea as triggers
for GERD symptoms [15,18,28,29]. High-fat meals could significantly increase postpran-
dial esophageal acid exposure in both RE and NERD [30]. Some diets were related to a
proposed mechanism of GERD symptoms, coffee, alcohol, chocolate, mint and fats were
related to reduction in lower esophageal sphincter (LES) tone, and late-night meals were
related to increased gastric acid production [31], but few studies document the benefits
of avoiding these foods. Rare data exist regarding the association between diet in RE and
NERD, especially in China, where foods and cooking methods are very rich and diversified,
which makes it difficult to determine the dietary risk factors for reflux symptoms in clinical
practice. In this study, we set as many questions as possible and easy-to-answer options
for participants, including the eating habits and triggering factors according to the dietary
particularities of the Chinese, and aimed to understand the comprehensive relationship
between the patients” diets and lifestyles and reflux symptoms.

With regard to ordinary dietary habits, we found more RE patients reported overeating,
smoking, and drinking than NERD patients, and RE patients had a tendency to report
higher percentages of fast eating than NERD patients. We found that 87.4% GERD patients
had at least one trigger for their reflux symptoms, and NERD patients had more triggers
than RE patients. GERD patients seemed to have similar most-common triggers; in NERD
patients, the top five triggers were cold weather, emotional disturbance, weather change,
spicy food, and drinking, and in RE patients, the top five triggers were drinking, cold
weather, spicy food, weather change, and emotional disturbance. Thus, in clinical settings,
we recommend GERD patients to avoid the five top triggers. More NERD patients reported
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fruits, dairy products, yogurt, bean products, uncooked food, cold food, midnight snacks,
sweet food, cold weather, and emotional disturbance sometimes and often induced GERD
symptoms than RE patients. The percentages of patients who had at least 3, 5, and
20 triggers in the NERD group were higher than the RE group. We assumed that NERD
patients were more concerned or sensitive to dietary and lifestyle triggers than RE patients.
Indeed, we also found NERD patients were more likely to coexist with FD, FC, and
psychological disorders, indicating the important role of visceral hypersensitivity and
psychological factors in the pathogenesis and perception of symptoms of NERD [11,32] as
well as reporting more triggers for their reflux symptoms.

It is disappointing that 74.0% of GERD patients still often consumed the triggering
foods, even those foods that sometimes and often induced their reflux symptoms, and
RE patients had a higher percentage than did NERD patients (82.1% vs. 66.4%, p = 0.002).
Considering that NERD and RE patients had similar GERD symptom severity with the
latter group presenting with esophageal mucosal injury, we supposed that dietary habits
like higher percentage of overeating, smoking, and drinking and more patients still often
consuming the triggering foods were closely related to more severe acid exposure in RE
patients than in NERD patients.

NERD patients had worse GERD-related quality of life than RE patients, while both
groups have comparable GERD symptom scores and prevalence of extra-esophageal symp-
toms (except of oral symptom). The number of triggers was positively correlated to
GERD-HRQL score and negatively correlated to SF-36 total score. We speculated that
NERD patients with more dietary triggers might be more worried about their types of
foods and excessive diet avoidance, and anxiety adversely affected their quality of life.
Therefore, identification and effective management of the adverse effect of dietary and
lifestyle triggers to reflux symptoms and quality of life was significant for NERD patients.

Management of GERD requires a multifaceted approach; PPI and other acid suppres-
sion therapy were first-line treatments. We observed the relatively low effective rate of PPI
and high relapse rate after PPI withdrawal. A study showed the relapse rate of 4 weeks and
12 weeks after PPI treatment suspension was 48.64% and 17.57%, and they found citrus
fruits (OR = 14.76) were independent risk factors of GERD relapse [33]. A Japanese study
showed hiatus hernia and past severe erosive GERD (grade C or D) were risk factors for RE
relapse during long-term maintenance treatment with PPIs [34]. Diet modification includes
manipulation of meal size, avoidance of late-night meals and bedtime snacks, tobacco
and alcohol cessation, and cessation of foods that potentially aggravate reflux symptoms,
such as coffee, chocolate, carbonated beverages, spicy foods, acidic foods, such as citrus
and tomatoes, and foods with high fat content were recommended in the literature [31,35].
Supporting data for these suggestions were limited and variable. According to our study,
we recommend trying to avoid cold weather, emotional disturbance, weather change,
spicy food, and drinking in all GERD patients. Additionally, we advise GERD patients to
avoid smoking, drinking, and overeating, especially in RE patients. Also, we recommend
properly avoiding the intake of fruits, dairy products, yogurt, bean products, uncooked
food, and cold food, especially in NERD patients. We hope that these recommendations
will be useful to patients with GERD who have similar food habits and dietary cultures.
More importantly, good education on dietary and lifestyle modification are needed for
GERD patients, especially emphasizing the avoidance of the intake of already known
symptom-triggering foods, which is basic and important for permanent management of
GERD. Further well-designed randomized, controlled trials are still needed to study the
effects of dietary modification on GERD management.

There were several limitations of our study. Firstly, this study was retrospective with a
food survey that spans three months prior to the survey and therefore requires a mnemonic
effort and an important involvement of the subjects. Secondly, less than 20% NERD and
RE patients had pH or pH-impedance monitoring tests, and less than 10% NERD and RE
patients had esophageal manometry data. NERD was diagnosed with typical symptoms
and self-reported response to PPIs, not rigorously distinguished from acid reflux, non-acid
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reflux, or functional heartburn, and we did not explore the relationship among GERD
symptoms, dietary and lifestyle triggers, and pathophysiological mechanisms. Thirdly,
we only collected data of GERD management during the whole disease, including PPI
use and response, but we did not perform PPI tests after patients” enrollment. Finally, we
did not observe the real effective rate of dietary modifications. In addition, the healthcare
systems in China permmit for both referral and non-refereral patients to have a registered
appointment in the tertiary hospitals when they would like to seek more professional
consultation; we hope our results could be referred to those patients in parimary care.

5. Conclusions

GERD is a common gastrointestinal disease which is closely related to diet habits
and lifestyles. Of the 87.4% GERD patients who had at least one trigger for their reflux
symptoms, the number of triggers had close association to GERD symptoms and quality
of life. Both NERD and RE patients had high relapse rates after PP1 withdrawal, which
could be related to dietary triggers. NERD patients had more dietary triggers and psy-
chological factors than RE patients, indicating the underlying pathophysiology of visceral
hypersensitivity, while more RE patients had poor dietary habits and often consumed the
triggering foods indicating the potential effect on prolonged esophageal acid exposure. It
is important to educate those GERD patients to modify their poor dietary habits and avoid
already known symptom triggers based on individual triggers, especially for RE patients
in the long-term course of therapy.

Author Contributions: Conceptualization, Y.C., X.S. and X.F; methodology, X.S. and X.E; software, X.S.
and W.E; validation, X.S. and X.E; formal analysis, X.E, S.H. and W.E; investigation, X.S., ].Y.,, PW,, D.L.,
MS., SL., X.Z,RZ,YH, YL, ].Z, XL, MK. and X.E; resources, X.S. and X.E,; data curation, X.S. and
X.E; writing—original draft preparation, Y.C. and W.E; writing—review and editing, X.F; visualization,
Y.C. and W.E; supervision, X.S. and X.F,; project administration, X.S. and X.E; funding acquisition, X.F.
and X.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National High-tech R&D Program (863 Program), grant
number 2010AA023007.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of Peking Union Medical College Hospital (Project
identification code I-23PJ1009).

Informed Consent Statement: All participants provided oral consent to participate before the enrollment.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Conflicts of Interest: The authors declare that the study was conducted without any commercial or
financial relationships that could be construed as a potential conflict of interest. This manuscript has
not been published or presented elsewhere in part or in entirety and is not under consideration by
another journal.

Abbreviations and Acronyms

GERD gastroesophageal reflux disease
NERD non-erosive reflux disease

RE reflux esophagitis

BE Barrett’s esophagus

BMI body mass index

FD functional dyspepsia

FC functional constipation

IBS irritable bowel syndrome
GERD-HRQL  gastroesophageal reflux disease health-related quality of life
SF-36 36-item short-form health survey
PPI proton pump inhibitor

26



Nutrients 2023, 15, 3400

References

1. Vakil, N.; van Zanten, S.V.; Kahrilas, P; Dent, J.; Jones, R. The Montreal definition and classification of gastroesophageal reflux
disease: A global evidence-based consensus. Am. J. Gastroenterol. 2006, 101, 1900-1920, quiz 1943. [CrossRef] [PubMed]

2. Katz, PO.; Dunbar, K.B.; Schnoll-Sussman, FH.; Greer, K.B.; Yadlapati, R.; Spechler, S.J. ACG Clinical Guideline for the Diagnosis
and Management of Gastroesophageal Reflux Disease. Am. ]. Gastroenterol. 2022, 117, 27-56. [CrossRef] [PubMed]

3.  Fass, R,; Boeckxstaens, G.E.; El-Serag, H.; Rosen, R.; Sifrim, D.; Vaezi, M.F. Gastro-oesophageal reflux disease. Nat. Rev. Dis.
Primers 2021, 7, 55. [CrossRef]

4. Durazzo, M.; Lupi, G,; Cicerchia, F,; Ferro, A.; Barutta, F; Beccuti, G.; Gruden, G.; Pellicano, R. Extra-Esophageal Presentation of
Gastroesophageal Reflux Disease: 2020 Update. J. Clin. Med. 2020, 9, 2559. [CrossRef] [PubMed]

5. Nirwan, J.S.; Hasan, S.S.; Babar, Z.U.; Conway, B.R.; Ghori, M.U. Global Prevalence and Risk Factors of Gastro-oesophageal
Reflux Disease (GORD): Systematic Review with Meta-analysis. Sci. Rep. 2020, 10, 5814. [CrossRef]

6. Lu, TL;Li, S.R; Zhang, ]. M.; Chen, C.W. Meta-analysis on the epidemiology of gastroesophageal reflux disease in China. Worid J.
Gastroenterol. 2022, 28, 6410-6420. [CrossRef]

7. Dent,].; El-Serag, H.B.; Wallander, M.A; Johansson, S. Epidemiology of gastro-oesophageal reflux disease: A systematic review.
Gut 2005, 54, 710-717. [CrossRef]

8. Fang, X.; Zhu, L.; Wu, D.; Wang, Z.; Fei, G.; Chang, M.; Liu, E; Xin, H.; Xu, T.; Chen, W,; et al. Natural history of gastroesophageal
reflux: A prospective cohort study in a stratified, randomized population in Beijing. J. Dig. Dis. 2019, 20, 523-531. [CrossRef]

9.  Hom, C,; Vaezi, M.F. Extra-esophageal manifestations of gastroesophageal reflux disease: Diagnosis and treatment. Drugs 2013,
73,1281-1295. [CrossRef]

10. Fass, R,; Ofman, ].J. Gastroesophageal reflux disease--should we adopt a new conceptual framework? Am. |. Gastroenterol. 2002,
97,1901-1909. [CrossRef]

11.  Modlin, LM.; Hunt, R.H.; Malfertheiner, P; Moayyedi, P; Quigley, EM.; Tytgat, G.N.; Tack, J.; Heading, R.C.; Holtman, G.; Moss,
S.E. Diagnosis and management of non-erosive reflux disease--the Vevey NERD Consensus Group. Digestion 2009, 80, 74-88.
[CrossRef] [PubMed]

12.  Kaltenbach, T.; Crockett, S.; Gerson, L.B. Are lifestyle measures effective in patients with gastroesophageal reflux disease? An
evidence-based approach. Arch. Intern. Med. 2006, 166, 965-971. [CrossRef] [PubMed]

13. Wang, S.E.; Hodge, A.M.; Dashti, S.G.; Dixon-Suen, S.C.; Mitchell, H.; Thomas, R.J.; Williamson, E.M.; Makalic, E.; Boussioutas,
A.; Haydon, A.M,; et al. Diet and risk of gastro-oesophageal reflux disease in the Melbourne Collaborative Cohort Study. Public
Health Nutr. 2021, 24, 5034-5046. [CrossRef]

14. El-Serag, H.B.; Satia, J.A.; Rabeneck, L. Dietary intake and the risk of gastro-oesophageal reflux disease: A cross sectional study in
volunteers. Gut 2005, 54, 11-17. [CrossRef] [PubMed]

15. Taraszewska, A. Risk factors for gastroesophageal reflux disease symptoms related to lifestyle and diet. Rocz. Panstw. Zakl. Hig.
2021, 72, 21-28. [CrossRef] [PubMed]

16. Fujiwara, Y.; Higuchi, K.; Shiba, M.; Yamamori, K.; Watanabe, Y.; Sasaki, E.; Tominaga, K.; Watanabe, T.; Oshitani, N.; Arakawa, T.
Differences in clinical characteristics between patients with endoscopy-negative reflux disease and erosive esophagitis in Japan.
Am. ]. Gastroenterol. 2005, 100, 754-758. [CrossRef] [PubMed]

17.  Minatsuki, C.; Yamamichi, N.; Shimamoto, T.; Kakimoto, H.; Takahashi, Y.; Fujishiro, M.; Sakaguchi, Y.; Nakayama, C.; Konno-
Shimizu, M.; Matsuda, R.; et al. Background factors of reflux esophagitis and non-erosive reflux disease: A cross-sectional study
of 10,837 subjects in Japan. PLoS ONE 2013, 8, e69891. [CrossRef]

18. Matsuki, N.; Fujita, T.; Watanabe, N.; Sugahara, A.; Watanabe, A ; Ishida, T.; Morita, Y.; Yoshida, M.; Kutsumi, H.; Hayakumo,
T.; et al. Lifestyle factors associated with gastroesophageal reflux disease in the Japanese population. J. Gastroenterol. 2013, 48,
340-349. [CrossRef]

19. Nam, S.Y,; Park, B.J.; Cho, Y.A,; Ryu, K.H.; Choi, L].; Park, S.; Kim, Y.W. Different effects of dietary factors on reflux esophagitis
and non-erosive reflux disease in 11,690 Korean subjects. . Gastroenterol. 2017, 52, 818-829. [CrossRef]

20. Kim, N.; Lee, S.W.; Cho, S.I; Park, C.G.; Yang, C.H.; Kim, H.S.; Rew, ].S.; Moon, ].S.; Kim, S.; Park, S.H.; et al. The prevalence of
and risk factors for erosive oesophagitis andRnon-erosive reflux disease: A nationwide multicentre prospective study in Korea.
Aliment. Pharmacol. Ther. 2008, 27, 173-185. [CrossRef]

21. Lundell, L.R,; Dent, J.; Bennett, J.R.; Blum, A.L.; Armstrong, D.; Galmiche, ].P.; Johnson, F.; Hongo, M.; Richter, ].E.; Spechler,
S.J.; et al. Endoscopic assessment of oesophagitis: Clinical and functional correlates and further validation of the Los Angeles
classification. Gut 1999, 45, 172-180. [CrossRef] [PubMed]

22. Li, X, Lin, S.; Wang, Z.; Zhang, H.; Sun, X; Li, ].; Wu, D.; Ke, M.; Fang, X. Gastroesophageal reflux disease and chronic cough: A
possible mechanism elucidated by ambulatory pH-impedance-pressure monitoring. Neurogastroenterol. Motil. 2019, 31, e13707.
[CrossRef] [PubMed]

23. Drossman, D.A. Rome III: Functional Gastrointestinal Disorders, 3rd ed.; Allen Press, Inc.: Lawrence, KS, USA, 2006.

24. Velanovich, V,; Vallance, S.R.; Gusz, ].R,; Tapia, EV,; Harkabus, M.A. Quality of life scale for gastroesophageal reflux disease.
J. Am. Coll. Surg. 1996, 183, 217-224. [PubMed]

25. Ware, J.E,, Jr.; Sherbourne, C.D. The MOS 36-item short-form health survey (SF-36). I. Conceptual framework and item selection.

Med. Care 1992, 30, 473-483. [CrossRef]| [PubMed]

27



Nutrients 2023, 15, 3400

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Kovacs, Z.; Kerékgyarto, O. Psychological factors, quality of life, and gastrointestinal symptoms in patients with erosive and
non-erosive reflux disorder. Int. J. Psychiatry Med. 2007, 37, 139-150. [CrossRef]

Lin, S.; Li, H.; Fang, X. Esophageal Motor Dysfunctions in Gastroesophageal Reflux Disease and Therapeutic Perspectives.
J. Neurogastroenterol. Motil. 2019, 25, 499-507. [CrossRef]

Festi, D.; Scaioli, E.; Baldi, F; Vestito, A.; Pasqui, E; Di Biase, A.R.; Colecchia, A. Body weight, lifestyle, dietary habits and
gastroesophageal reflux disease. World J. Gastroenterol. 2009, 15, 1690-1701. [CrossRef] [PubMed]

Mehta, R.S.; Nguyen, L.H.; Ma, W,; Staller, K.; Song, M.; Chan, A.T. Association of Diet and Lifestyle with the Risk of Gastroe-
sophageal Reflux Disease Symptoms in US Women. JAMA Intern. Med. 2021, 181, 552-554. [CrossRef]

Fan, WJ.; Hou, Y.T;; Sun, X.H.; Li, X.Q.; Wang, Z.F; Guo, M.; Zhu, LM.; Wang, N.; Yu, K_; Li, ].N; et al. Effect of high-fat, standard,
and functional food meals on esophageal and gastric pH in patients with gastroesophageal reflux disease and healthy subjects.
J. Dig. Dis. 2018, 19, 664-673. [CrossRef]

Newberry, C.; Lynch, K. The role of diet in the development and management of gastroesophageal reflux disease: Why we feel
the burn. J. Thorac. Dis. 2019, 11, S1594-51601. [CrossRef]

Xu, C.; Niu, X. Progress on the Mechanism of Visceral Hypersensitivity in Nonerosive Reflux Disease. Gastroenterol. Res. Pract.
2022, 2022, 4785077. [CrossRef] [PubMed]

Lopez-Colombo, A.; Pacio-Quiterio, M.S.; Jestis-Mejenes, L.Y.; Rodriguez-Aguilar, J.E.; Lopez-Guevara, M.; Montiel-Jarquin,
A].; Lopez-Alvarenga, J.C.; Morales-Hernandez, E.R.; Ortiz-Juarez, V.R ; Avila-Jiménez, L. Risk factors associated with gastroe-
sophageal reflux disease relapse in primary care patients successfully treated with a proton pump inhibitor. Rev. Gastroenterol.
Mex. 2017, 82, 106-114. [CrossRef] [PubMed]

Fujimoto, K.; Hongo, M. Risk factors for relapse of erosive GERD during long-term maintenance treatment with proton pump
inhibitor: A prospective multicenter study in Japan. J. Gastroenterol. 2010, 45, 1193-1200. [CrossRef] [PubMed]

Ness-Jensen, E.; Lindam, A.; Lagergren, J.; Hveem, K. Tobacco smoking cessation and improved gastroesophageal reflux: A
prospective population-based cohort study: The HUNT study. Am. |. Gastroenterol. 2014, 109, 171-177. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

28



 §6)-

Nd 1utrients MbPI

Article

A High-Fat, High-Cholesterol Diet Promotes Intestinal
Inflammation by Exacerbating Gut Microbiome Dysbiosis and
Bile Acid Disorders in Cholecystectomy

Fusheng Xu 1'%, Zhiming Yu 3%, Yaru Liu "2, Ting Du "2, Leilei Yu 12, Fengwei Tian 12, Wei Chen 124
and Qixiao Zhai 1/%*

State Key Laboratory of Food Science and Resources, Jiangnan University, Wuxi 214122, China;
6210112164@stu jiangnan.edu.cn (EX.); 6210113061@jiangnan.edu.cn (Y.L.);

1012200610@stu jiangnan.edu.cn (T.D.); edyulei@126.com (L.Y.); fwtian@jiangnan.edu.cn (ET.);
chenwei66@jiangnan.edu.cn (W.C.)

School of Food Science and Technology, Jiangnan University, Wuxi 214122, China

3 Wuxi People’s Hospital Afliated to Nanjing Medical University, Wuxi 214023, China;
yuzhimingxinjie@sina.com

National Engineering Research Center for Functional Food, Jiangnan University, Wuxi 214122, China
*  Correspondence: zhaigixiao@jiangnan.edu.cn; Tel./Fax: +86-510-85912155

t These authors contributed equally to this study.

Abstract: Patients with post-cholecystectomy (PC) often experience adverse gastrointestinal condi-
tions, such as PC syndrome, colorectal cancer (CRC), and non-alcoholic fatty liver disease (NAFLD),
that accumulate over time. An epidemiological survey further revealed that the risk of cholecystec-
tomy is associated with high-fat and high-cholesterol (HFHC) dietary intake. Mounting evidence
suggests that cholecystectomy is associated with disrupted gut microbial homeostasis and dys-
regulated bile acids (BAs) metabolism. However, the effect of an HFHC diet on gastrointestinal
complications after cholecystectomy has not been elucidated. Here, we aimed to investigate the effect
of an HFHC diet after cholecystectomy on the gut microbiota—BA metabolic axis and elucidate the
association between this alteration and the development of intestinal inflammation. In this study, a
mice cholecystectomy model was established, and the levels of IL-If3, TNF-«, and IL-6 in the colon
were increased in mice fed an HFHC diet for 6 weeks. Analysis of fecal BA metabolism showed that
an HFHC diet after cholecystectomy altered the rhythm of the BA metabolism by upregulating liver
CPY7A1, CYP8BI1, and BSEP and ileal ASBT mRNA expression levels, resulting in increased fecal BA
levels. In addition, feeding an HFHC diet after cholecystectomy caused a significant dysbiosis of the
gut microbiota, which was characterized by the enrichment of the metabolic microbiota involved
in BAs; the abundance of pro-inflammatory gut microbiota and related pro-inflammatory metabo-
lite levels was also significantly higher. In contrast, the abundance of major short-chain fatty acid
(SCFA)-producing bacteria significantly decreased. Overall, our study suggests that an HFHC diet
after cholecystectomy promotes intestinal inflammation by exacerbating the gut microbiome and BA
metabolism dysbiosis in cholecystectomy. Our study also provides useful insights into the mainte-
nance of intestinal health after cholecystectomy through dietary or probiotic intervention strategies.

Keywords: post-cholecystectomy; gut microbiota; bile acids; diet; cholesterol; inflammation

1. Introduction

The gallbladder (GB) is primarily responsible for the storage and concentration of
bile acids (BAs) secreted by the liver. Generally, GB contraction is stimulated by cholecys-
tokinins secreted through the duodenum during the interdigestive period to expel bile [1].
Bile salts and BAs facilitate the absorption of dietary lipids [2,3]. Post-cholecystectomy (PC)
can alter the dynamic balance of the BA metabolism, resulting in increased BA reabsorption

Nutrients 2023, 15, 3829. https:/ /doi.org/10.3390/nu15173829 29 https:/ /www.mdpi.com/journal /nutrients



Nutrients 2023, 15, 3829

and enterohepatic circulation [4]. According to epidemiological surveys, PC increases the
risk of colorectal cancer (CRC) [5] and non-alcoholic fatty liver disease (NAFLD) [6], but
further studies are needed to confirm the relationship, as well as to clarify the mechanism
of action. Studies have shown that PC can disrupt gut microbiota homeostasis and perturb
the bile acid metabolism [7], a potential risk after cholecystectomy. Moreover, the risk of
cholecystectomy is often associated with the excessive intake of a high-fat, high-cholesterol
(HFHC) diet [8,9] that further disrupts gut microbial homeostasis and the BA metabolism
after cholecystectomy [10,11].

The gut microbiota metabolism is an important microbial pathway for the BA metabolism
and is involved in the conversion of unconjugated and secondary BAs. Therefore, the
composition of the gut microbiota is essential for maintaining a stable BA pool, which has a
positive effect on host health [12]. Specifically, the modification of primary BAs by the gut
microbiota, mainly through four metabolic pathways (ncoupling, dehydroxylation, oxida-
tion, and exosomalization) increases the diversity of the BA pool and overall hydrophobic
primary BAs [13]. In contrast, BAs, as an antimicrobial agent, can affect gut microbial
homeostasis directly and through indirect effects [14]. Bacteria containing BA-metabolizing
enzymes such as bile salt hydrolase (BSH) are favored because they are tolerant to the
toxic effects of BAs [15]. In addition to their digestive role, BAs act as important signaling
molecules that can significantly influence pathways such as metabolism and immunity
in the host [16]. First, the strong hydrophobicity of BAs can exert carcinogenic effects by
damaging the cells and inducing inflammation [17]. Additionally, BAs can indirectly affect
the intestinal inflammatory milieu by activating or inhibiting BA receptors, such as FXR
and TGR5 [16].

Dietary patterns have attracted widespread attention as a key factor affecting health.
Diets rich in saturated fats and cholesterol, often associated with the Western diet [18], and
malnutrition resulting from imbalanced energy or nutrient intake have been linked to the
development of a variety of inflammatory diseases, such as inflammatory bowel disease,
ulcerative colitis, and Crohn’s disease [19]. In addition, diet is a key factor influencing
gut microbial homeostasis and the BA metabolism. Primarily, fat and fiber intake can
significantly alter the gut microbiota and BA metabolism [20]. Cholesterol is an important
prerequisite for BA synthesis, and chronic HFHC intake can upregulate the BA synthesis
pathway, thereby increasing overall host BA levels [21]. Diets rich in dietary fiber help to
maintain intestinal flora diversity and normal metabolic function [22]. The gut microbiota
ferments dietary fiber to produce short-chain fatty acids (SCFAs). SCFAs play an important
role in maintaining intestinal barrier function; in addition, SCFAs can reduce oxygen levels
in the intestinal lumen and maintain normal immunometabolic pathways [23]. In addition,
an HFHC diet can affect intestinal health by increasing intestinal barrier permeability and
disrupting gut microbial homeostasis [24]. Thus, diverse dietary intake can influence host
health by influencing the gut microbiota—BA axis.

High-fat and high-cholesterol diets have been widely used to simulate mice models of
diseases, such as obesity [25], NAFLD [26], and hypercholesterolaemia [27], caused by ex-
cessive fat and cholesterol intake. Based on these findings, we hypothesized that an HFHC
diet after cholecystectomy may exacerbate the dysbiosis of gut microbial homeostasis and
BA metabolic rhythms in cholecystectomy, thereby promoting intestinal inflammation. We
established a cholecystectomized mice model and fed an HFHC diet for 6 weeks. Systematic
investigations were conducted based on the changes in intestinal histopathology, fecal BA
metabolism, BA-related gene expression, intestinal microbiota composition, and metabolic
pathways to explore the effects of an HFHC diet on the BA metabolism and microbiota
balance in cholecystectomy. The results of our study provide evidence that an HFHC diet
after cholecystectomy promotes the development of colonic inflammation and its associated
mechanisms to provide new and valuable insights into the prevention of related diseases
after cholecystectomy through dietary strategies or probiotic supplementation strategies.
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2. Materials and Methods
2.1. Animals and Feeding

The C57BL/6] mice PC model has been widely used in various studies [7]. Therefore,
C57BL/6] mice were used in this study for experiments. C57BL /6] mice were of specific-
pathogen-free (SPF) grade (6-8 weeks, male) (SPF Biotechnology, Beijing, China). Mice
were housed in a 12 h diurnal cycle at a constant temperature and humidity of 22 =1 °C
and 50 & 10%, respectively.

In order to simulate the two dietary patterns of HFHC and low fat and low cholesterol
(LFLC) after cholecystectomy, we established a higher level of cholesterol intake in the
experimental group under the premise of a reasonable combination of various nutrients.
HFHC group: feeding an irradiation-sterilized HFHC diet (60% of energy from fat, 26%
from carbohydrate, and 14% from protein; added an extra 1.8% of cholesterol; TP 23400-180,
Trophic Animal Feed High-Tech Co., Ltd., Nantong, China). LFLC group: feeding an
irradiation-sterilized LFLC diet (10% energy from fat, 76% from carbohydrates, and 14%
from protein; added an extra 0.2% of cholesterol; TP 23402-020, Trophic Animal Feed
High-Tech Co., Ltd., Nantong, China). Refer to Table S1 for feed formulation details. This
study was approved by the Experimental Animal Ethics Committee of Jiangnan University
(Qualification number: JN. N020220930c0550401[403]).

In the PC group, the GB duct was ligated, and the GB was removed after bile emptying.
Mice in the negative control group underwent sham surgery (NC).

After one week of acclimation, the mice were randomly divided into three treatment
groups: cholecystectomy and sham surgery. As shown in Figure la, the experimental
groups were as follows: (1) cholecystectomy and HFHC feeding (Figure 1b) (HFHC-PC)
(n =9); (2) cholecystectomy and LFLC feeding (Figure 1b) (LFLC-PC) (n = 9); and (3) sham
operation and LFLC feeding (Figure 1c) (LFLC-NC) (1 =9).

Tissue harves
Fecal collection (Fecal collection )

W 2W_ 3W_ AW 5W__ W b
e o o o o

Figure 1. Animal experiments (a). Mice grouping instructions. (b,c). Diagram of cholecystectomy
(b) with sham surgery (c).

2.2. Histological Analysis

Colon tissue specimens were end-fixed in 4% paraformaldehyde for more than 24 h,
and sections were eventually stained with hematoxylin and eosin (H&E) and examined
microscopically [28]. Please refer to the Supplementary Material for the detailed procedure.

2.3. Microbiome Analysis

Please refer to the Supplementary Material for the detailed sequencing procedure for
fecal 165-RNA. Briefly, Microbial Ecology Quantitative Analysis Platform 2 (QIIME2) was
used to analyze the raw sequencing data [29]. First, raw sequencing data were quality
filtered and demultiplexed using the DADA2 package of the QIIME2 platform. Reads
were assigned using open-reference amplicon sequence variants (ASVs). Finally, the Silva
Bacterial Database was used for sequence alignment. GraphPad Prism 8 and R were used
for data analysis and visualization, and Python NumPy and SciPy libraries were used for
ASV tracking. Microbial co-abundance analysis was performed using the Chiplot website
chiplot (https:/ /www.chiplot.online/#Bar-plot, accessed on 15 April 2023). Spearman
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correlation, heatmap analysis, and visualization were performed using OmicStudio tools
(https:/ /www.omicstudio.cn/tool, accessed on 7 June 2023). Kyoto Encyclopedia of Genes
and Genomes (KEGG) and KEGG orthology (KO) enrichment analysis and pathway an-
notation were based on the Gene Denovo (https://www.genedenovo.com/, accessed on
7 June 2023) and KEGG pathway database (http:/ /www.genome.jp/kegg/, accessed on
7 June 2023), respectively.

2.4. BA Measurements

Liquid chromatography-tandem mass spectrometry was used to determine the abso-
lute abundance of the target BAs [30]. For sample pre-treatment, freeze-dried fecal samples
were weighed (approximately 50 mg). Grinding and homogenization were performed
using methanol (100%). A 0.22 pm membrane was used for filtration and stored in an
injection bottle for LC-MS analysis.

UPLC-Q Exactive system (UPLC: UltiMate 3000); column: ACQUITY UPLC® HSS T3
(1.8 pm, 2.1 x 100 mm) was used for quantitative analysis of BAs. An aqueous solution of
1 mM ammonium acetate (phase A) and a methanolic solution of 1 mM ammonium acetate
(phase B) were used for elution. Gradient elution conditions are listed in Table S2.

2.5. RNA Extraction and Quantitative Real-Time PCR (RT-gPCR)

Total RNA was extracted using the Total RNA Isolation Kit (Vazyme, R401-01, Nan-
jing, China) and reverse transcribed into cDNA using HiScript III Reverse Transcriptase
(Vazyme #R333, Nanjing, China). RT-qPCR was performed to detect the corresponding
gene expression. The relative level of change in target genes was calculated using 2744¢T,
Please refer to Table S3 for the primers used for RT-qPCR.

2.6. Analysis of Cytokines in the Colonic Tissues by Enzyme-Linked Immunosorbent Assay (ELISA)
ELISA kit (Valukine ELISA) (R&D Systems, Shanghai, China) was used for the detec-
tion of IL-1 and TNF-« levels in the colon.
Bicinchoninic Acid Assay kits (Beyotime Biotechnology, Shanghai, China) were used
to determine the total protein content of all colonic tissues [31].

2.7. Untargeted Metabolomics

A UIUI3000 high-performance liquid chromatography (HPLC) system (Thermo Fisher
Technologies, Waltham, MA, USA) was used in conjunction with a high-resolution Q
Active Mass Spectrometer (Thermo Fisher Technologies, Waltham, MA, USA) to analyze
fecal metabolites. The preparation methods of the metabolites, analytical parameters of
HPLC-MS, and analytical methods for the metabolite data are described in detail in the
Supplementary Material.

2.8. Determination of Plasma Biochemical Indices

The plasma was stored at —80 °C. After thawing, 80 uL of plasma was collected and
diluted to 240 uL with 0.9% normal saline. Blood total cholesterol (TC), triglyceride (TG),
high-density lipoprotein cholesterol (HDL-C), and glucose (Glu) levels were determined
using an automatic biochemistry analyzer [32].

2.9. Determination of Fecal SCFA Contents

Analysis of SCFA levels in samples was performed using gas chromatography-mass
spectrometry (GC-MS) [33]. The sample processing method was described by Wang et al. [34].
Detailed parameters for GC-MS testing are provided in the Supplementary Material.

2.10. Statistical Analysis

Statistical analysis of the data was performed using R or GraphPad Prism 8. Data
are expressed as median or means + SEM. The t-test, ANOVA, and Mann—-Whitney test
were used to test for differences in the data. Statistical significance was set at p < 0.05. The
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p-values in the figure represent the following: ns, p > 0.05 (not significant, may not be
indicated); * p < 0.05; ** p < 0.01; ** p < 0.001; and **** p < 0.0001.

3. Results
3.1. Pro-Inflammatory Effects of Cholecystectomy on the Intestine Exacerbated by an HFHC Diet

We first examined whether cholecystectomy and feeding an HFHC diet after chole-
cystectomy resulted in changes in serum biochemistry, histology, and expression levels of
inflammatory cytokines. The results showed that all three groups of mice gained weight
during the experimental period (Figure 2b), with a significant difference in weight gain
on day 30 in the HFHC-PC group compared to the LFLC-PC group (p < 0.05) (Figure 2a).
However, there was no significant difference in food intake (Figure 2c). Similarly, we
observed significantly increased serum TG (p < 0.001), HDL-C (p < 0.01), TC (p < 0.05), and
Glu (p < 0.05) levels in the HFHC-PC group (Figure 2j-m). Compared to the LFLC-NC
group, the LFLC-PC group showed a significant increase in IL-10 (p < 0.05) level, whereas
IL-1B, IL-6, and NF-«B only showed an upward trend. In addition, compared to the
LFLC-PC group, the HFHC-PC group showed increased levels in colonic cytokines IL-13
(p <0.01), TNF- (p < 0.05), IL-6 (p < 0.01), IL-10, and NF-«B (Figure 2e-i), although there
was no significant tissue damage (Figure 2d). Thus, feeding an HFHC diet for 6 weeks
after cholecystectomy elevated the serum levels of glycolipid metabolism in mice. It also
resulted in increased expression of colonic inflammatory factors.
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Figure 2. HFHC feeding and PC induce an inflammatory colonic environment in mice. (a): Changes
in body weight of mice throughout surgical molding and different dietary feeding. (b): Weight
increase in mice from week 1 to 6. (c): Mean food intake of mice throughout the experimental
cycle. (d): Representative hematoxylin-and-eosin-stained sections in HFHC—PC, LFLC—PC, and
LFLC—NC groups at week 6. (e,f): ELISA assay was used to detect IL-13 and TNF-« levels in the
colon. (g-i): Relative mRNA expression of IL-6, IL-10, and NF-«B in the colon. (j-m): Serum TG,
HDL-C, TC, and Glu levels. * p < 0.05, ** p < 0.01, *** p < 0.001, ns, nonsignificant.

3.2. HFHC Diet Exacerbates the Dysbiosis of Gut Microbial Homeostasis in Cholecystectomy

The gut microbial-BA axis is an important pathway for the metabolism of BAs in the
colon, further modifying primary BAs to secondary BAs. The fecal microbiota was also
identified. Cholecystectomy did not alter the alpha diversity of gut microbiota (Figure 3a,b).
Feeding an HFHC diet for 6 weeks after cholecystectomy resulted in a significant increase in
alpha diversity (Figure 3a,b). PCoA showed that the LFLFC-PC and LFLC-NC groups were
significantly different at week 6 (but not at week 3) (Figure 3c,d), whereas the HFHD-PC
and LFLC-PC groups were significantly different at both weeks 3 and 6 (Figure 3f,g). Mice
fed an HFHC diet after cholecystectomy also transitioned along with the first principal
coordinates from weeks 3 to 6, whereas mice after cholecystectomy did not follow the
same gut microbiota transition (Figure 3e,h). Stacked histograms show changes in the
gut microbiota at the phylum (Figure 3i), family (Figure 3j), and genus levels (Figure 3k).
Notably, at weeks 3 and 6, the HFHC-PC group Firmicutes/Bacteroidetes abundance ra-
tio showed a decreasing trend, which was negatively correlated with obesity (Figure 31).
Furthermore, we identified bacteria with significant differences at the genus level (Fig-
ure 3m,n). In the analysis of the gut microbial co-abundance network, the HFHC-PC
group showed more complex relationships with increasing time than the LFLC-PC group
(Figure Sla-d). Compared with the LFLC-NC group, the LFLC-PC group was significantly
enriched in Ruminococcaceae UCG 014 and Romboutsia at week 3, whereas Parasutterella
and Parabacteroides showed a decreasing trend in abundance. At week 6, Parasutterella,
Odoribacter, and Enterococcus were significantly enriched, whereas Desulfovibrio, Acetatifactor,
and Eubacterium coprostanoligenes groups showed a decreasing trend (Figure 3m). Feeding
an HFHC diet after cholecystectomy resulted in more complex microbiota differences.
At week 3 or 6, the HFHC-PC group was highly enriched in several genera involved in
BA metabolism, such as Akkermansia, Parasutterella, Dubosiella, Bacteroides, Parabacteroides,
and Family XIII AD3011 group, etc. (Figure 3n). In addition, Eubacterium nodatum group,
Flavonifractor, Erysipelatoclostridium, Negativibacillus, Muribaculum, Clostridium innocuum
group, and Tyzzerella were also significantly enriched in the HFHC-PC group (Figure 3n). In
contrast, Lachnoclostridium, Ruminiclostridium 5, Fecalibaculum, Anaerotruncus, Ruminococ-
caceae UCG 010, and Ruminiclostridium exhibited decreasing trends (Figure 3n). The results
indicated that PC can affect gut microbiota homeostasis through time accumulation. In
addition, feeding an HFHC diet after cholecystectomy exacerbates the disruption of gut
microbiota homeostasis by cholecystectomy, resulting in alterations in the structure of gut
microbiota diversity and differential bacterial profiles.
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Figure 3. HFHC diet and PC altered gut microbial homeostasis. (a,b): Shannon or Simpson in-
dex of fecal microbiota (weeks 3 and 6). (c,d): Microbial clustering based on Bray Curtis dis-
tances in the LFLC—PC and LFLC—NC groups at weeks 3 (c) and 6 (d), visualized using principle
coordinate analysis (PCoA). (Adonis; R2 = 0.047, p = 0.578 at week 3; R2 = 0.184, p = 0.001 at
week 6; LFLC—PC vs. LFLC—NC). (f,g): Microbial clustering based on Bray Curtis distances in
the HFHC—PC and LFLC—PC groups at weeks 3 (f) and 6 (g), visualized using principle coordi-
nate analysis (PCoA) (Adonis; R2 = 0.294, p = 0.0001 at week 3; R2 = 0.254, p = 0.0001 at week 6;
HFHC—PC vs. LFLC—PC). (e,h): Boxplot showing changes in microbiome from weeks 3 to 6, in
the HFHC—PC (h) andLFLC—PC (e) groups. In both groups, the HFHC diet resulted in an increase
along the first principal axis (** p < 0.01; ns, nonsignificant). (i-k): The relative abundance of gut
microbiota at Phylum (i), Family (j), and Genus (k) levels from different groups (the HFHC—PC,
LFLC—PC, and LFLC—NC groups). (1): Firmicutes/Bacteroidetes ratio. (m,n): Heat-map analysis of
bacteria in fecal samples from cholecystectomized (m) and differentially diet-fed (n) mice at weeks 3
and 6, respectively. The color indicates the median relative abundance of bacteria in that group of
samples. The significance of the difference in bacteria between the two groups is shown on the right.
The bar color indicates the statistical significances (p value, values converted by —log10) of bacteria
between two groups. * p < 0.05, ** p < 0.01, *** p < 0.001, ns, nonsignificant. The two groups were
compared using Mann—-Whitney test.
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3.3. Disturbed BA Metabolism Attributed to Cholecystectomy Exacerbated by HFHC Diet

We examined BA levels in the colonic and fecal samples of mice. Principal coordinate
analysis (PCoA) showed that the HFHC-PC group had different fecal BA clusters compared
to the LFLC-PC and LFLC-NC groups at weeks 3 and 6 (Figure 4a,b). Analysis of BA
levels in the colon showed increased levels of chenodeoxycholic acid (CDCA) and bile
acids (CA) in the HFHC-PC group at week 6 compared to those in the LFLC-PC group,
with no significant differences in other BAs (Figure 4c). Although the LFLC-PC group
showed similar fecal BA profiles to the LFLC-NC group after weeks 3 and 6, we found
that the levels of CDCA, B-muricholic acid (3-MCA), and DCA increased in the fecal
samples (Figure 4d). However, the HFHC-PC group showed higher levels of primary
and secondary BA metabolism. Specifically, CDCA, 3-MCA, and DCA levels increased
significantly at weeks 3 and 6. Second, glycoursodeoxycholic acid (GDCA) and taurolitho-
cholic acid (TLCA) levels significantly increased only at week 3 and LCA levels only at
week 6 (Figure 4d). Cholecystectomy significantly upregulated liver CYP7B1 and BSEP
mRNA expression compared to the LEFLC-NC group (Figure 4g,j). Feeding an HFHC
diet after cholecystectomy significantly upregulated the liver CYP7A1, CYP8B1, FXR, and
BSEP (Figure 4e f,i,j) and ileum ASBT (Figure 4k) mRNA expression. Furthermore, we
observed that neither cholecystectomy nor an HFHC diet resulted in significant differences
in liver CYP27al mRNA expression (Figure 4h). In conclusion, feeding an HFHC diet after
cholecystectomy similarly exacerbates the disturbances in the BA metabolism, resulting in
elevated levels of primary and secondary BA metabolism.
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Figure 4. HFHC diet and PC altered BAs metabolic homeostasis. (a,b): PCoA analysis of fecal
BAs profile at week 3 (a) or 6 (b) in the HFHC—PC, LFLC—PC, and LFLC—NC groups. (c): The
relative concentration of colonic total CDCA, CA, 3-MCA, LCA, DCA, ursodeoxycholic (UDCA),
hyodeoxycholic acid (HDCA), and GDCA in the HFHC—PC, LFLC—PC, and LFLC—NC groups at
week 6, respectively. (d): The relative concentration of feces total CDCA, CA, 3-MCA, LCA, DCA,
UDCA, HDCA, GDCA, and TLCA in the HFHC—PC, LFLC—PC, and LFLC—NC groups at weeks 3
and 6. (e-k): Relative mRNA expression of CYP7A1 (e), CYP8BL1 (f), CYP7B1 (g), CYP27A1 (h), FXR
(i), and BSEP (j) in liver, and ASBT (k) in the colon. * p < 0.05, ** p < 0.01.

3.4. Alterations in Gut Microbiota Associated with BA Metabolism

Spearman’s correlation analysis was performed to determine the correlation between
the differential gut microbiota and fecal BAs. The results showed a significant correlation
between gut microbiota and BA metabolism. Specifically, Parabacteroides and Parasutterella
were strongly and positively correlated with altered CA, CDCA, and TLCA in the LFLC-PC
group at week 3, respectively (Figure 5a). Parasutterella, Enterococcus, and Acetatifacor were
strongly and positively correlated with altered CDCA, 3-MCA, and GDCA in the LFLC-
PC group at week 6, respectively (Figure 5b). In addition, Parasutterella, Defluviitaleaceae
UCG 011, Erysipelatoclostridium, Escherichia Shigella, Family XIII AD3011 group, Eubacterium
nodatum group, Parabacteroides, Akkermansia, Candidatus Soleaferrea, Flavonifractor, Allopre-
votella, Negativibacillus, Ruminococcaceae UCG 004, Tyzzerella, Bacteroides, and Ruminococcaceae
UCG 005 were strongly positively correlated with alterations in primary BA metabolism
(CDCA and p-MCA) in the HFHC-PC group at week 3 or 6 (Figure 5c,d). Parasutterella,
Defluviitaleaceae UCG 011, Escherichia Shigella, Dubosiella, Akkermansia, Flavonifractor, Murib-
aculum, Eubacterium nodatum group, Ruminococcaceae UCG 004, Alloprevotella, Eubacterium
coprostanoligenes group, Negativibacillus, Parabacteroides, Erysipelatoclostridium, Tyzzerella, Es-
cherichia Shigella, Candidatus Soleaferrea, and Dubosiella were strongly positively correlated
with alterations in secondary BA metabolism (such as LCA, DCA, GDCA, and TLCA) at
week 3 or 6 (Figure 5c,d). In summary, we further identified that feeding an HFHC diet
after cholecystectomy can disrupt gut microbiota homeostasis and BA metabolism through
the gut microbe-BA axis.

3.5. HFHC Diet Exacerbates the Effects of Cholecystectomy on the Metabolic Function of the
Gut Microbiota

The gut microbiota is extensively involved in basic host metabolic activities, and this
vast potential function affects whole-body metabolism and is a key factor in altering the
metabolic profile of the host. Therefore, we further used PICRUSt predictions to determine
the effects of cholecystectomy and feeding the HFHC diet after cholecystectomy on gut
microbiota function in mice, and we further analyzed them in the context of the KEGG
database (Figures S2a—f and S3a—f). Analysis of differential metabolic pathways showed
that feeding an HFHC diet after either cholecystectomy or cholecystectomy significantly af-
fected the metabolic pathways associated with the seven functional classes of the microbiota.
Secondary BA biosynthesis and lipopolysaccharide biosynthesis proteins were significantly
upregulated, and arachidonic acid metabolism was significantly downregulated in the
LFLC-PC group compared to those in the LFLC-NC group (Figure 6a). Feeding an HFHC
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diet after cholecystectomy resulted in more differential metabolic pathways. Specifically,
compared to the LFLC-PC group, the HFHC-PC group showed significantly upregulated
arachidonic acid metabolism, biosynthesis of unsaturated fatty acids, steroid biosynthesis,
primary BA biosynthesis, fatty acid biosynthesis, nitrogen metabolism, lipopolysaccharide
biosynthesis, bacterial secretion system, bile secretion, pathways in cancer, and NAFLD
disease metabolic pathways (Figure 6b). In addition, secondary BA biosynthesis was signif-
icantly reduced at week 3 and increased at week 6 (Figure 6b). Notably, mismatch repair,
DNA repair, and recombination proteins were significantly downregulated (Figure 6b).
Functional predictions further revealed that alterations in gut microbiota homeostasis were
accompanied by corresponding changes in metabolic function, which may have more
profound effects on the host.
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Figure 5. Effect of different diets and PC on BA metabolism in relation to gut microbiota. (a,b): Spear-
man’s correlation between gut microbiota and fecal BAs in LFLC—PC vs. LFLC—NC groups at
weeks 3 (a) and 6 (b). (¢,d): Spearman’s correlation between gut microbiota and BAs in HFHC—PC
vs. LFELC—PC groups at weeks 3 (c) and 6 (d). Red denotes a positive correlation; blue denotes a
negative correlation. The color intensity is proportional to the strength of the Spearman’s correlation.
*p < 0.05,* p < 0.01.
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Figure 6. HFHC diets and PC altered gut microbiota metabolism in mice. PICRUSt analysis in
the KEGG pathways. (a): HFHC—PC vs. LFLC—PC groups (at weeks 3 and 6). (b): LFLC—PC
vs. LFLC—NC groups (at weeks 3 and 6). The boxplots (left) show the relative abundance of the
metabolic pathway of the HFHC—-PC, LFLC—PC, and LFLC—-NC groups (at weeks 3 and 6). All
boxplots represent the min to max of the distribution; the median is shown as a thick line in the
middle of the box. Heat maps (right) show differential metabolic pathways between the two groups
(a: top 60 pathways). The color indicates the median relative abundance of the metabolic pathway in
the group. Mann-Whitney test was used for comparison between the two groups (p < 0.05). * p < 0.05,
**p <0.01, *** p < 0.001, **** p < 0.0001.

3.6. HFHC Diet Exacerbates Dysbiosis of Metabolite Metabolism by Cholecystectomy

Next, we examined alterations in bacteria-derived metabolites due to microbial
changes. At week 6, untargeted metabolomics analysis showed that cholecystectomy
had a small effect on bacterial metabolites (Figures 7a,c and S4a,b), whereas feeding an
HFHC diet after cholecystectomy significantly altered the metabolite classification levels in
mice (Figures 7b,d and S4c,d). Compared to the LFLC-NC group, the differential metabo-
lites in the LFLC-PC group were 1,5-Anhydro-D-glucitol-2 and D-(+)-Galactose at week 6
(Figure 7e). A total of 26 differential metabolites were examined in the HFHC-PC group
compared to the LFLC-PC group at week 6, including 19 upregulated and 7 downregulated
metabolites (Figure 7f). Importantly, arachidonic acid was significantly enriched in the
HFHC-PC group (Figure 7f), and this substance is important for the cytotoxic effects of BAs.
Similarly, to clarify the specific relationship between these metabolites and gut microbiota,
we used Spearman’s correlation analysis to correlate differential metabolites with differen-
tial microbiota. The results showed that alterations in the gut microbiota were accompanied
by the upregulation or downregulation of metabolites. Among these, arachidonic acid was
strongly and positively correlated with Parasutterella, Negativibacillus, Candidatus Soleaferrea,
Eubacterium nodatum group, Defluviitaleaceae UCG 011, Erysipelatoclostridium, Alloprevotella,
Parabacteroides, Tyzzerella, Bacteroides, and Flavonifractor, and it was strongly and negatively
correlated with uncultured organism and Parvibacter (Figure S5). SCFAs are the main product
of the breakdown of indigestible carbohydrates by the gut microbiota, and the HFHC-PC
group showed a depleted content of acetate acid and butyric acid (Figure 7g,h). The results
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showed that feeding an HFHC djiet after cholecystectomy altered fecal metabolic profiles
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Figure 7. HFHC diet and PC altered the fecal metabolites in mice. (a,b): Principal component analysis
(PCA) at week 6 (LFLC—PC vs. LFLC—NC (a); HFHC—PC vs. LFLC—PC (b)). (c¢,d): Volcanic map of
all differential metabolites and known metabolites (p < 0.05) (LFLC—PC vs. LFLC—NC (c); HFHC—PC
vs. LFLC—PC (d)). (ef): Heat map analysis of fecal differential metabolites at week 6 in HFHC—PC
vs. LFLC—PC groups (e) and LFLC—PC vs. LFLC—NC (f). The color indicates the median relative
abundance of the metabolite in the group of samples. The metabolite clustering tree is shown on
the left. The metabolite variable importance (VIP) in the projected values indicates the contribution
of the metabolite to the difference between the two groups, as shown on the right. Higher VIP
values indicate greater differences in the composition of that metabolite between the two groups. The
differential metabolites were set as not less than 1. (g,h): Acetic acid, Butyric acid. The statistical
significance (p—value) of the differential metabolites is marked on the right of the bar chart. p values
were determined using a f-test. * p < 0.05, ** p < 0.01, ** p < 0.001.

4. Discussion

Cholecystectomy is often accompanied by a range of adverse gastrointestinal symp-
toms (diarrhea and abdominal pain), leading to the development of PC syndrome [35].
Further epidemiological investigations have suggested that cholecystectomy may increase
the risk of diseases, such as CRC [5] and NAFLD [6]. However, the risk of cholecystec-
tomy may be associated with the dysbiosis of gut microbiota and disturbances of the
BA metabolism following cholecystectomy [7]. Diet is a key factor that influences BA
metabolism and microbial homeostasis [36]. Previous studies have shown that an HFHC
diet is positively associated with the development of PC syndrome [9,37] and NAFLD [38]
and negatively associated with the consumption of whole grains, legumes, fish, and veg-
etables. In addition, a population-based cohort study of 1,033,955 also showed that the
risk of cholecystectomy was associated with a high intake of ham, whereas adherence to a
diet rich in fruits, vegetables, legumes, and olive oil was associated with a reduced risk
of cholecystectomy [8]. In summary, an HFHC diet after cholecystectomy is a potential
factor that increases the risk of cholecystectomy. However, whether high dietary cholesterol
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intake exacerbates disturbances in BA metabolism and disrupts gut microbial homeostasis
after cholecystectomy remains unknown.

Based on this, we successfully constructed a cholecystectomized mice model and fed
diets with different levels of fat and cholesterol. The results showed that cholecystectomy
significantly increased the expression levels of colonic IL-10, whereas NF-«B showed an
increasing trend. However, an HFHC diet after cholecystectomy further increased the
levels of the colonic pro-inflammatory cytokines IL-1f3, TNF-«, IL-6, and NF-«B, although
no significant damage could be detected in histology. Our study suggests that the intake of
an HFHC diet after cholecystectomy increases the risk of intestinal pro-inflammation.

Furthermore, we clarified the possible factors of an HFHC diet that promote inflam-
mation after cholecystectomy. The gut microbiota can influence host health through its
direct involvement in immune and metabolic pathways [39]. The results showed that an
HFHC diet after cholecystectomy exacerbated the disruptive effects of cholecystectomy
on the structural and metabolic functions of the gut microbiota. During the experimental
period, we found that the effect of cholecystectomy on the structure of the gut microbiota
was largely dependent on time, which altered the beta diversity at week 6. In addition,
feeding the HFHC diet after cholecystectomy significantly increased the alpha diversity
(week 6) and altered the beta diversity (weeks 3 and 6) of the microbiota. Although de-
creased microbial diversity is associated with several diseases [40], higher diversity does
not necessarily imply a healthier microbial community. This may be due to the fact that the
HFHC diet promoted the colonization of species that have damaging effects on the intesti-
nal barrier [41]. Interestingly, the ratio of Firmicutes to Bacteroides (F/B), a well-known
biomarker of obesity, showed an increasing trend in many HFHC studies [42]. However,
in our study, the F/B ratio in the HFHC-PC group showed a decreasing trend at both
weeks 3 and 6 compared to that in the LFLC-PC group. Further analysis revealed that some
representative genera of the phylum Bacteroides (such as Bacteroides and Parabacteroides)
were significantly enriched in the HFHC-PC group and that they all had the ability to
metabolize BAs [43], thus leading to a decreasing trend in the F/B ratio.

We further analyzed how the gut microbiota was altered at the genus level. Simulta-
neously, the abundances of some pathogenic bacteria with pro-inflammatory effects were
significantly higher in the HFHC-PC group, such as Defluviitaleaceae UCG 011, Flavonifractor,
Erysipelatoclostridium, and Tyzzerella. These results were consistent with those of previous
studies on HFHC diets [44,45]. It has been hypothesized that they act either directly through
secreted products or through the activation of the immune system. In addition, feeding an
HFHC diet after cholecystectomy further increased the ability of cholecystectomy to enrich
the microbiota associated with BA metabolism. This also suggests that unlike normal mice
fed an HFHC diet, PC is also a key factor in the disruption of gut microbiota homeostasis by
an HFHC diet. Studies have shown that Enterococcus, Bacteroides, and Parabacteroides possess
BSH activity [43]. BSH activity is the main condition for the involvement of the intesti-
nal microbiota in the BA deconjugation reaction, a process that fractures the C-24 N-acyl
amide in conjugated BAs and leads to the formation of unconjugated BAs [46]. Moreover,
elevated BSH levels are associated with increased bile toxicity [47]. According to reports,
Parasutterella [48], Odoribacter [49], Dubosiella [50], Family XIII AD3011 group [51], Chris-
tensenellaceae R7 group [52], Eubacterium coprostanoligenes group [53], and Alloprevotella [54]
can also regulate BA metabolism through direct colonization or indirect action. In our
Spearman’s correlation analysis, we further confirmed that altered levels of BA metabo-
lizing genera were the main cause of elevated fecal secondary BA levels. The abundance
of Akkermansia, a next-generation probiotic, has been reported to be significantly reduced
in high-fat diets [55]. However, in our study, Akkermansia was significantly enriched by
feeding an HFHC diet after cholecystectomy. Studies have demonstrated that Akkermansia
can regulate BA metabolism by acting directly or by influencing metabolite levels [56,57].
Therefore, HFHC feeding after cholecystectomy may enrich Akkermansia by upregulating
the BA metabolism pathway. Notably, excessive intestinal Akkermansia counts have been
reported to damage the intestinal barrier and cause elevated pro-inflammatory cytokine

41



Nutrients 2023, 15, 3829

expression [58]. SCFAs are products of dietary fiber fermentation by the gut microbiota,
are involved in host immune regulation, and have anti-inflammatory effects. We identified
several major SCFA producers in the HFHC-PC group, including Lachnoclostridium [59],
Fecalibaculum [60], Anaerotruncus [61], and Ruminiclostridium [62]. These results are consis-
tent with the fecal levels of fecal SCFAs, as feeding an HFHC diet after cholecystectomy
significantly reduced the fecal levels of acetate and butyric acid. This is detrimental to the
intestine and may also contribute to elevated pro-inflammatory levels in the intestine.

The gut microbiota-BA axis is the main pathway of the BA metabolism, and studies
have shown that microbial diversity significantly influences the BA pool size [12]. We
found that cholecystectomy only upregulated liver CYP7B1 and BSEP mRNA expression
levels, whereas an HFHC diet after cholecystectomy upregulated liver CYP7A1, CYP8B1,
FXR, and BSEP and ileal ASBT mRNA expression levels. This leads to further accumula-
tion of primary and secondary BAs in the feces of those consuming an HFHC diet after
cholecystectomy [63]. It consists mainly of the primary BAs CDCA, CA, and 3-MCA and
the secondary BAs LCA, DCA, GDCA, and TLCA. This may be attributed to increased
BA synthesis and an increased number of enterohepatic cycles [64]. Meanwhile, our study
suggests that the classical synthesis pathway of hepatic BAs was significantly promoted
in the HFHC-PC group. In conclusion, an excessive intake of cholesterol, a precursor of
BA synthesis [65], can increase BA accumulation by promoting the upregulation of BA
synthase following cholecystectomy.

Owing to their strong hydrophobic properties, BAs have toxic effects on cells. The
hydrophobicity of the BAs decreased in the following order: LCA > DCA > CDCA > TDCA
> TCDCA [66]. For example, in studies on the mechanisms on cholestatic liver injury, it has
been suggested that the intrahepatic accumulation of hydrophobic BAs (such as DCA and
CDCA) may be a possible cause of liver injury [67].

Previous studies have reported that high levels of secondary BAs can have adverse
effects on the host, mainly by promoting inflammation, oxidative DNA damage, and
activation of the NF-«B pathway [16]. First, BAs lead to activation of NF-«kB, mainly through
direct disruption of the plasma membrane, which, in turn, increases the pro-inflammatory
response. This is because activated NF-«B transcribes genes encoding pro-inflammatory
cytokines (such as IL-6, IL-13, and TNF-«) in the cell nucleus [16]. In addition, DCA may
lead to the increased production of pro-inflammatory cytokines, in part, by activating
pro-inflammatory macrophages to polarize towards the M1 phenotype [16]. Studies have
established that the chronic intake of high doses of DCA exacerbates intestinal inflammation
and accelerates the transition from intestinal adenoma to colonic adenocarcinoma [68].
In conclusion, our study suggests that intake of an HFHC diet after cholecystectomy
increases the metabolism of primary and secondary BAs in the intestine. High levels of
BA metabolism can have adverse effects on the intestinal tract when exposed to it for long
periods of time.

Perturbation of the gut microbiota and BA metabolism was further confirmed by pre-
dicting KEGG metabolic pathways. Cholecystectomy significantly upregulated secondary
BA biosynthesis and lipopolysaccharide biosynthesis protein metabolic pathways in the
microbiota, a phenomenon similar to that observed in the HFHC-PC group. LPS acts as a
pro-inflammatory factor in the cell wall of Gram-negative bacteria and can significantly
contribute to a sustained inflammatory response in immunocompromised hosts or when
barrier integrity is compromised [69]. In addition, metabolic pathways associated with
lipid metabolism, such as arachidonic acid metabolism, primary BA biosynthesis, and fatty
acid biosynthesis were also significantly upregulated in the HFHC-PC group, consistent
with the high levels of fecal BA metabolism. Importantly, the microbiota in the HFHC-PC
group exhibited a lack of genetic information processing capacity compared to that in the
LFLC-PC group. Examples include DNA replication, mismatch repair, and homologous
recombination metabolic pathways. Among these, loss of function in homologous recom-
bination has been shown to be a key factor in DNA repair failure [70]. In addition, DNA
replication and mismatch repair play important roles in genomic stability and tumorige-
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nesis [71]. These findings further confirm that an HFHC diet after cholecystectomy can
adversely affect the intestines by disrupting gut microbiota homeostasis and affecting gut
microbiota-related metabolic functions.

Untargeted metabolomics has also revealed possible reasons for the formation of a
pro-inflammatory environment. We noted that arachidonic acid metabolism levels were
significantly higher in the HFHC-PC group than that in the LFLC-PC group. Perturbation
of the cell membrane by BAs has been reported to activate cytoplasmic phospholipase
A2, which uses cyclooxygenase and lipoxygenase activities to release arachidonic acid
from the cell membrane, ultimately increasing intracellular reactive oxygen species (ROS)
levels [66]. In addition, TLK, kynurenic acid, 4-guanidinobutyric acid, and dl-stachydrine
showed lower levels in the HFHC-PC group. TLK has been reported to play a central
role in DNA repair and replication and is a potential target for novel cancer therapies [72].
In addition, kynurenic acid, 4-Guanidinobutyric acid, and dl-stachydrine possess anti-
inflammatory activities. Kynurenic acid acts as an activator of various receptors (such as
the aryl hydrocarbon receptor and G protein-coupled receptor) and is involved in the host
immune response, with anti-inflammatory activity [73]. 4-Guanidinobutyric acid [74] and
dl-stachydrine [75] can also maintain intestinal function and prevent inflammation through
various molecular mechanisms.

In conclusion, our study showed that an HFHC diet after cholecystectomy promotes
intestinal inflammation, mainly through the enrichment of microbiota associated with
the BA metabolism and pro-inflammatory effects while decreasing the abundance of
major SCFA producers. In addition, alterations in gut microbial homeostasis leading
to further accumulation of fecal BAs and pro-inflammatory metabolites are key factors in
the development of pro-inflammation.

5. Conclusions

Comprehensive multi-omics analyses showed that an HFHC diet after cholecystec-
tomy in our study could further promote intestinal inflammation, and the mechanism
of action was related to the exacerbated gut microbiota dysbiosis and BA disorders in
cholecystectomy. There are several limitations of our study. We failed to observe significant
histological changes during our experimental period. In addition, to clarify the effect of
different dietary patterns on intestinal health after cholecystectomy, we set up only the
cholecystectomy group in the HFHC dietary pattern. Thus, we were unable to confirm
whether similar results were seen in an HFHC dietary model beyond the cholecystectomy
model. In the future, we propose to investigate the long-term effects of an HFHC diet
on histological changes after cholecystectomy and potential interventions to mitigate the
pro-inflammatory effects. In addition, further clarification of whether cholecystectomy is a
potential factor in HFHC diets impairing intestinal health could help us to better under-
stand the risks after cholecystectomy. Despite these limitations, our study revealed the
mechanisms involved in the promotion of intestinal inflammation by an HFHC diet after
cholecystectomy. Long-term dietary patterns and probiotic interventions are key factors in
the development of stable gut microbiota homeostasis and metabolic profiles. Targeting
the gut microbiota by designing targeted food and probiotic interventions to modulate
the gut microbiota with key metabolic functions to maintain a stable pool of BAs after
cholecystectomy is key to improving intestinal health after cholecystectomy. In conclusion,
our findings provide a theoretical basis for reducing PC risk in future clinical applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu15173829/s1, Figure S1: Microbial co-abundance analysis at genus
level. (a,b): Microbial co-abundance analysis at genus level in the LFLC—PC group at weeks 3 (a) and
6 (b). (c,d): Microbial co-abundance analysis at genus level in the HFHC—PC group at weeks 3 (c)
and 6 (d). Black line connections represent relevance. The color of the nodes is based on phylum and
the size is based on edges connected to the nodes (p < 0.05, two-sided tests of 1000 permutations).
Only lines corresponding to correlations whose magnitude is greater than 0.1 are drawn. Figure S2
KEGG enrichment analysis in LFLC—PC vs. LFLC—NC groups at 3 weeks (a—c) and 6 weeks (d—f).
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(a,d): Rich Factor represents the ratio of the number of differentially expressed genes in the pathway
to the total number of genes in the pathway. The degree of enrichment is represented by the Rich
Factor, the number of genes is represented by the bubble size, and the significance level is represented
by the bubble color. (b,e): Statistical histogram of KEGG pathway enrichment numbers. The vertical
black font represents the KEGG A class, the color font represents the KEGG B class, and the number
of genes in class B is shown on the abscissa. (c,f): The name of each KEGG pathway is shown on the
left, and the corresponding Q value is shown on the right. Figure S3 KEGG enrichment analysis in
HFHC—PC vs. LFLC—PC groups at 3 weeks (a—c) and 6 weeks (d- f). (a,d): Rich Factor represents
the ratio of the number of differentially expressed genes in the pathway to the total number of genes
in the pathway. The degree of enrichment is represented by the Rich Factor, the number of genes is
represented by the bubble size, and the significance level is represented by the bubble color. (b,e):
Statistical histogram of KEGG pathway enrichment numbers. The vertical black font represents
the KEGG A class, the color font represents the KEGG B class, and the number of genes in class
B is shown on the abscissa. (c,f): The name of each KEGG pathway is shown on the left, and the
corresponding Q value is shown on the right. Figure S4 Metabolomics analysis of fecal samples
from mice in LFLC—PC vs. LFLC—NC groups at 6 weeks (a-b), and HFHC-PC vs. LFLC-PC groups
at 6 weeks (c-d). Partial least squares discriminant analysis (PLS-DA) and orthogonal partial least
squares discriminant analysis (OPLS—DA). Figure S5 Spearman analysis of differential metabolite
and genus genus correlation (HFHC—PC vs. LFLC—PC at 6 weeks). * p < 0.05, ** p < 0.01. Table
S1. The feed formulation details. Table S2. The elution gradien. Table S3. Quantitative Real —Time
Polymerase Chain Reaction (QRT—PCR) primer.
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Abstract: Improper glycemic carbohydrates (GCs) consumption can be a potential risk factor for
metabolic diseases such as obesity and diabetes, which may lead to cognitive impairment. Although
several potential mechanisms have been studied, the biological relationship between carbohydrate
consumption and neurocognitive impairment is still uncertain. In this review, the main effects and
mechanisms of GCs’ digestive characteristics on cognitive functions are comprehensively elucidated.
Additionally, healthier carbohydrate selection, a reliable research model, and future directions are
discussed. Individuals in their early and late lives and patients with metabolic diseases are highly sus-
ceptible to dietary-induced cognitive impairment. It is well known that gut function is closely related
to dietary patterns. Unhealthy carbohydrate diet-induced gut microenvironment disorders negatively
impact cognitive functions through the gut-brain axis. Moreover, severe glycemic fluctuations, due
to rapidly digestible carbohydrate consumption or metabolic diseases, can impair neurocognitive
functions by disrupting glucose metabolism, dysregulating calcium homeostasis, oxidative stress,
inflammatory responses, and accumulating advanced glycation end products. Unstable glycemic
status can lead to more severe neurological impairment than persistent hyperglycemia. Slow-digested
or resistant carbohydrates might contribute to better neurocognitive functions due to stable glycemic
response and healthier gut functions than fully gelatinized starch and nutritive sugars.

Keywords: glycemic carbohydrates; digestive properties; glycemic fluctuation; gut microbiota;
glucose metabolism; cognitive functions

1. Introduction

Glycemic carbohydrates (GCs), easily digested and absorbed by the human body and
triggering glycemic response, are one of the most essential and economical sources of di-
etary energy for humans [1]. They mainly consist of sugars (glucose, fructose, sucrose, and
maltose), oligosaccharides (malto-oligosaccharides, maltodextrins), and polysaccharides
(starches) based on their degree of polymerization. Glucose is an essential fuel for the brain,
and glycemic carbohydrate intake plays a crucial role in human evolution. The preference
for GCs contributes to an increasing number of younger patients with metabolic diseases,
such as obesity and diabetes [2], and exerts a negative impact on cognition, especially in
children, the elderly, and diabetics. Therefore, understanding the effects and mechanisms
of different carbohydrates on neurocognitive function is a prerequisite for a reasonable
selection of diet and the search for therapeutic targets for related diseases.
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Different GCs can lead to different digestion rates and products due to differences
in molecular size, structure, and anti-enzymatic hydrolysis ability. Unabsorbed digestive
products can be used as substrates to remodel the gut microbiota and microenvironment
after entering the colon. The gut microbiota metabolites, such as short-chain fatty acids
(SCFAs), neurotransmitters, and lipopolysaccharides (LPS), can be transported to the central
nervous system (CNS) via the vagus nerve or blood circulation (gut-brain axis), which
affect the CNS function [3]. The above-mentioned monosaccharides, disaccharides, and
the widely consumed rapidly digestive starch (RDS) after gelatinization could be promptly
hydrolyzed in the small intestine, while slowly digestive starch (SDS) and resistant starch
(RS) might delay digestion.

GCs can induce different glycemic responses. Elevated postprandial blood glucose
level, a major risk factor for prediabetes and type II diabetes (T2DM), has emerged as a
global epidemic [4]. The rapidly hydrolyzed carbohydrates can cause dramatic increases
and decreases in blood glucose, resulting in severe glycemic fluctuations. Conversely, delay-
ing starch digestion helps maintain glycemic homeostasis, thereby alleviating metabolic dis-
eases [5,6]. Frequent and severe glycemic fluctuation is the embodiment of glycometabolism
disorder, which is directly related to cognitive impairment [7,8]. Experiments on children
have proven that sufficient glycemic supply induced by an acute increase in glycemic levels
has a short-term (throughout the morning) positive impact on memory function [9,10],
while a stable glycemic level can lead to better cognitive performance in the long term [11].
However, some of the crucial issues have not been fully elucidated yet. Most in vivo studies
on the mechanism of glycemic fluctuations affecting cognitive function are based on typical
metabolic diseases, such as obesity [12] and diabetes [8], while there is a lack of studies on
the long-term impact of food-borne glycemic fluctuations on cognitive functions.

Therefore, comprehensive studies on the association between the reported GCs” com-
position, gut microbiota, glycemic fluctuation patterns, glucose metabolisms, and neuron
functions are highly imperative, which will help us to understand the relationship between
carbohydrate consumption and cognitive functions and to conduct new studies from a
more scientific perspective.

2. Glycemic Carbohydrate Digestion Rate and Glycemic Fluctuation Patterns

The monosaccharides can be absorbed directly into the small intestine, while disac-
charides are converted into monosaccharides by a-glucosidases at the brush border of
the small intestine mucosa. As for oligosaccharides, malto-oligosaccharides (MOS) have
lower permeability than glucose, which can prolong the absorption time and energy sup-
ply, resulting in smoother glycemic fluctuations [13]. Isomaltooligosaccharides (IMO) can
also be slowly hydrolyzed by «-glucosidases and induce a slight glycemic response [14].
Starches can be gradually hydrolyzed into glucose in the digestive tract by amylase and
then absorbed into the blood, which is the main source of exogenous glucose causing
glycemic fluctuations. According to previous studies, the digestive rates and glycemic
index (GI) values of RDS, SDS, and RS were reduced sequentially, and the former induced
significantly more dramatic glycemic fluctuations than the latter two [15-17]. x-Amylase
first hydrolyzes starch structures to linear MOS and branched «-limit dextrins. A clear
trend has been found toward incrementally slower digestion as x-limit dextrins become
larger in size with more branched points [18]. As an incomplete hydrolysate of starch,
maltodextrins can also be divided into rapidly, slow digestible, and resistant maltodextrins
based on their anti-enzymatic ability, leading to different degrees of glycemic response [19].

Hyperglycemia, hypoglycemia, and glycemic fluctuation (the non-stable state in which
blood glucose levels oscillate between peaks and valleys over a period of time) can be
induced by inappropriate dietary habits and relevant diseases like obesity and diabetes.
GI and glycemic load (GL = GI x amount of carbohydrate) are important indicators of the
effect of food-induced glycemic response on CNS, and the effect of carbohydrates on blood
glucose concentration. Researchers have found that high-GI carbohydrates are more likely
to induce food addiction, suggesting that consumers may fall into a vicious circle of high-
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GI carbohydrates intake, addiction, and increased consumption [20]. However, no such
relation between GI and digestion rate or glycemic response has been reported. Some SDS
can retard digestion and provide a stable glycemic supply, maintaining energy metabolism
homeostasis in vivo [21], but have high GI values due to their complex molecular structure
and low contents of digestion-resisting components [22,23]. Extended blood glucose index
is a potential index to evaluate the degree of slow and sustainable release of glucose
from GCs [23]. Overall, unstable glycemic status can significantly increase the pressure
to control glucose homeostasis, leading to inflammation, insulin resistance (IR), glucose,
and other relevant metabolism disorders, resulting in neurocognitive impairment. It is
worth noting that reducing carbohydrate intake is not an ideal way to reduce glycemic
fluctuation or GL. Studies have shown that a reasonable intake of carbohydrates (45%
to 60% of daily energy intake) is crucial to ensuring a balanced intake of macronutrients
and maintaining metabolic health [24]. Some emerging special dietary patterns such as
energy-restricted /intermittent fasting diets [25] and ketogenic diets [26] have reported
positive significance in assisting intervention under specialized supervision. However,
they may carry risks when there is a lack of supervision or for some special populations.
It has been reported that both may lead to nutrient deficiencies over a prolonged period
for patients with multiple sclerosis [27]. Intermittent fasting with unreasonable timing can
damage immune functions and increase inflammatory responses [28]. For most individuals,
a ketogenic diet may lead to decreased appetite and insufficient nutrient intake, which
exacerbates the long-term health risk of maintaining this pattern [26,29]. Additionally, a
return to a regular-carb diet after a prolonged period of low-carb diet is more likely to
cause acute negative consequences like disease-related carbotoxicity [6]. Therefore, the
research and development of smooth glycemic response carbohydrates could be a potential
approach to reducing the potential hazards of glycemic carbohydrate consumption.

3. Susceptible Population for Diet-Induced Neurocognitive Impairments
3.1. Early and Late Life of Healthy Individuals

Dietary intervention is a moderate, time-consuming process. Some populations are
vulnerable to glycemic carbohydrate-induced changes in the gut microenvironment or
glycemic fluctuation-induced neurocognitive functions. The CNS is immature and suscep-
tible to the influence of external factors in early life. Generally, the human brain maintains
a high glucose utilization rate at between 4 and 10 years old due to the high metabolic
rate and intense learning tasks, and then the rate gradually decreases and reaches an adult
value between 16 and 18 [30]. Evidence suggests that high-sugar diet (HSD)-induced gut
microbiota could impair hippocampus-dependent neurocognition in rats during childhood
and adolescence [31-33]. Conversely, it was reported that HSD did not significantly affect
cognitive functions in adult rats [34]. A follow-up study on dietary patterns found that
a sugar-rich diet during early childhood can lead to smaller cerebral white matter vol-
ume, while a whole grains-rich diet can lead to larger cerebral gray matter volume and a
larger surface area of the prefrontal cortex [35]. These results confirm that dietary patterns
play a critical role in neurological health development and cognitive performance during
adolescence and adulthood.

Studies have also reported a decline in age-related cerebral glucose metabolism and
attenuated counter-regulatory responses in middle age [30]. Additionally, aging can exac-
erbate high-fat diet (HFD)-induced neuroinflammation and associated cognitive impair-
ments [36]. Aging can lead to energy metabolism disorders, mitochondrial dysfunction,
and the gradual failure of defense mechanisms against abnormal proteins. Hence, the
neurons in the elderly are vulnerable to injury, leading to mild cognitive impairment, a
concept of cognitive impairment intervening with normal aging and early dementia [37],
or Alzheimer’s disease (AD) [38]. It is reported that excessive dietary sugar intake is signif-
icantly associated with AD risk in older women [39]. Aging can also induce hippocampal
inflammatory responses due to a high-calorie diet and worsen cognitive phenotypes [36].
On the other hand, it is reported that the aging trajectory of the gut microbiota is associated
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with metabolic diseases and neurodegenerative diseases in a chronological age-dependent
manner [40,41]. Evidence shows that, compared with young mice, aged mice show spatial
memory deficits, accompanied by gut microbiota imbalance, increased intestinal perme-
ability, and increased peripheral inflammatory cytokines [42]. The transplantation of fecal
bacteria from aged rats to young rats can significantly damage the cognitive functions of the
latter, which might be attributed to the increased levels of proinflammatory cytokines and
oxidative stress (OS) related to the elderly gut microbiota, the changes in the hippocampal
synaptic structure, and the decreased expression of brain-derived neurotrophic factors
(BDNF) [43].

3.2. Patients with Metabolic Diseases

Neurons are susceptible to the effects of external glucose concentration due to their
inability to store glycogen. Therefore, some metabolic diseases with blood glucose fluctu-
ations as one of the main symptoms are highly susceptible to cognitive decline (Table 1).
Diabetics are prone to developing diabetes-associated cognitive decline (DACD) [44]. Some
typical symptoms of diabetes, such as impaired glucose tolerance, IR, chronic hyper-
glycemia, glycemic fluctuations, and the resulting deterioration in gut microbiota might
contribute to cognitive impairments [45]. Additionally, as a metabolic disease induced
by prolonged, inappropriate dietary habits and an important driving force of T2DM, obe-
sity has been proven to be a potent risk factor for the onset and progression of several
neurological disorders [46]. Studies have shown a negative correlation between obesity
indicators and some cognitive indicators in the elderly, such as episodic memory, verbal
learning, AD, and vascular dementia [47]. However, it is worth noting that these find-
ings may be interfered with by different factors, such as the cause, degree, and stages of
obesity development. Since obesity cannot be distinguished from complications, such as
hyperglycemia and IR, studies on the correlation between obesity and cognitive decline
are sometimes controversial. Typically, obesity could induce OS by disrupting the adipose
microenvironment and mediating low-grade chronic inflammation and mitochondrial
dysfunction, leading to cognitive decline [48]. It is reported that obesity-related cognitive
decline is accompanied by a reduction in the dendritic spine density and synaptic sites
associated with obesity-induced phagocytosis of synapses [49,50].

Table 1. Studies for several diet-induced metabolic diseases and their impairments of neurocogni-
tive functions.

Diet-Induced

Research Model Diseases Control Behavioral Tests Outcomes and Conclusions Ref.
Tests in 3
o People with cogm’Flve ) Diabetics performed worse in all
Diabetics: domains: mem o .
. T2DM normal glucose . cognitive domains. It can be largely ~ [8]
40-75 years old . ory/attention/ . .
metabolism information explained by hyperglycemia.
. processing speed
Z o .
<§C Diabetics: T2DM with T2DM with obﬁg‘r\iz’?il(l)ﬁal inﬂi(e);glrc:tcllvs fu?lf(fi)osr;svc;irilal;?h
5 : sever glucose relatively stable . Y8 ty [7]
70.9 years old o follow-up for independently of mean
an variability blood glucose
4.8 years blood glucose.
Inhibitory con- .
Young adults: Obesity; Persons with trol/sustained assljéi}lgrdg\i?&?ﬁ)fll?i(?éiiive
20 years old prediabetes normal glucose | atten- performance, especially (12
tion/working -
memory for prediabetes.
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Table 1. Cont.

Diet-Induced

Research Model . Control Behavioral Tests Outcomes and Conclusions Ref.
Diseases
There is a strong association
T2DM induced Healthy mice After 38 davs between hyperglycemia,
8 weeks old by STZ and 20%  with standard . ay hyperinsulinemia, [51]
. intervention . . .
Fr solution chow and water neuroinflammation, and cognitive
dysfunction in T2DM mice model.
db/db: cognitive decline;
T2DM . db/db-IF:cognitive improved;
(db/db mice): db/db ice: After 28 days of mitochondrial biogenesis and
4 months of age e Intermittent . . [44]
ad libitum to . exposure energy metabolism gene expression
fasting (IF) o7 .
standard chow in hippocampus increased;
microbial metabolites re-structured.
= . Obesity causes a dysmetabolic
O Juvenile: . . .
= 5 woeks old: Obesity Healthy mice After 11/24 phenotype in both age groups.
clderlv: ! induced by with standard weeks of Older age exacerbates [36]
Y HFD chow exposure neuroinflammatory response and
1 year old - .
cognitive decline.
Obesity . After 10 weeks HF].D/HSD 1nte1.'\/.ent10n Produc§s
. Healthy mice . obesity and cognitive decline, which
induced by . feeding of . . .
8 weeks old o with standard . L. is accompanied by increased [49]
HFD and 34% high-calorie diet . ) o
. chow and water microglial activation and reduced
Su solution (HFD/HSD) .\ .
numbers of dendritic spines.
Hyperglycemla Healthy mice Hyperglycemia threatens long-term
induced by - 3- and 5 weeks .
8 weeks old . : with normal glucose homeostasis and causes [52]
chronic social blood ol post-CSD tial memory dvsfunction
defeat (CSD) ood glucose spatial memory dysfunction.
Blood glucose Chronic hyperglycemia can
Hyperglycemia  controlled with 60 days after compromise c}(,)p ni%ic}:n by reducin
5 weeks old induced by STZ  insulin injection blood glucose P & oY & [53]
. . hippocampal ERK signaling and
(STZ group) (STZ + insulin control . . ..
0N inducing neurotoxicity.
2 group)
~ . Hyperglycemia alters substrate
Hyperglycemla Treated with After 10 days of transport, lactate homeostasis,
induced by STZ . glucose . .
Rat pups | equal citrate .. O q dendritogenesis, and [54]
/glucose buffer injection/5 days glutamate—glutamine cycling in the
injection of STZ treatment

developing hippocampus.

Notes: T2DM, type 2 diabetes; STZ, streptozotocin; HFD, high-fat diet; ERK: extracellular regulated protein kinases.

Patients with these metabolic diseases have reduced diversity of gut microbiota due
to their inappropriate dietary habits and metabolic homeostasis disorders. Similarly,
patients with diabetes or hyperglycemia often have reduced diversity of gut microbiota
and increased gut barrier permeability [55,56]. Compared with healthy individuals, obese
patients typically have higher Firmicutes, lower Bacteroidetes, and lower SCFA production
in their gut, which have been proven to be potent risk factors for cognitive decline [57,58].

4. Microbiota Remodeling and Neurocognitive Functions
4.1. Glycemic Carbohydrate Diet-Induced Microbiota Remodeling

Gut microbes can respond rapidly to changes in dietary patterns. The remodeling
effect of carbohydrates on gut microbes and microenvironment is significantly related
to their digestive properties (see Tables S1 and S2). RS, SDS, and IMOs are the primary
carbohydrates available to bacteria in the colon. The entry of RS-containing starch into the
colon provides the preferred fuel for microorganisms and helps improve the gut microen-
vironment. Dietary RS supplementation can attenuate hyperglycemic, hyperinsulinemic,
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and hyperlipidemic responses by restricting gluconeogenesis, bolstering glycogenesis, and
maintaining glucose and lipid homeostasis, satiety, and colonic health [59,60]. Different
types of RS can lead to different dominant bacteria and SCFAs in the gut. Recent studies
have confirmed that HSD also affects gut microbial composition [33].

4.2. Microbial Metabolites and Neurocognitive Functions

Accumulating studies have reported the effects of HSD, high-sugar and fat diets (also
known as Western diets), and ketogenic diets on cognitive functions through the gut-
brain axis. Currently, the negative impact of excessive intake of high-sugar beverages and
desserts on cognitive functions in children and adolescents warrants further exploration.
Studies have shown that gut microbiota optimization could help improve DACD or mild
cognitive impairment [44] and AD [61]. It was reported that five different genera, namely
Bifidobacterium, Bacteroides, Faecalibacterium, Akkermansia, and Roseburia, were negatively
associated with T2DM, while Ruminococcus, Fusobacterium, and Blautia were positively
associated with T2DM [62]. The abundance of these microorganisms was influenced by
carbohydrate intake to some extent (Tables S1 and S2). The prolonged signal communica-
tions between the gut microbiota and CNS through microbial metabolites often interfere
with host metabolism and cognitive functions. RS and SDS remodel the gut microbiota
and increase the production of some beneficial metabolites, such as neurotransmitters,
glycerophospholipids, and SCFAs, which enhance the integrity of both IEB and BBB. These
metabolites can be transported to the CNS through blood circulation or the vagus nerve to
help preserve healthy neurocognitive functions.

4.2.1. SCFAs

Colonic microbiota can use complex carbohydrates such as cellobiose and starch
for growth and proliferation and significantly increase the production of SCFAs, such as
acetate, propionate, and butyrate. The delivery of optimal levels of SCFAs to the brain
can confer neuroprotective effects through the promotion of cell proliferation, neuroblast
differentiation, and BDNF expression, as well as by reducing systemic inflammation. For
example, sodium butyrate (300 mg/kg/d, injected for 3 weeks) was reported to be used as
an effective memory-enhancing drug for mice [63,64].

Additionally, SCFAs help maintain the integrity of the intestinal epithelial barrier (IEB),
thus preventing the entry of toxic microbial metabolites from bacterial-derived LPS into the
body’s circulation [65]. It is reported that the gut microbiota has significant effects on gut
permeability [66] and blood brain barrier (BBB) integrity [67]. Impairments to both barriers
increase the chance of adverse substances entering the body’s circulation and the CNS.
This promotes metabolic disturbances and exacerbates systemic inflammation, disrupting
the neurocognitive function. Gut function impairment, such as a diminished diversity of
gut microbiota and heightened permeability of the gut barrier, is more prevalent in the
obese, diabetic, hyperglycemia, and elderly populations [68,69]. Akkermansia muciniphila
colonizes on the mucus layer of the gastrointestinal tract. It can degrade mucin and
produce SCFAs, such as acetate and propionate, to increase mucus production and intestinal
epithelial cell regeneration, maintaining the dynamic stability of the mucus layer and
improving IEB function [70,71]. The abundance of this bacterium is lower in patients with
obesity and T2DM [72,73], while the intake of RS can increase its abundance [74]. SCFAs,
represented by butyrate produced by RS fermentation in the gut, have been reported to
pose a protective effect on barrier integrity [33,71,75]. Conversely, the reduced production
of SCFAs induced by high fructose feeding leads to damaged IEB and elevated serum
endotoxin levels, resulting in hippocampal neuroinflammatory responses and further
neuronal loss [76].

4.2.2. Neurotransmitters

Certain gut bacteria can influence the expression of BDNF and neurotransmitters (such
as glutamate, GABA, 5-HT, dopamine, and acetylcholine) and associated host behavior
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in a vagus-dependent manner or via blood circulation by influencing the synthesis of
neurotransmitters in the gut cells [77,78]. For instance, the gastrointestinal production of
5-hydroxytryptamine (5-HT) [79] is directly related to CNS functions like neurocognition
and depression. Intestinal Alistipes levels are related to the carbohydrate digestive proper-
ties, with sugar and RDS intake increasing their abundance and SDS or RS intake decreasing
their abundance (Tables S1 and S2). Alistipes can hydrolyze tryptophan, a precursor of
serotonin, to indole, decreasing the availability of 5-HT [80], while the intervention of
Bifidobacterium spp. or Clostridium spp. increases the availability of 5-HT and its precursor
levels [79,81].

4.2.3. Glycerophospholipids

Neural membranes contain several classes of glycerophospholipids essential for mem-
brane integrity and stability [82,83]. A study on bumblebees shows that the production
of glycerophospholipids associated with the intestinal bacterial phosphoenolpyruvate-
dependent phosphotransferase system could significantly improve long-term memory ca-
pacity [84]. These glycerophospholipids are synthesized by glycolipid metabolism in vivo
or in the gut bacteria and are subsequently absorbed into the body. Glycerophospholipids
can generate second messengers through further degradation, such as arachidonic acid,
platelet activating factor, and diacylglycerol, which are strongly associated with synaptic
plasticity and cognitive ability [83].

5. Glycemic Fluctuations and Neurocognitive Functions

The brain only accounts for 2% of the body’s weight but consumes 20% of the oxygen
and 25% of the glucose of the whole body. Energy metabolism disorders of neurons
that exist in AD appeared earlier than 3-amyloid (A-f3) deposition [85]. As the primary
peripheral organ of glucose metabolism, the liver undergoes similar changes to the CNS
under unstable glycemic levels. Glucose fluctuation can affect neuronal functions by
disturbing glucose metabolism, inducing neurotoxic substances, or interfering directly with
calcium homeostasis.

5.1. Glycemic Fluctuation-Induced Glucose Metabolic Disorders

Glucose metabolism is the core of connections among glycemic levels, other metabolic
pathways, and neurocognitive functions. In the CNS, a close energy and substance coupling
relationship exists between astrocytes and neurons. As for energy supply, astrocytes rely
mainly on glycolysis, and neurons use oxidative phosphorylation and the tricarboxylic
acid (TCA) cycle [86]. Neurons are more sensitive to the perception of glucose fluctuations
than astrocytes due to their high energy demand, higher affinity, and the higher turnover
rate of glucose transporter-3 (GLUT3) for glucose than GLUT1 [87]. As shown in Figure 1A,
when astrocytes are exposed to high glucose, the increased pyruvate might be converted to
lactate. It can be shuttled into neurons to be converted into pyruvate and then into the TCA
cycle [88]. Glutamate is secreted during neuronal excitation induced by elevated glucose
levels, and then absorbed by astrocytes. This process activates Na* /K* ATPase, a key factor
in promoting glucose uptake by GLUTs. In vitro studies suggest that astrocytes can detect
the synaptic activity of glutamate neurons through glutamate transport activity and convert
it into metabolic signals, so that the nerve cells can take up glucose as needed [89,90].

Dysregulation of glucose metabolism can lead to pathogenesis and T2DM compli-
cations, leading to IR and glycemic variability [91]. Long-term chronic hyperglycemia
(>15 mmol/L) might lead to metabolic disorders and increased anaerobic metabolism [53].
Long-term stable or intermittent hyperglycemia can promote the generation of several
neurotoxic substances. Correspondingly, recurrent non-severe hypoglycemia can lead to
cognitive dysfunction in diabetics. Improper coordination of hypoglycemic drugs, diet,
and exercise can easily lead to hypoglycemia (<3 mmol/L), an independent risk factor
for DACD [92,93]. Hypoglycemia leads to insufficient energy supply, abnormal glucose
metabolism, and reduced synaptic plasticity in the hippocampus [94]. Additionally, studies
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have shown that intermittent high glucose can lead to more severe chronic diabetes compli-
cations than sustained high glucose [95-97]. It has been reported that the repetition of hyper-
and hypoglycemic cycles appears to contribute to IR, T2DM, and obesity [98]. In vitro
studies have found that, compared with the cells cultured with constant high glucose, the

cells cultured with fluctuating glucose are more prone to mitochondrial dysfunction and
cellular DNA damage [99].

A) Astrocyte Neurons
J I Glucoset—— &g, LUT3
> (CNS Capillary) C% B
(] )
<,
%%
Glucose - Clucose
i B3
Glycogen= G6P G6P Mitochondrion
F6P F6P
4 _\TP
s - & Oxidative
DHAP — Glyceraldeh)lﬁeﬁiiP a Lo s Glyceraldehyde-3P phosphocyishing
GAPDH § 5 s
NADH S, <v < TCA
q = ruvate 0,
1,3-Diphosphoglycerate l @) % Ex cycle 3
NADH NAD* Glu ﬁa-KG H,0
= LDH
Pyruvate s Lactatess( " [mp] actate K
LDHA MCT1&4 MCT2 Nat A
el Postsynaptic A -ATP
TCA r membrane
1 S ATP Ghe—— @B Glu — _AMPAR m n
w = GLAST == Nty
Gln synthase l Presynaptic “4
o membrane Glu .
S 4" > Gh— Glutaminase Neuronal
’. Gln excitation
ENTA
3B) 2 Glucose?
L ‘
e
o/ ¥ AR _ .. SDH = o ——
wilucose ——» Sorbitol > Lnuogenous rructose

Liver HK
Glycogen = G6P

FeP

ATP
KHK
ADP——>AMP

T AMPiDeaminaSe
Glyceraldehyde-3P b oon
l N i Hypoxhnthine > Xanthine
' |
]
TCA Uric acid
cycle

Figure 1. Glucose metabolism disorders and the production of harmful glycometabolites. (A) Glucose
metabolism and the accumulation of lactate between astrocytes and neurons upon high glucose.
Excessive glucose intake effectively activates glycolysis in astrocytes and TCA cycling and oxidative
phosphorylation in neurons. Increased pyruvate produced in astrocytes might be converted to lactate,
which can be then shuttled into neurons and converted into pyruvate. (B) The accumulation of
sorbitol, fructose, and uric acid upon high glucose. When HK is saturated upon high glucose, the
polyol pathway and fructose metabolism pathway can be activated so that the sorbitol, fructose,
and the uric acid can be produced and accumulated. ADP, adenosine diphosphate; ALDOB, al-
dolase B; AMP, adenosine monophosphate; AMPAR, alpha-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid receptor; ATP, adenosine triphosphate; DHAP, dihydroxyacetone phosphate; F1P,
fructose-1-phosphate; G6P, glucose-6-phosphate; Gln, glutamine; Glu, glutamic acid; GLAST, gluta-
mate aspartate transporter; GLT-1, glutamate transporter-1; GLUT, glucose transporter; IMP, inosine
monophosphate; LDH, lactate dehydrogenase; LDHA, lactate dehydrogenase-A: MCT, monocar-
boxylate transporter; NAD* /NADH, nicotinamide adenine dinucleotide (oxidized /reduced); PSAT1,
phosphoserine aminotransferase 1; SDH, sorbitol dehydrogenase.
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Although both GLUT1 and GLUT3 are non-insulin dependent, GLUT4 is highly
expressed in the hippocampus in an insulin-dependent manner [100]. Disordered glucose
metabolism may lead to IR and further cognitive decline. Then, the insulin-like growth
factors-1 (IGF-1) can also bind and activate insulin receptors and subsequent pathways,
which play an important role in brain neurogenesis, A-3 clearance, and neuronal trophic
support. Excessive insulin caused by IR competes with A-f for insulin-degrading enzymes,
thereby reducing the degradation and consequent deposition of A-f3 [101]. Moreover,
glycogen synthase kinase-33 (GSK-3[3), one of the major tau kinases in the insulin-P13K-
AKT signaling pathway, can be activated by IR [102,103]. IGF-1 resistance and enhanced
GSK-3f3 activity can cause tau hyperphosphorylation, leading to synaptic dysfunction and
neuronal apoptosis [104]. In addition, IR is also associated with OS and neuroinflammation.

5.2. Neurotoxic Substances and Neurocognitive Functions

Intracellular glucose fluctuation may activate several glycolysis-related pathways,
such as the polyol, fructose metabolism, advanced glycation end products (AGEs), protein
kinase C (PKC), and hexosamine pathways. Disordered glycolysis and some glycolytic
bypass pathways can produce harmful glycometabolites and many common neurotoxic
substances, such as AGEs, reactive oxygen species (ROS), and proinflammatory cytokines,
thus affecting neurocognitive functions. In addition to causing direct damage to neurons,
neurotoxic substances can increase the pathologic permeability of BBB by damaging the
brain microvasculature and destroying the tight junction between the brain microvascular
endothelial cells. As such, more toxic substances could enter the brain and induce more
severe inflammatory responses and cognitive decline [105,106].

5.2.1. Glycometabolites

Excess lactic acid and other acidic metabolites will be released by enhanced anaerobic
metabolism in the astrocytes under chronic hyperglycemia, which might lead to acidosis
and hypoxia damage to neurons and ultimately endanger the CNS [107,108]. In the polyol
pathway, the first enzyme, aldose reductase (AR), has a lower affinity for glucose than
HK in glycolysis. As shown in Figure 1B, the saturation of hexokinase (HK) under high
glucose concentrations can activate the polyol pathway, producing sorbitol and fructose.
The activated polyol pathway induces intracellular accumulation of sorbitol, resulting
in tissue swelling and direct tissue toxicity due to the poor membrane permeability of
sorbitol [100].

Furthermore, excessive intake of fructose and endogenous fructose production can
over-activate the fructose metabolic pathway, leading to various metabolic disorders and
even dependence on sugar consumption [109-111]. The intake of GCs, such as glucose
and maltodextrin [112], can also stimulate this process. Evidence suggests that excessive
activation of the cerebral fructose metabolism is associated with cognition decline [113].
The activation of ketohexokinase (KHK) in this pathway leads to a significant consumption
of intrahepatic phosphate and ATP levels, and an increase in uric acid levels [113,114]. Uric
acid in the serum can cross BBB into the brain and induce neuronal death by stimulating
mitochondrial OS and neuroinflammation, thereby resulting in cognitive decline [115,116].
Additionally, fructose promotes the production of AGEs, as discussed later.

5.2.2. AGEs

Intracellular AGEs are harmful to cells, as they induce the loss or alteration of nor-
mal cellular protein or lipid functions. Increased AGEs promote axonal atrophy and/or
degeneration and reduce the innate ability of neurons to self-repair [117]. Additionally,
it increases matrix metalloproteinase production, exacerbating nerve fiber damage fur-
ther [118]. High glycemic levels may promote the formation of AGEs in the following ways
(Figure 2).
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Figure 2. Neurotoxic substances triggered by a high glucose level. Fluctuating intracellular glu-
cose may activate some glycolysis bypasses such as the polyol pathway, SSP, fructose metabolism
pathway, AGE pathway, PKC pathway, and hexosamine pathway. They can produce a number of
common neurotoxic substances, such as AGEs, ROS, and proinflammatory cytokines, thus affecting
neurocognitive functions. «-KG, a-ketoglutarate; ADPR, adenosine diphosphate ribose; DAG, di-
acylglycerol; GFAT, fructose-6-phosphate amido transferase; GSH, antioxidant glutathione; GSSG,
glutathione (oxidized); IL-6, interleukin 6; MAPK, mitogen-activated protein kinases; NA, nicotinic
acid; NADP*, nicotinamide adenine dinucleotide phosphate (oxidized); NADPH, nicotinamide
adenine dinucleotide phosphate (reduced); NF-kb, kappa-light-chain enhancer of activated B cells;
O-GLcNAc, O-linked-N-acetylglucosaminylation; PSAT1, phosphoserine aminotransferasel; TGF,
the transforming growth factor; TRB3, tribbles homolog 3.

Firstly, hyperglycemia results in non-enzymatic glycation of excess glucose with amino
acids, proteins, lipids, or nucleic acids. The Maillard reaction between the carbonyl group
and amino group generates a Schiff base and then obtains the relatively stable ketoamine
compounds, namely Amadori products, through Amadori rearrangement. Glucose-derived
AGEs (Glu-AGEs) can be formed after further rearrangements [119]. Secondly, excess glu-
cose activates the polyol pathway and consumes NAD* during the oxidation of sorbitol to
fructose, resulting in an increase in the ratio of NADH/NAD*. NAD" is the coenzyme of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in glycolysis. Hence, excessive con-
sumption of NAD* might induce the accumulation of its upstream substrates represented
by glyceraldehyde-3-phosphate (G3P). G3P can be converted into highly reactive methyl-
glyoxal, a precursor of AGEs [100,120]. Similarly, fructose produced by the polyol pathway
can also form Fru-AGEs. In addition, glucose-induced OS can activate an NAD"-dependent
DNA repair enzyme called poly(ADP-Ribose) polymerase (PARP) by inducing DNA dam-
age, which inhibits the GAPDH activity by catabolizing the NAD"-derived ADPR [87,121].
Thirdly, the produced fructose can be phosphorylated to fructose-3-phosphate (F3P) and
converted into 3-deoxyglucosone further. Both compounds are effective glycation agents
contributing to AGEs formation [120,122]. However, studies on F3P promoting AGE for-
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mation are only processed for the rat lens. There is no evidence of the occurrence of this
process in hippocampal neurons.

5.2.3. ROS

The brain expends a significant amount of oxygen to sustain its normal physiological
functions, yet it possesses higher lipid levels and lower concentrations of antioxidant
enzymes compared to other organs [123,124]. Consequently, it is highly susceptible to
oxidative stress (OS), a pivotal factor contributing to neuronal degeneration. The high
sensitivity of neurons and glial cells to OS is mainly due to the excessive production of
ROS in the mitochondrial respiratory chain under high glucose concentrations leading to
OS, neuroinflammation, and apoptosis, as summarized in Figure 2.

In the early stages of hyperglycemia, elevated glucose level provides more fuel for the
TCA cycle, thereby increasing the production of electron donors (NADH). The resulting
electron transfer chain overload might lead to electron leakage and ROS formation in
the mitochondria. In the cytoplasm, excessive glucose may activate the polyol pathway,
depleting NADPH, a cofactor of glutathione reductase, leading to OS [87]. Then the PKC
pathway can be activated by an increased synthesis of diacylglycerol, a PKC agonist [120].
PKC is known to induce cellular ROS by activating NADPH oxidases [125]. Additionally,
the interaction between extracellular AGEs and their receptor RAGE can activate diverse
signal transduction cascades and induce the production of downstream ROS [126]. The
non-enzymatic glycation of proteins is accompanied by an oxidation reaction. Under
aerobic conditions, Amadori products can generate products such as pentosidine through
the oxidation pathway and release free radicals to cause OS [127]. Intracellular AGEs
may aggravate OS, which itself up-regulates RAGE through NF-«B activation, thereby
creating a vicious cycle [87]. Moreover, 3-phosphoglycerate generated by glycolysis can
be gradually metabolized to L-serine through the serine synthesis pathway (SSP) with
glutamate consumption and «-ketoglutarate production [128,129]. Serine is a synthetic
precursor to glycine, which can be metabolized to produce the antioxidant glutathione to
protect neurons from OS. However, higher levels of glutamate and lower levels of glycine
have been reported in the plasma of diabetics, contributing to higher OS levels [130,131].
Particularly, it has been reported that the enhanced impairment of intermittent high /low
glucose can activate OS through the endoplasmic reticulum (ER) stress response than stable
high/low glucose [34,96,132].

5.2.4. Proinflammatory Cytokines

Persistent, chronic, and low-grade inflammation is one of the common symptoms
of most neurodegenerative diseases. As shown in Figure 2, constant or oscillating high
glucose may up-regulate the expression of proinflammatory cytokines and induce the
inflammatory cascade reaction, leading to apoptosis of the nerve cells. In addition, it is
reported that elevated levels of inflammatory factors like tumor necrosis factor-oc (TNF-«)
in T2DM mice lead to reduced expression of phosphoserine aminotransferasel in SSP,
inhibiting the synthesis of serine and tribbles homolog 3, thus resulting in decreased insulin
sensitivity, or even IR [131].

AGEs and their binding with RAGE can induce an inflammatory cascade by activating
the nuclear factor kappa B (NF-«B) pathway [126,133]. ROS can also activate the NF-«B
pathway and promote the production of inflammatory cytokines. The binding of inflam-
matory cytokines like TNF-oc and their receptors can also trigger ROS formation through
various potential pathways [134]. PKC can activate the NF-«B pathway by activating the
mitogen-activated protein kinase (MAPK) pathway [126]. Then, high glucose can inhibit
GADPH and induce the accumulation of upstream products such as fructose-6-phosphate
(F6P), which can activate another bypass of glycolysis called the hexosamine pathway. F6P
can be converted into glucosamine-6-phosphate and subsequent uridine diphosphate-N-
acetylhexosamine (UDP-GIcNAc) under glutamine F6P aminotransferase. UDP-GIcNAc
can combine with serine and threonine residues of the transcription factor Sp1, result-
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ing in an increased O-GlcNAcylation of SP1 and increased expression of Spl-dependent
genes, such as the transforming growth factor-3, which may result in neurovascular im-
pairment [100,121]. In addition, the peroxisome proliferator-activated receptors (PPARs)
play an important role in regulating energy metabolism. Several studies on peripheral
tissue cells have reported that hyperglycemia down-regulates the expression of PPARs and
induces inflammatory responses [135,136]. In the gut, the intake of RS has been shown to
inhibit intestinal inflammation by reducing the production of pro-inflammatory media-
tors (such as TNF-« and NF-«B) and SCFAs and increasing the expression of the nuclear
transcription factor PPARy [137]. Additionally, research on peripheral tissues has reported
that glucose fluctuations can increase the expression of inflammatory factors than hyper-
glycemia, providing insights into the mechanisms of the effects of glucose fluctuations on
neuronal cells [138].

5.3. Calcium Owverload and Neurocognitive Functions

Glucose level is not only an energy signal but also a status signal. Calcium is a
common intracellular second messenger. With increased glucose acting as an upstream
extracellular signal binding to its receptor, Ca®* enters the cell and triggers a significant
increase in the cytoplasmic Ca?* concentration [139,140]. Severe glucose fluctuations in
the circulation cause persistent hyperglycemic stimulation in the nerve cells, leading
to the dysregulation of intracellular calcium homeostasis and neuropathy by affecting
the expression and function of Ca2* channels (for Ca%* influx) or pumps (for Ca2+
efflux) [140,141]. An in vitro study demonstrated that a high extracellular glucose
level (50 mM) significantly increased the cytoplasmic Ca?* concentration and gene
expression of the store-operated calcium channel (SOCE)-related protein STIM1 in
rat primary hippocampal neurons, mediating more Ca?* influx through the calcium
release-activated calcium channel protein Orai on the plasma membrane [140,142]. In
addition, the activation of PKC can promote Ca?* influx by activating the voltage-gated
calcium channels (VGCCs) on the plasma membrane further [143]. Disruption of Ca?*
homeostasis is mainly manifested by a large Ca?* influx due to altered cell membrane
permeability. The ER is the main storage site for Ca?" in eukaryotic cells. Ca* influx
triggers Ca?* release from the ER, leading to intracellular Ca?* overload, which can
induce neuronal hypofunction or structural damage in the following ways (Figure 3).

5.3.1. Disrupt Energy Metabolisms Associated with Ca?*

Mitochondrial Ca?* overload, triggered by cytoplasmic Ca®* overload, allows the
formation and deposition of calcium phosphate in the mitochondria, thereby affecting
the oxidative phosphorylation capacity and leading to reduced ATP synthesis and im-
paired energy production [144,145]. Normally, Ca?* flowing into the cytoplasm can be
partially bound to calmodulin (CaM) and activate the target enzymes such as adenosine
5-monophosphate (AMP)-activated protein kinase (AMPK) through prior activation of
CaMKII (Ca?* /CaM-dependent protein kinase). Impaired mitochondrial ATP production
and CaMKII overactivation due to Ca?* overload can over activate AMPK, adversely
affecting the regulation of energy balance, particularly in the brain [139].

5.3.2. Trigger Neuron Injury and Apoptosis

Above all, increased ER Ca2* depletion due to Ca®* overload can lead to ER stress. It is
reported that ER stress-mediated apoptosis is involved in hyperglycemia-induced synaptic
and neuronal injury of the hippocampus [146]. Continuous ER stress can activate caspase-
12 and lead to apoptosis by increasing the expression of calpain, a calcium-dependent
protease [147]. A higher glucose level can also increase the ratio of Bax/Bcl-2 on the
membrane and activate caspase 3 [140]. Furthermore, Ca?* overload leads to excessive
activation of intracellular Ca?*-dependent phospholipases, calpain, and nucleic acid en-
donucleases in the nucleus, thus destabilizing the cell membrane and cytoskeleton and
causing DNA damage [145]. In addition, the increased pro-apoptotic protein Bax caused by
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high glucose can translocate to the outer membrane of mitochondria [148]. The loss of the
mitochondrial membrane potential (A¥m |) and the leakage of electrons/mitochondrial
Ca?* overload-induced electron donors can lead to the formation of ROS. The increased
Bax, the collapse of A¥m, and the resulting increase in ROS can induce the formation of the
mitochondrial permeability transition pore, which can increase the release of cytochrome
C from the mitochondria into the cytosol, thereby activating caspase 3 and initiating the
mitochondria-dependent intrinsic apoptotic pathways [149-151].
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Figure 3. Calcium overload and its adverse effects on neurological function induced by high glucose
stimulation. The increased extracellular glucose triggers a significant increase in the cytoplasmic Ca?*
concentration. Calcium overload may lead to disrupted energy metabolism, neuron injury/apoptosis,
and neurotoxic protein accumulation. (AMPK, adenosine 5'-monophosphate (AMP)-activated protein
kinase; Bcl-2, B-cell lymphoma-2; Bax, Bcl-2-associated x; CALHM, calcium homeostasis modulator
protein; mPTP, mitochondrial permeability transition pore; Orai, calcium release-activated calcium
channel protein; ST2M, stromal interaction molecule).

5.3.3. Promote Neurotoxic Protein Accumulation

Ca2* overload can increase the neuroinflammation levels and A-p deposition by
activating the calcium homeostasis modulator proteins [152]. A- can also lead to mito-
chondrial Ca?* dyshomeostasis and mitochondrial dysfunction [148]. Excessive cytosolic
Ca?* can induce tau hyperphosphorylation, while tau contributes to mitochondrial Ca?*
overload in neurons [151]. The intracellular accumulation of phosphorylated tau can trigger
nuclear Ca?* /CaMKIV signaling, aggravating tau hyperphosphorylation and promoting
neurodegeneration [153].

5.4. Glucose Fluctuations Trigger More Severe Impairments

Accumulated studies have confirmed some credible molecular mechanisms of cellular
damage induced by glycemic fluctuations, such as triggered inflammatory responses and
OS. However, the reason why glucose fluctuations can trigger more severe impairment than
constant high /low glucose is still unclear. It is inferred that an organism possesses a certain
degree of environmental adaptability and develops homeostasis adapted to the environ-
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ment in which it is located. Persistent high/low blood glucose is a relatively unhealthy but
stable environment. In this new environment, the organism tends to counteract the toxic
effects of glucose through many feedback regulatory mechanisms to reduce impairment.
However, glycemic fluctuation is a variable or even irregular process, making it difficult to
develop adaptive stabilization mechanisms and feedback regulation, leading to disrupted
homeostasis and accumulated impairments.

5.5. The Interaction between Glycemic Fluctuations and Gut Microbiota

Hyperglycemia or severe glycemic fluctuations can also affect the gut microenviron-
ment, thereby promoting the adverse effects of glycemic fluctuations and causing more
serious impairment. However, this phenomenon has not received much attention. Studies
have confirmed that diabetes and hyperglycemia, which are characterized by glucose vari-
ability, negatively affect the gut functions, as generally manifested by reduced gut microbial
diversity, weak gut barrier integrity, and increased pathogenic bacterial diversity [55,56,58].
Brittle diabetes (BDM) is a kind of unstable diabetes characterized by severe glycemic
fluctuations. As such, the difference between BDM and non-Brittle T2DM can reflect the
influence of glycemic fluctuation as an independent factor on gut microbiota and cognitive
ability. BDM has been associated with a lower abundance of Akkermansia muciniphila,
Fusobacterium, and Prevotella copri, with a corresponding enrichment of Bacteroides vulga-
tus and Veillonella denticariosi [154,155]. As discussed earlier, a significant decrease in the
abundance of A. muciniphila induced by glycemic fluctuations could disrupt the intestinal
barrier integrity. Additionally, hyperglycemia can disrupt the integrity of tight and ad-
herent junctions through overexpression of GLUT2 [156]. The increased intestinal barrier
permeability and GLUT2 overexpression lead to the formation of a vicious cycle, which
can accelerate the absorption rate of carbohydrate digestion products, thereby interfering
with glycemic fluctuations and contributing to cognitive impairment.

6. Carbohydrate Dietary Strategies Beneficial for Neurocognitive Functions

Table 2 summarizes the studies for different types of GC intervention-induced changes
in neurocognitive functions. To facilitate a balanced, prolonged nutritional intake and
reduce the health risks associated with specific dietary patterns, it is recommended to ensure
an appropriate proportion of carbohydrate daily intake [24], especially for populations with
a tradition of high carbohydrate consumption such as Asians [157]. Given that cognitive
decline frequently coincides with certain metabolic disorders, there has been a significant
focus on exploring optimal dietary patterns as a gentle and sustained approach to either
enhance cognitive development or prevent cognitive decline. SDS, RS, and many whole
grains could reduce the risks of these metabolic diseases through a smooth postprandial
glucose response and positive regulation of the gut microenvironment, thus hindering and
delaying the related cognitive decline [158,159].

Table 2. Studies for different types of GCs intervention-induced changes in neurocognitive functions.

Behavioral

Research Model Dietary Patterns Control Exposure Tests Outcomes and Conclusions Ref.
U(s}l:iglh(ilret Behavioral A?)lrausl;?/l;}l}-] An estimated increase of 10 g/day in total sugar
Women: HSD diet. modifica- 81 tional . . . g/ qaay 18 39
50-79 years old Slﬁge;rry ton .1 years foli(c)’xr/&up intake was assocmtecl1 v:;’ntlhﬁ;\ increased AD risk by [39]
intake) fraining for 15 years
9]
Z . Fr/Gl/Su Sucralose Aft
< Young adults: solution solution Instant 50 rifL Gl and Su led to poorer performance on the [160]
s about 23 years NNS (equal sweetness testi colution assessed tasks as opposed to Fr and placebo,
E of age intensity) esting drink especially under the fasting condition.
High Long-t tion of UHHPBR i
Hoalthyelderly ., hydrostatic  Polished After information processing speed in the elderly,
(72.9 years old) : pressurizing  white rice 24 months 24 months onp 18 SP Y [161]
- rficipants grains brown rice (WR) of exposure suggesting a protective effect of UHHPBR
P P (UHHPBR) administration against age-related cognitive decline.
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Table 2. Cont.

Behavioral

Research Model Dietary Patterns Control Exposure Tests Outcomes and Conclusions Ref.
. High Fr diet High Fr feeding leads to damaged IEB, elevated
Juvenile: F o Standard 12 K d in levels, hi 1 76
4 weeks old T (30 ./o chow weeks — serum endotoxin levels, hippocampa [76]
calories) neuroinflammatory response, and neuronal loss.
m Oat HED Aft f3-glucan intake can improve gut barrier function,
. ; er . "
g 11 weeks old B-glucan Standard 15 weeks 15 weeks of reduce endotoxemia, and enhance cognitive | [162]
p= hol added in chow exposure function via more optimized synaptic and signaling
‘é\iaﬁ’l: HFD pathways in critical brain areas.
Standard After BWEF intake can suppresses cognitive decline by
18 weeks old BWF chow 15 weeks 26 weeks of increasing hippocampal BDNF production in [163]
exposure SAMPS8 mice.
0.1%
i . Adolescents:
Adolesce.nts. o sodium PN 55; Sucrose intervention can disrupt spatial cognition
PN 21; 10% Su saccharin 4 weeks oun d d-related behavior in the ab [164]
young adults: solution solution y gv and reward-related behavior in the absence
PN 56 (standard adults: of obesity.
chow)
Adults: age not Su 10% Su Water After hi ocamSL;le?lze éﬁxn?;; CrZI;odlrifgg; memory;
o : (standard 3 weeks 21 days of pp P pen p g . nory; [165]
specified solution chow) exposure neuroinflammation and OS play a role in this
impairment.
Th ion of Ibumin-i ti
Adolescents: 10% Su (s t‘:lvﬁé?r d 5 weeks PN 62 Ci:ggreersgsil: ;?eriZ;vr?JHSu }I?alsndltr:clfel:sr:a%r;egcc)tl}?e [166]
PN 28 solution chow) prefrontal and hippocampal functions have
declined.
Water After High Fr diet induced peripheral IR and an abnormal
8 weeks old 10% Fr (standard 8 months 8 months of insulin-signaling pathway in the hippocampus, [167]
solution
chow) exposure which exacerbated memory deficits.
15% Fr Water 7’151;0’2(1)4’2%6’ IR/cognitive dysfunction appeared from 7th/20th
6 weeks old solu[;ion (standard 24 weeks and 24 week. Fr-induced neuroinflammation and OS [168]
chow) impaired neuronal signaling and synaptic plasticity.
weeks p & 3 ynaptic p Y.
F
r Wat Aft The induced cognitive deficits are related to
o ater er : : ; - :
8 weeks old 10% Fr (standard 7 months 7 months of mncreas ed' 05, I_lypertrlglycenden"ua, mp a1¥ed [169]
solution chow) exposure insulin signaling, and altered mitochondrial
dynamics.
0 Mother rats: o o Water Postnatal Maternal Fr exposure during gestation and lactation
S from GDO I}rss/gl/jt(i)o/; (standard ?0%2{;1;]\2)1 day 60 can impair cognition in offspring and affect brain [170]
(gestational day) chow) pring offspring function at the transcriptome level.
. 11% Su
Adole/s;eglﬁt.st 30 solution (]Yc\)]x%t?frat 4 weeks PN 60 /PN Adolescents: both learning and memory functions [34]
PN 60 H{: 1cls%55 chow) 90 have declined; adults: no significant impact.
Juvenile Water HSD in early life may confer long-lasting
/Adolescent rats: HFCS HFCS-55 (standard 4 weeks PN 175 impairments in memory function, which are not [31]
PN 26 chow) reversible by simply removing sugars from the diet.
Juvenile/ 65% Fr + Water . . . ..
adolescents: PN 35% Gl (standard 6 weeks PN 67 The abunde%ncAe of P. distasonis z.md P ]ohnsgml has [33]
26-08 soluton chow) elevated; hippocampal function has declined.
Aspartame 5 After ASP administration to healthy/diabetic rats has
Healctlh{t/T%DM (ASP) 1912(401 30 days 30 days of shown adverse effects linked to cognitive [171]
adultrats solution oral gavage dysfunction.
Acesulfame
Adolescents: potassium/ Water After Habitual-life LCS consumption has long-lasting
PN25 saccharin/ (standard 30 days 30 days of implications for hippocampal-dependent memory [172]
NNS stevia (LCS) chow) exposure in rats.
solution
10% Su:
Su/saccharin Water 4 weeks; After 4 weeks of Su exposure results in cognitive decline.
6-7 weeks old usosluct‘i:on L (standard Su/water/ 4-8 weeks Switching from Su to water or saccharin produces [173]
chow) szcchallr(in: of exposure similar improvements on cognitive measures.
weeks
10.4% Su/ Water After : . i
8-11 weeks old Maltodex - dextrin (standard 17 days 17 days of Impaired performance ona location recognition task [112]
-trin solution chow) exposure was found in both groups.

Notes: Fr: fructose; Gl: glucose; Su: sucrose; HFCS-55: high fructose corn syrup; PN: postnatal day; HSD,
high-sugar diet; IEB: intestinal epithelial barrier; IR, insulin resistance; BDNF, brain-derived neurotrophic factor;
NNS: non-nutritive artificial sweeteners.

6.1. RS Selection

The RS classification method provides references for selecting and processing starch-
based foods. As a fermentable dietary fiber, RS provides effective assistance in shaping
a healthier gut environment and a stable blood glucose response [174]. RSI suggests that
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non-refined carbohydrates that remain intact in the cell wall structures, such as whole
grains, often have higher dietary fiber content and lower GI values. RSII presents naturally
in some plants, such as raw potatoes, green bananas, and high-amylose corn. RSIII suggests
that the way food is processed and cooked is also important for RS retention. For example,
starch-based foods cooled after cooking have a higher RS content due to the retrogradation
of starch; baked potatoes have higher RS than boiled potatoes due to less moisture content
during heat treatment [175]. Zhanggui Wang et al. reviewed the methods of yielding RSIII
from different sources [176]. In food processing, the preparation of RSIV&V requires some
physical and chemical modifications, usually added as additives to improve the functional
characteristics of the products.

6.2. SDS Selection

Slow-digesting maltodextrin and starch have emerged as the current research hotspots.
Compared to RS, SDS can maintain a stable postprandial glucose response while providing a
sufficient glucose supply. It is reported that A-type raw cereal starches are slowly digested
with >50% SDS by the Englyst test [177]. Currently, whole grains and legumes are recognized
as the ideal dietary options with distinct health benefits, including increased cognitive
functions. A study followed the dietary habits of 516 young adults (32.03 & 5.96 y) and
assessed their cognitive performance at midlife (49.03 £ 4.86 y) [178]. The findings revealed
a direct correlation between increased consumption of whole grains in the diet and enhanced
cognitive performance. Another investigation found that a lower dietary intake of whole
grains was associated with higher inflammatory markers and decreased cognitive ability in
the elderly [179]. Generally, the cognitive protective effects of whole grains are associated with
smooth glycemic responses due to their slow digestive properties, beneficial gut functions,
and higher abundance of functional phytochemicals.

Dietary fiber is positively associated with cognitive performance among prepubertal
children [180]. The abundance of dietary fiber in whole grains and the encapsulation
effect of the cell wall on starch particles are the key factors in retarding the carbohydrate
digestion rate, thereby maintaining postprandial blood glucose stability and improving the
gut microenvironment [181]. The abundance of 3-glucan in whole grain oats and barley
has been shown to prevent cognitive disorders, which may be related to its involvement
in maintaining the intestinal barrier function, countering HFD-induced microglia activa-
tion and neuroinflammation, and regulating the gut microbiota [162,182]. Additionally,
B-glucan can increase the viscosity of the chyme, limiting enzyme accessibility to carbo-
hydrates, reducing the glucose absorption rate through the intestinal wall, and limiting
the post-prandial glycemic response [159]. Buckwheat whole flour (BWF) intervention
over the long term has been shown to successfully mitigate age-related cognitive decline in
mice [163]. In a previous study, exposure to BWF significantly increased the expression of
postsynaptic Arc and postsynaptic density protein-95 (PSD-95) and the mature neuronal
marker NeuN in the hippocampus due to the increased abundance of Lactococcus and
Ruminiclostridium in the gut. Additionally, the beneficial effect of whole grains on cognitive
ability is largely related to their functional phytochemicals. The 5-heptadecylresorcinol in
whole grain rye has been proven to improve cognitive functions and neuroinflammation
in APP/PS1 transgenic mice [183]. Avenanthramides and avenacosides in whole grain
oats have good anti-inflammatory and antioxidant properties [184]. The abundance of
lipopolysaccharides in brown rice has been proven to improve cognitive functions in mice
and elderly humans [161,185]. Ferulic acid in whole grains could achieve neuroprotec-
tive effects through anti-inflammatory, antioxidant, and glucose homeostasis regulating
abilities [186].

It is important to highlight that individuals with limited chewing capacity and di-
gestive functions, such as children and the elderly, need to be particularly mindful of the
potential harm from the coarseness and hardness of whole grains and resistant starch (RS).
Employing suitable pre-treatment methods for brown rice, such as hydrostatic treatment,
is advisable to ensure its tenderness and ease of consumption [161].
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6.3. Sweetener Selection

With the rapid development of society, people have gradually realized the adverse
effects of excessive sugar or rapidly digested carbohydrate intake on health, including
cognitive functions (Table 2). Studies have confirmed that excessive sugar intake,
including glucose, sucrose, and fructose, during childhood can lead to cognitive decline
compared to ungelatinized ordinary corn starch, an SDS with carbohydrates in standard
chow (the study models involved are mice and rats, as shown in Table 2). Therefore,
the current consensus is that reducing sugar intake can lead to better cognitive abilities
under sufficient energy supply.

The invention and application of non-nutritive artificial sweeteners (NNSs) is an effec-
tive approach to reduce these risks. NNS is considered a healthier sweetener alternative due
to its high sweetness, low-calorie content, and almost no involvement in body metabolism.
Evidence suggests that NNSs can protect cognitive functions better than traditional sugars
(Table 2). Nevertheless, there is still controversy over whether NNSs have adverse effects on
cognition compared to water (control), which also generates no energy. For example, stud-
ies have found that NNS intervention leads to better cognitive abilities compared to sugar
but had no significant difference compared to the water-fed group [164,173]. However,
in another study, compared to the control, NNS (acesulfame, saccharin, stevia) interven-
tion in adolescent rats induced hippocampal-dependent cognitive decline [172]. Another
intervention for diabetic rats also showed that, compared with the control, the cognitive
ability of rats taking aspartame solution was significantly reduced [171]. Recent reports
discuss the potential negative effects of NNSs on appetite, metabolic health, and cognitive
functions through various peripheral and central mechanisms [187-190]. Nevertheless,
relevant evidence and conclusions are still controversial. Therefore, NNS, a traditional
sugar substitute with a wide variety and insufficient evidence of long-term health effects,
deserves further research.

6.4. Research Models on Diet-Induced Changes in Neuro Functions

Some research models can be drawn upon on how dietary patterns affect cognitive
functions (Figure 4). Firstly, we propose studying the diet-induced changes in the gut micro-
biota and the correlation analysis with behavior, which could verify if these changes are the
key intermediate factors between these two. The effect of highly correlated species on CNS
can be further verified by subsequent animal experiments such as oral gavage of the target
strain or fecal transplantation. The effect mechanisms mainly focus on the key metabolites
and their signal pathways. The study approach generally involves metabolomic or tran-
scriptomic analysis of fecal/intestinal contents/liver (place of origin), serum (transmission
pathway), and target CNS regions such as the hippocampus (destination). Untargeted
metabolomics allows broad-spectrum screening of differential metabolites between groups,
complemented by the KEGG enrichment analysis to obtain the major metabolites affect-
ing cognition. Targeted metabolomics is used for studies with clear targets or metabolic
pathways. Forward and reverse validation based on target metabolites can increase the
credibility of the study. Forward validation refers to feeding/gavaging/injecting the target
metabolite to the laboratory animals based on the normal diet. Reverse validation can
be performed by knocking out or silencing of genes for key enzymes or receptors for
the metabolites and comparing the cognitive differences with control. Selection of study
models is also important. Contrasting with the rapid and pronounced therapeutic effects
typically expected from medical treatments, dietary interventions are generally appropriate
for most healthy individuals or as a supplement to medical treatment in patients with spe-
cific diseases, marked by gentler effects and extended duration. Therefore, the effectiveness
is generally demonstrated in populations with weaker or vulnerable cognitive functions,
such as children and adolescents with immature brains in early life, diabetics, and the
elderly prone to cognitive impairment.
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Figure 4. Referable research models of how dietary patterns affect CNS functions.

7. Conclusions

Glycemic carbohydrate is a major and economical energy source for humans, but its
inappropriate consumption can lead to various metabolic and neurodegenerative diseases,
including cognitive impairment. In modern society, the rapid increase in mental labor
and stress and the pursuit of immediate happiness feedback have led to a sharp increase
in the demand for rapidly digestible carbohydrates, such as sugar and pregelatinized
starch-based foods [191-193]. However, there is substantial evidence to suggest that GCs
with different digestive characteristics can lead to differences in gut microbiota diversity
and glucose fluctuation patterns, which have been demonstrated have an association
with neurological impairment (Figure 5), especially for those susceptible populations,
including those in early and late life and those suffering from metabolic diseases such
as obesity and diabetes. Unhealthy glycemic fluctuations can negatively impact brain
functions in various ways by disrupting the gut microbiota structure, causing metabolic
disturbances and calcium overload, and producing neurotoxic substances. Therefore, it is
imperative to adjust the dietary strategies to promote the development of neurocognitive
functions better, including increasing the intake of RS and SDS as appropriate, choosing
whole grains as a staple instead of refined carbohydrates, and reducing sugar intake while
ensuring sufficient energy intake. Additionally, as discussed in this review, there is a lack
of research on how long-term intake of starch with different digestive properties affects
neurocognitive function. Moreover, the existing targeted research and mechanism studies
remain inadequate, with some controversial conclusions arising from the wide variety of
GCs. As such, achieving a more judicious selection of carbohydrates or mitigating health
risks through scientific processing while considering sensory enjoyment is still worth
further study.
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Abstract: This study investigated the characteristics of Lactobacillus helveticus-derived whey-calcium
chelate (LHWCC) and its effect on the calcium absorption and bone health of rats. Fourier-transform
infrared spectroscopy showed that carboxyl oxygen atoms, amino nitrogen atoms, and phosphate
ions were the major binding sites with calcium in LHWCC, which has a sustained release effect
in simulated in vitro digestion. LHWCC had beneficial effects on serum biochemical parameters,
bone biomechanics, and the morphological indexes of the bones of calcium-deficient rats when
fed at a dose of 40 mg Ca/kg BW for 7 weeks. In contrast to the inorganic calcium supplement,
LHWCC significantly upregulated the gene expression of transient receptor potential cation V5
(TRPV5), TRPV6, PepT1, calcium-binding protein-D9k (Calbindin-D9k), and a calcium pump (plasma
membrane Ca-ATPase, PMCA1b), leading to promotion of the calcium absorption rate, whereas
Ca3(POy); only upregulated the TRPV6 channel in vivo. These findings illustrate the potential of
LHWCC as an organic calcium supplement.

Keywords: whey-calcium chelate; low-calcium diet; calcium absorption; bone health

1. Introduction

Calcium mainly exists in the form of phosphates in bones and teeth, accounting
for approximately 1.5% to 2% of the normal human body [1]. Calcium plays multiple
physiological functions in the body and plays a crucial role in maintaining bone health.
There is a greater demand for calcium in children and adolescents during their rapid
growth period and the accumulation of calcium can achieve optimal peak bone mass
in the early stages of life [2]. Although serum calcium can be maintained within the
normal range through bone resorption, dietary intake of calcium is the only source of
calcium supplementation in the body’s bones, and low calcium intake and bioavailability
may lead to calcium deficiency. Long-term calcium deficiency in the body can lead to
spasms, osteoporosis, and chondropathy. At present, calcium deficiency is a common
global problem, and calcium intake in China is below the WHO’s daily recommended
intake (1000 mg/d) [3], which calls for the attention of academia and the food industry
in China.

In response to the current situation of calcium deficiency, calcium supplements such
as inorganic calcium salts and organic calcium salts have been developed. Among them,
organic calcium chelates such as amino acid-calcium chelates and protein hydrolysate-
calcium chelates are known for their fast absorption rate and low energy consumption [4],
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with diversified sources such as soy protein hydrolysates [5], cucumber seed [6], casein
hydrolysates [7], egg yolk hydrolysates [8], et al. The function of protein hydrolysate-
calcium chelates has also been validated in vivo and in vitro [9]. Hua et al. [10] reported
that after supplementation with Chlorella pyrenoidosa protein hydrolysate-calcium chelate
(CPPH-Ca) to the male SD rats (3 weeks old), fed with the low-calcium diet, the physical
and biomechanical properties of femurs and the gene expressions of transient receptor
potential cation V5 (TRPV5), TRPV6, calcium-binding protein-D9k (Calbinding-D9k), and
a calcium pump (plasma membrane Ca-ATPase, PMCA1Db) in calcium-deficient rats were
significantly improved by CPPH-Ca [10].

Lactobacillus helveticus is one of the commonly used lactic acid bacteria in the produc-
tion of fermented dairy products such as yogurt and cheese [11]. It has a strong protein
hydrolytic ability, which endows its fermented dairy products with rich and diverse bioac-
tive peptide profiles with functions in the regulation of blood pressure [12], the immune
system [13], cognition [14], et al. L. helveticus CCFM1263 has been shown to be highly effi-
cient in casein hydrolysis and the generation of bioactive peptides [15]. The dairy protein
hydrolysates of L. helveticus CCFM1263 would be a desirable agent for the development of
functional calcium chelates. Therefore, in the present study, we aimed to investigate the
characteristics of Lactobacillus helveticus-derived whey-calcium chelate (LHWCC) and its
effect on the calcium absorption and bone health of rats fed with low-calcium diets.

2. Materials and Methods
2.1. Materials

Skim milk powder (lactose > 51.8%, protein > 35.8%) was provided by Bright Dairy
Co., Ltd. (Shanghai, China). Chemicals, enzymes, and bile were purchased from Sigma
Aldrich (Shanghai, China). Pepsin (Sigma P6887) and pancreatin (Sigma, P7545 8 USP)
were of porcine origin, whereas bile (Sigma B8631) was of bovine origin. Lactobacillus
helveticus CCFM1263 was isolated from naturally fermented dairy products in China and
was deposited in the Culture Collection of Food Microorganisms (CCFM) of Jiangnan
University (Wuxi, China). The AIN-93G rodent diet was purchased from Jiangsu Xietong
Biology Co., Ltd. (Nanjing, Jiangsu, China). Nuclease-free water, FastPure cell/tissue
total RNA isolation kit V2, HiScript III RT SuperMix for qPCR (+gDNA wiper), and
ChamQ Universal SYBR qPCR Master Mix were purchased from Vazyme Biotech Co., Ltd.
(Nanjing, Jiangsu, China). The primers for TRPV5, TRPV6, PepT1, Calbindin-D9k, Na*/ CaZ*
exchange mechanism (NCX), PMCA1b and f3-actin were compounded by the Genewiz
Biotechnology Co., Ltd. (Suzhou, Jiangsu, China).

2.2. Preparation of Whey-Calcium Chelate

The preparation method described by Wang et al. [16] was used with moderate
modifications. The strains were sub-cultured three times in MRS medium and then twice
in sterile reconstituted skim milk (11% w/w) at 37 °C prior to use. After two washes in
Tris-HCI (pH 6.5), 2% cultures with an initial concentration of 1-5 x 108 CFU/mL were
inoculated with sterile reconstituted skim milk (11% w/w) and incubated for 48 h at 37 °C.
Then, 1 mol/L NaOH was added to adjust the sample to pH 4.6, heated at 95 °C for 10 min,
and centrifuged. After centrifugation, the supernatant was filtered with 0.45 uM organic
filter membrane and freeze-dried as lyophilized Lactobacillus helveticus whey (LHW). Then,
LHW was dissolved in deionized water at a concentration of 3 mg/mL and mixed with
CaCl, at a Ca%* concentration of 1 mg/mL. The solution was stirred at pH 7.6, 40 °C for
120 min [17]. Then, ethanol was added to remove free calcium from the samples. After
centrifugation, the precipitate was freeze-dried to obtain LHWCC (125.85 + 4.31 mg Ca/g).

2.3. Fourier-Transform Infrared Spectroscopy (FI-IR)

The FT-IR spectrum of LHW and LHWCC was recorded from 4000 to 400 cm ™!
using a Nicolet Summit FT-IR spectrometer iS50 (Thermo Fisher Scientific Inc., Waltham,
MA, USA).
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2.4. In Vitro Digestion

In vitro digestion was based on the standardized COST INFOGEST protocol [18].
In the digestion test, samples were taken at the beginning and end of the oral phase, at
0, 15, and 120 min of simulated gastric juice digestion, and at 0, 15, 30, 60, and 120 min of
simulated intestinal juice digestion. Then, the samples were centrifuged at 8000 r/min for
10 min at 4 °C, and the calcium concentration of the supernatant was measured.

2.5. Animal Experiments

Male SD rats (n = 48, 3 weeks old, 55 £ 10 g) were purchased from the Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China). The animal experimental protocol
was approved by the Animal Ethics and Welfare Committee of Jiangnan University (Wuxi,
China), and the IACUC Issue No. was JN.No 2023053051200730[247]. Animal feeding
conditions met SPF level requirements, and during the entire experimental period, rats
were free to eat commercial food, which was prepared according to the AIN-93 [19] (normal
diet: 5000 mg Ca/kg; low-calcium diet: 1000 mg Ca/kg) [10], and drink freely. At the
beginning of the experiment, the initial body length, body weight, and tail length were
measured. During a 7-week experiment, the length and weight of rats were measured
every week. The rats in the control group were fed the normal diet and the remaining rats
were fed a low-Ca diet. The rats were randomly assigned into six groups, and the details of
the experimental design are shown in Figure 1.

Feeding of saline, Ca;(PO,),, LHW, LH‘WC a.ud LHWCC 7777777777 4

Measurement of the initial

weight, length of rats i
» Control, normal diet, saline 8 8 Calcium balance

* Model, low-Ca diet,saline

Execution, removal of
bones, collectionof
tissues, blood, and feces

+ Cay(POy), low-Ca diet, 40 mg Ca/kg BW

* LHW, low-Ca diet, 120 mg LHW/kg BW

> LHWC, low-Ca diet, 120mg LHW/kg BW, 40 mg Ca/kg BW

% LHWCC, low-Ca diet, 40 mg Ca/kg BW Adaption Collectionof
- urinary and fecal
SD rats (3 weeks, 3510 g) 0 5 3days 8 (weeks)

Measurement of the length and weight of rats every week
Figure 1. The flowchart of animal experiment. Note: the rats in the control group were fed the normal
diet (5000 mg Ca/kg), and the remaining rats were fed a low-Ca diet (1000 mg Ca/kg).

2.6. Analysis of Serum Biochemical Indexes

The serum levels of calcium and ALP in different groups of rats were analyzed with
analytical reagent kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

2.7. Analysis of Femur Length, Diameter, and Weight

The femurs that were cleaned of soft tissue were placed in a constant weight box
and dried thoroughly in the drying oven for 10 h until reaching constant weight (under
the condition that the lid is opened at 80 °C for 6 h and then closed at 115 °C for 4 h).
Then, the dry weight of the femur was weighed and the length of the femur was measured.
The diameter from the descending third rotor to the junction of the femoral shaft was
determined as the femoral diameter.

2.8. Analysis of Calcium Content in Femur

After being dried, a 100 mg femur was dissolved in 7 mL of 16 mol/L HNOj to
determine calcium content by flame atomic absorption spectrometry (AA-240, Varian
Medical Systems, Palo Alto, CA, USA). The atomic absorbance was monitored at 422.7 nm,
and the Ca content in the femur was expressed on a mg/g dry basis [20].
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2.9. BMD and Bone Mass Measurements

The BMD of the femur was measured using a micro-CT (PerkinElmer Quantum GX,
Waltham, MA, USA). Bone and trabecular-related indexes of the proximal femoral were
obtained using the built-in software of the micro-CT. The operation parameters were as
follows: 90 kV tube potential, 88 LA tube current, 86 mm FOV, high-resolution scan mode,
4 min scanning time, and 0.1 mm Cu X-ray filter according to the method of Chen et al. [21].
Calculations included bone volume (BV), bone surface (BS), bone volume/tissue volume
(BV/TV), bone surface/tissue volume (BS/TV), trabecular separation (Tb.Sp), trabecular
thickness (Tb-Th), and connectivity density (Conn.D).

2.10. Bone Biomechanical Strength Measurements

A three-point bending mechanical test was performed on the left femur diaphysis
using a TA-XT plus texture analyzer (Stable Micro Systems, Godalming, Surrey, UK). The
maximum fracture force, i.e., the maximum bone load, was measured using a three-point
bending test at a test speed of 1 mm/s. The test was performed with a fulcrum span of
16 mm according to the method of Ye et al. [22] with slight modification.

2.11. Analysis of Calcium-Apparent Absorption and Retention Rate

The calcium intake and fecal and urinary calcium content were determined by AAS
during the last 3 days of treatment. The calcium metabolism was calculated according to
Wang et al. [23] with the following formula:

Apparent calcium absorption rate (ACAR) (%) = (Calcium Intake — (1)
Fecal Calcium)/Calcium Intake x 100%.

Calcium accumulation rate (CAR) (%) = (Calcium Intake — Fecal Calcium — @)
Urinary Calcium)/Calcium Intake x 100%.

2.12. RNA Extraction and Real-Time RT-PCR

The intestinal tissue was ground and the RNA was obtained according to the in-
structions of the total RNA extraction kit. The nucleic acid purity (OD260/280 = 1.8-2.2,
0OD260/230 > 2.0) and concentration were tested. The samples were reverse transcribed
into cDNA according to the instructions of the reverse transcription kit. The primer ref-
erence was Li et al. [6], and the gene primer sequence was shown in Table 1. 3-Actin
was selected as the housekeeping gene. Relative gene expressions were calculated by the
comparative 2~42Ct method.

Table 1. Primers used in the measurement of mRNA expression.

Gene Primer Sequence
TRPVE forward 5'-CACCCAGTGGACGTATGGAC-3/
reverse 5'-CTCGTGCGGTTATTGGTCCT-3’
TRPVS forward 5'-ACGTATGGACCCCTGACCTC-3'
reverse 5'-GAATTTGGCGAGCCTCTCGT-3/
Calbindin-DIK forward 5'-GGCAACCAGACACCAGAATGA-3'
albindin- reverse 5-TGACAACTGGTCTGGATCACC-3/
NCX forward 5-TTGAGATTGGAGAACCCCGT-3
i reverse 5'-ATGTGAAGCCACCAAGCTCA-3’
PMCA1D forward 5'-AGTGATTGTTGCTTTTACGGGC-3'
reverse 5 -AGAGACTCAGTGGGTGGTTCCG-3/
PepT1 forward 5'-ATCTACCATACGTTTGTTGC-3’
p reverse 5-CTGGGGCTGAAACTTCTT-3/
B-Actin forward 5'-CACCCAGCACAATGAAGATCAAGAT-3’

reverse 5-CCAGTTTTTAAATCCTGAGTCAAGC-3'
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2.13. Statistical Analysis

Data for each group were expressed as mean £ SD (n = 8). For data analysis, one-way
analysis of variance (ANOVA) was conducted using IBM SPSS Statistics 26 software (SPSS
Inc, Chicago, IL, USA). Graphing and data processing were performed using GraphPad
Prism 9.0.

3. Results
3.1. Fourier Transform-Infrared Spectroscopy of LHWCC

The infrared spectra of LHW and LHWCC in the wavelength range of 400-4000 cm !
are shown in Figure 2, and the infrared spectrum of the calcium chelate showed signif-
icant changes. LHWCC had obvious fluctuations at 3410 em~ !, 2104 cm 1, 1591 em ™},
1422 cm ™!, and 1072 cm~!. The characteristic peaks of amide A and amide B bands in
the sample at 3388 cm ! are significantly weakened and shifted, which was caused by
the inductive effect or the dipole field effect, indicating the binding of calcium ions with
N-H [24]. The absorption peak of LHW at 2170 cm~! corresponding to the phosphate
group O=P-O-H disappeared after chelation, indicating that H in the phosphate group was
replaced by calcium ions. The absorption peak of LHWCC weakened at 1600 cm~! and
1400 cm ™!, indicating that -COOH participated in the formation of chelates in the form of
covalent bonds [25] with calcium ions to form -COO-Ca. The absorption peak of LHWCC
shifted at 1072 cm ™!, which might be due to the formation of C-O-Ca by the combination of
-CO bond and calcium [26]. The changes in absorption peaks in the range of 800-500 cm ™!
could be attributed to the effect of chelation on the vibration of C-H and N-H bonds in
carboxyl oxygen atoms, amino nitrogen atoms, and phosphate ions in compounds such as

peptides in LHWCC.
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Figure 2. Fourier transform-infrared spectra of LHW and LHWCC in the regions of 4000 to 400 cm ™.
3.2. Soluble Calcium Content of LHWCC In Vitro Digestion

As shown in Figure 3, there were significant differences in the dissolution characteris-
tics of different calcium agents during the simulated oral digestion stage. Caz(PO4), was
almost insoluble in the simulated saliva, and the solubility of LHWCC was around 30%.
In the simulated gastric digestion stage, the solubility of both calcium agents significantly
increased as an acidic environment (pH 3.0) increased calcium solubility [9]. Caz(POy);
was almost completely dissolved when entering the simulated gastric juice and subse-
quently maintained a solubility of over 90%. The solubility of LHWCC during gastric
digestion increased with time, from the initial 70% to 100%, which was consistent with
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grape seed polypeptide calcium chelate [27]. This indicated that LHWCC has a certain
sustained-release effect, which can reduce the rapid release of calcium ions in the stomach.
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Figure 3. Changes in percentage of soluble calcium (relative to the total of calcium) for Caz(POy),
and LHWCC during in vitro digestion.

After entering the intestinal buffer, the solubility of Caz(POy); rapidly decreased to
20% and gradually decreased to 3% with time. On the other hand, the solubility of LHWCC
slightly decreased to 70% when entering the alkaline environment of the intestine and
remained stable afterward.

3.3. Effect of LHWCC on Weight, Body Length, and Tail Length Gain

Figure S1 shows the weight changes in rats during the experiment. The weight of rats
in different treatment groups showed steady growth, and there was no significant difference
among the groups in body weight and length (p > 0.05). The low calcium treatment resulted
in slow tail growth. The treatments with LHW, co-administration of Ca3(PO4), with LHW
(LHWC), and LHWCC significantly increased the tail length of rats, whereas Caz(PO4)
had no significant effect on tail length compared to the model group.

3.4. Effect of LHWCC on Femoral and Serum Indicators

Figure 4A-F summarizes the changes in femoral and serum biochemical parameters.
A low-calcium diet led to a significant decrease in bone length (p < 0.001), bone diameter
(p < 0.01), bone weight (p < 0.005), and bone and serum calcium content (p < 0.005), with a
significant increase in ALP activity (p < 0.005). Treatments with Ca3z(PO4), and LHWCC
significantly increased bone length, as well as bone and serum calcium content, with no
significant difference in most indicators among the groups fed with Ca3(PO,),, LHWC,
and LHWCC (p > 0.05). Ca3(PO4)2, LHWC, and LHWCC treatment resulted in significantly
lower ALP activity compared to the model group (p < 0.001), with a stronger effect of
LHWC and LHWCC on ALP activity than that of the Ca3(POy), (p < 0.001). LHW had no
effect on serum ALP activity in rats and the weight of the femur (p < 0.05), whereas the
intake of LHW had an impact on both femur and serum calcium content. These results
indicated that supplementation of LHW was beneficial for restoring femoral morphology
and calcification in the state of low calcium, whereas LHWCC was as effective in the
improvement of the serum and femoral indicators as Ca3(POy),, and even more effective in
the improvement of ALP activity in calcium-deficient rats.
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Figure 4. Changes in the bone morphology and calcium content and serum biochemical param-
eters of rats (A), femur length (B), femur diameter (C), femur weight (D), femur calcium (E),
serum calcium (F), serum ALP. Data are expressed as the mean &+ SD (1 = 8). * p < 0.05; ** p < 0.01;
*** p < 0.005; **** p < 0.001.

3.5. Bone Biomechanical Parameters and Histomorphometry

The three-dimensional (3D) reconstruction of micro-CT images of the left femoral
trabecular bone is shown in Figure 5. Compared with the control group, the bone tra-
beculae of low-calcium rats were sparse, with large gaps and obvious damage in their
morphology and network connectivity structure. Supplementation with Cas(PO4),, LHWC,
and LHWCC all resulted in a significant effect on the bone trabeculae and an increase in
thickness and connectivity, with LHWCC as the improvement of the microstructure of bone
trabeculae and enhancing bone quality. On the other hand, LHW only showed a weak
influence on the morphology of bone trabeculae.

The results of bone mass are shown in Figure 6. Low calcium treatment resulted in
a significant decrease in femoral bone density (p < 0.001), BS/TV (p < 0.001), and BV/TV
(p < 0.005) in rats (Figure 6A-C). After treatment, femoral BMD improved significantly
in all groups, and the BMD of rats in LHWCC group was the highest. Bone mass was
remarkably recovered with the intervention of Caz(POy),, LHW and LHWC, and LHWCC,
with LHWCC showing a stronger regulating effect on bone loss than Ca3(PO4), (p < 0.05).

Low calcium treatment significantly reduced the thickness and the connectivity density
(p < 0.001) and increased the separation of bone trabeculae (p < 0.05) (Figure 6D-F) as
indicated by indexes such as Th.Tb (an indicator of the thickness of the trabecular bone),
Th.Sp (an indicator of the bone trabecular separation), and Conn.D (an indicator of the
degree of trabecular bone separation). Both Ca3(POy); and LHWCC showed significant
effects on promoting bone trabeculae. The coadministration of LHW and Ca3(PO,); had
a significant effect on restoring Th.Tb (p < 0.05) and Conn.D (p < 0.005), with no effect on
Th.Sp, whereas no influence on bone trabeculae was recorded by LHW treatment.
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Figure 6. Changes in BMD and bone mass of rats (A), BMD (B), BS/TV (C), BV/TV (D), Tb.Th. (E),
Tb.Sp (F), Conn.D. Data are expressed as the mean + SD (n = 8). * p < 0.05; ** p < 0.01; ** p < 0.005;

#0% ) < 0.001.
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3.6. Effects on Bone Biomechanical Strength

From Figure 7, it can be seen that low calcium intake resulted in significant decreases
in the maximum bone load (p < 0.005) and maximum deflection. Supplementation with
Ca3(POy4),, LHWC, and LHWCC significantly improved bone biomechanics (p < 0.001)
in rats, whereas LHW showed no effect. There was no significant difference between the
regulating effect of Ca3(PO4); and LHWCC on hardness, whereas LHWCC performed
better than Ca3(POy); in fracturability.
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Figure 7. Changes in bone biomechanical property of rats (A), hardness (B), fracturability. Data are
expressed as the mean £ SD (1 = 8). * p < 0.05; *** p < 0.005; **** p < 0.001.

3.7. Effect of LHWCC on Calcium Balance

From Figure 8, it can be seen that the apparent calcium absorption rate (ACAR) and
calcium accumulation rate (CAR) of the model group were significantly increased compared
to the control group (p < 0.001), which might be due to pathological compensation formed
to maintain calcium concentration in the body in a calcium-deficient state [5]. Ca3(POy);
treatment significantly decreased both ACAR and CAR. Although LHW treatment did not
result in changes in calcium balance, the combination of Ca3(PO4), with LHW showed
higher calcium absorption rates than that of Ca3(PO4); alone (p < 0.001), indicating that
LHW could promote the absorption and accumulation of inorganic calcium in rats. When
LHW was chelated with calcium, its apparent absorption rate increased to 80%, indicating
that the chelation had a beneficial effect on calcium absorption and retention in calcium-
deficient rats compared to inorganic calcium in the body [28], which is consistent with the
pattern of calcium release of Caz(POy); and LHWCC during in vitro digestion.
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Figure 8. Changes in calcium metabolism of rats (A), apparent calcium absorption rate (ACAR) (B), cal-
cium accumulation rate (CAR). Data are expressed as the mean =+ SD (1 = 8). *** p < 0.005; **** p < 0.001.
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3.8. Gene Expression of Corresponding Receptors in the Intestines of Rats

The expression of calcium absorption-related genes in the small intestine of rats is
shown in Figure 9, and the inorganic calcium salt and organic chelates varied in the
regulation of the related gene expression. The expression levels of TRPV5, TRPV6, PepT1,
and Calbindin-D9k significantly increased by LHWC and LHWCC treatments, whereas
Ca3(POy4), showed notable elevation of the expression of TRPV6 and PMCATb. In addition,
compared to the control, LHWCC showed increased expression levels of TRPV5/6, PepT1,
and Calbindin D9k. Among all the treatments, LHWCC showed the strongest regulating
effect. On the other hand, LHW only significantly increased the expression of PepT1.
However, none of the treatments had an impact on the expression of NCX-1.
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Figure 9. Calcium absorption-related gene expression in intestines of rats (A), TRPV5 (B), TRPV6 (C),
PepT1 (D), Calbinding-D9k. (E), NCX-1 (F), PMCA1b. Data are expressed as the mean + SD (1 = 8).
ns p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.005; *** p < 0.001.

4. Discussion

The FT-IR spectra were used to provide more information on the binding of metal
ions with organic ligand groups of LHW, showing that the main binding sites of LHWCC
included carboxyl oxygen atoms, amino nitrogen atoms, and phosphate ions, which was
similar to CPPH-Ca [10].

Calcium in food can be dissolved into ionic form through gastric acid digestion but it
is prone to precipitate in the relatively alkaline environments of the small intestine, leading
to a decrease in bioavailability [29]. In vitro models must be created to investigate the
calcium release patterns of different calcium supplements [30]. Compared to Caz(POy4),,
LHWCC was less affected by pH, which was similar to the in vitro digestion results of
CPP-Ca [31]. Jiang et al. [27] found that most peptide calcium chelates were soluble after
digestion, but the dialysis rate was significantly lower than the solubility. Therefore, it is
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speculated that calcium ions remained in a binding state to macromolecules during in vitro
digestion. The pattern of sustained release of calcium and high solubility of LHWCC during
simulated intestinal digestion might be partially attributed to the presence of peptides
in LHW [15,32] as supported by the upregulation of PepT1 in vivo. Anyway, previous
research found that during the simulated in vitro digestion process of the intestine, the
solubility of CaCO3 was between 60 and 80% [9], whereas that of Caz(PO4), was below
20%, with significant differences in solubility. The low solubility constant of Caz(POy);
led to its low calcium solubility during simulated intestinal digestion. However, in vivo
experiments showed that the apparent absorption rate in rats of CaCO3; was about 40% [33],
which is close to Ca3(POy), (45%) in the present study. Our results also indicated that
among the calcium absorption-related genes analyzed in the present study, Caz(POy),
only upregulated the expression of the TRPV6 channel, similar to the previous study on
CaCOs [34,35]. Therefore, although the two inorganic calcium salts Caz(PO4); and CaCOs
had significant differences in solubility in vitro, they shared similarities in both the effect
and mechanism of the regulation of calcium absorption in vivo.

Low-calcium diets may cause microarchitectural deterioration of bone tissue, leading
to increased bone fragility and risk of fracture [36]. The present study found that Caz(POy),,
LHWC, and LHWCC significantly restored serum biochemical parameters, bone morphol-
ogy, and the bone biomechanical property of low-calcium-fed rats, whereas LHW only
upregulated the PepT1 expression level to improve serum and bone calcium content in rats.
Chelates such as LHWCC showed a stronger influence on trabecular microstructure and
calcium absorption than Caz(POy); and the co-administration of LHW and Ca3(PO,),. Bone
microstructure, especially trabecular microstructure, plays an important role in monitoring
calcium deposition in bone and characterizing bone growth and development levels [37,38].
Bone trabeculae have a certain shape and distance in the bone marrow cavity, cross-linking
with each other to form a network structure, and are mainly responsible for maintaining
bone strength, bearing loads, and hematopoietic functions [39]. Compared with Ca3(POy4),
and LHWC, LHWCC increased bone mass by promoting the number and thickness of
bone trabeculae and making the cross-linking of bone trabeculae denser, highlighting the
improvement of efficiency of promotion of bone health through the conversion of inorganic
calcium supplements to organic agents, as previously reported [33,40,41].

The small intestine is the main organ responsible for calcium absorption, responsible
for over 90% of calcium absorption in the human body [29]. The process of calcium
absorption in intestinal cells can be roughly divided into three steps: calcium ions enter
the cells through TRPV5/6; calcium binds to Calbindin-D9k for intracellular transport;
it is pumped into the bloodstream by NCX-1 and PMCA1b. The main rate-limiting step
of the above process is to absorb calcium into cells, which means that the efficiency of
active calcium transport is mainly related to channel proteins such as TRPV5/6 [7]. As
shown in Figure 10, both LHWCC and CPPH-Ca exerted promotive effects on calcium
absorption via regulation of the gene expression of TRPV5, TRPV6, Calbinding-D9k, and
PMCAT1b. In addition, it is reported that peptide calcium chelates can resist gastric digestion
as short peptides enter the intestine. The main pathways currently known to transport
peptides through the intestinal cells are the PepT1 pathway and the cell-penetrating peptide
pathway, both of which are transcellular pathways. The PepT1 pathway is a widely specific
peptide transporter protein that can transport almost all dipeptides and tripeptides [4]. The
results have shown that LHWCC also regulated the higher expression level of PepT1 than
Ca3(POy); and LHWC, which would facilitate the transition of peptides into the intestine
and contribute to the enhancement of calcium absorption indirectly due to the increased
proportion of oligopeptides in protein hydrolysates after chelating with calcium [42].
Therefore, among the various calcium chelates, protein hydrolysate-calcium chelates are
unique as they could upregulate not only the pathway of calcium absorption such as
TRPV5, TRPV6, and Calbinding-D9k, but also an indirect pathway potentially beneficial
for bone health via PepT1.
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Figure 10. The mechanistic interpretation of intestinal calcium absorption of different calcium agents
investigated in the present study.

On the other hand, LHWCC significantly increased calcium absorption in vivo com-
pared to Ca3(POy),, which may be due to LHWCC significantly upregulating the gene
expression of TRPV5 and TRPV6, whereas calcium phosphate can only significantly up-
regulate the TRPV6 pathway. The expression level of Calbindin-D9k was also higher in
LHWCC. TRPV5 and TRPV6 have 75% homology and their main differences are in the N
and C terminal tails. Both channels permeate calcium ions, and TRPV5 exhibits stronger ion
selectivity. TPPV6 can be regulated by vitamin D3, as well as Calbindin-D9k and PMCATb,
which may be regulated through interactions with these calcium transporters and enzymes
involved in intestinal calcium absorption and increased parathyroid hormone (PTH) [43,44].
Meanwhile, PTH also indirectly affects the content of 1,25(OH), D3, the hormonal form of
vitamin D [45]. Calbindin-D9k is regulated at the transcriptional and post-transcriptional
levels by the serum level of 1,25(0OH), D5 [46]. Therefore, the increased expression levels
of TRPV6 and Calbindin-D9k in LHWCC may be related to PTH and 1,25(OH),; D3 in the
serum of rats. Further experiments in this aspect would be desirable for understanding the
mechanism of the effect of LHWCC on calcium absorption and bone health.

5. Conclusions

In conclusion, LHWCC exerted a notable impact on bone health. Compared with
inorganic calcium, LHWCC had a higher solubility during in vitro digestion and had
promotive effects on serum biochemical parameters, bone microstructure, and calcium
absorption in vivo. LHWCC treatment exerted promotive effects on calcium absorption by
upregulating TRPV6, TRPV5, PepT1, Calbindin-D9k, and PMCA1b-signaling pathways in
intestines, thereby improving serum and bone calcium concentration and restoring bone
biomechanical parameters and histomorphometry.
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Abstract: Numerous studies have investigated the immunomodulatory effects of yogurt, but the
underlying mechanism remained elusive. This study aimed to elucidate the alleviating properties
of yogurt on immunosuppression and proposed the underlying mechanism was related to the
metabolite D-lactate. In the healthy mice, we validated the safety of daily yogurt consumption
(600 uL) or D-lactate (300 mg/kg). In immunosuppressed mice induced by cyclophosphamide (CTX),
we evaluated the immune regulation of yogurt and D-lactate. The result showed that yogurt restored
body weight, boosted immune organ index, repaired splenic tissue, recovered the severity of delayed-
type hypersensitivity reactions and increased serum cytokines (IgA, IgG, IL-6, IFN-y). Additionally,
yogurt enhanced intestinal immune function by restoring the intestinal barrier and upregulating the
abundance of Bifidobacterium and Lactobacillus. Further studies showed that D-lactate alleviated
immunosuppression in mice mainly by promoting cellular immunity. D-lactate recovered body
weight and organ development, elevated serum cytokines (IgA, IgG, IL-6, IFN-y), enhanced splenic
lymphocyte proliferation and increased the mRNA level of T-bet in splenic lymphocyte to bolster
Th1 differentiation. Finally, CTX is a chemotherapeutic drug, thus, the application of yogurt and
D-lactate in the tumor-bearing mouse model was initially explored. The results showed that both
yogurt (600 pL) and D-lactate (300 mg/kg) reduced cyclophosphamide-induced immunosuppression
without promoting tumor growth. Overall, this study evaluated the safety, immune efficacy and
applicability of yogurt and D-lactate in regulating immunosuppression. It emphasized the potential
of yogurt as a functional food for immune regulation, with D-lactate playing a crucial role in its
immunomodulatory effects.

Keywords: yogurt; D-lactate; cyclophosphamide (CTX); immunosuppression; gut microbiota

1. Introduction

Cyclophosphamide (CTX) is a broad-spectrum anticancer drug. It exerts the effects by
interfering with the DNA synthesis of tumor cells, thereby inhibiting their proliferation
and survival. However, while killing tumor cells, CTX also exhibits toxic side effects of im-
munosuppression [1,2]. CTX suppresses the immune system through diverse mechanisms,
including encompassing the inhibition of immune cell functionality, attenuation of immune
responses in T cells and B cells, as well as modulation of immune globulins, chemokines,
and cytokines [3]. Immunosuppression is correlated with various chronic diseases, such
as infections and cancers [4]. Furthermore, an imbalance of immune regulation results in
gastrointestinal inflammation and intestinal flora disorders [5,6]. Therefore, it is imperative
to identify effective strategies for preventing and alleviating immunosuppression.

Yogurt is a typical functional food. Epidemiological studies have revealed that yogurt
can decrease the incidence of type 2 diabetes, metabolic syndrome and heart disease [7-10].
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Previous researches on the immunoregulation of yogurt have focused on bioactive nutrients,
such as fat acids, phytosterols, proteins, vitamins and probiotics [7,11,12]. However, D-
lactate has been almost ignored as a byproduct of bacteria fermentation in yogurt. D-lactate
is a configuration of chiral lactate. D-lactate typically has two origins in the human body. A
portion is the dietary intake digested by bacteria in conventional foods, such as yogurt or
pickles [13,14]. Lactobacillus bulgaricus can convert 90% of pyruvate into D-lactate [14]
during yogurt manufacturing. Endogenous D-lactate is processed by closely related gut
bacteria [15]. According to prevailing research, it is widely accepted that the human body
exclusively harbors L-lactate dehydrogenase, which possesses rapid metabolic capacity
towards L-lactate, while lacking D-lactate dehydrogenase. Consequently, the elevated
concentration of D-lactate in plasma results in the acidosis. However, our recent research
has demonstrated the daily intake of 2000 mg/kg of D-lactate does not affect the normal
growth of mice. Furthermore, in comparison to L-lactate, D-lactate exhibits stronger anti-
inflammatory properties due to its pharmacokinetic advantages [16]. Additionally, the
recent study also reports that D-lactate plays a crucial role in preventing colitis-associated
colon cancer in yogurt [17]. Hence, D-lactate is plausibly a potential dietary nutrient factor.

This research studies the actions of yogurt on immunosuppression by constructing
three animal models (healthy mice, immunosuppressive mice and tumor-bearing mice),
through D-lactate-dependent mechanisms. This study provides novel insights into alleviat-
ing immunosuppression and supports the benefits of traditional fermented foods and the
development of D-lactate.

2. Materials and Methods
2.1. Chemicals and Reagents

Cyclophosphamide and Levamisole hydrochloride (LM) were sourced from Aladdin.
D-sodium lactate, ConA and LPS were purchased from Sigma-Aldrich Co., St. Louis, MO,
USA. Kits for measuring creatinine (CRE), urea nitrogen (BUN), aspartate aminotransferase
(AST), and alanine aminotransferase (ALT) were acquired from the Nanjing Jiancheng
Institute of Biological Engineering (Nanjing, China). Sheep red blood cells (SRBC) were
obtained from Nanjing Senbeijia Biological Co., Ltd. (Nanjing, China). Spleen lymphocyte
extraction kit was purchased from Beijing Solarbio Science & Technology Co., Ltd. (Beijing,
China). CCK-8 Cell Counting Kit was purchased from Nanjing Vazyme Biotech Co., Ltd.
(Nanjing, China). IgA, IgG, IL-4, IL-6, and IFN-y Elisa kits were purchased from R&D
systems. The CT26 cell line was derived from the American Type Culture Collection (ATCC)
(maintained in a humidified incubator at 37 °C and 5% CO,).

2.2. Yogurt Preparation

A simulated commercial yogurt was prepared according to a previous study [18,19].
Lactobacillus bulgaricus and Streptococcus thermophilus bacterial strains were mixed in a
1:1 ratio and incubated at 39 °C for 18 h in 10% skim milk, followed by a 24h incubation
at 4 °C. At the end of this process, the total viable count was 9.16 1g (CFU/mL) consistent
with the former research [20].

2.3. Determination of D-Lactate in Yogurt by High-Performance Liquid Chromatography (HPLC)

The sample pretreatment was drawing upon established approache with moderate
modification [21]. Samples were centrifuged at 12,000 r/min for 15 min. Subsequently,
10% trichloroacetic acid was added to the samples and allowed to react for two hours
before being centrifuged at 12,000 r/min for 20 min. Following this, the samples were
filtered using a 0.22 pm filtration membrane and degassed through ultrasonic means before
analysis with HPLC. The separation of L-lactate and D-lactate was achieved by Chirex 3126
(D) penicillamine LC Column [21,22].
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2.4. Animal Experiment

Female SPF BALB/c mice weighing approximately 20.0 & 2.0 g and aged 7 weeks
were procured from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing,
China). The mice were housed in cage and a controlled environment with a temper-
ature of 22 £ 2 °C, a humidity of 50 £ 10%, and a 12-light-dark cycle, following the
Guidelines for Keeping Experimental Animals issued by the Chinese government. The
Experimental Animal Welfare and Ethics Committee of Jiangnan University approved the
study (license numbers JN.N020220315c0900425(012), JN.N020220615c0801001(198) and
JN.N020221130b07002209467).

2.4.1. Animal Experiment I

After seven days of adaptive feeding, total of 42 mice aged 5-week-old were randomly
assigned to 6 groups, with 7 mice per group. Daily records were maintained for the baseline
condition and body weight of the mice for 22 days. Based on animal welfare principles,
at the end of the experiment, the liver, spleen, and thymus were extracted and weighed
for calculation. The toxicological evaluation of yogurt and D-lactate was conducted by
assessing hepatic function (represented by ALT and AST) and renal function (represented
by BUN and CRE). CRE, BUN, AST, and ALT levels were measured using appropriate kits
and following the manufacturer’s instructions.

2.4.2. Animal Experiment I

After seven days of adaptive feeding, total of 108 mice aged 7-week-old mice were
randomly assigned to 9 groups, with 12 mice per group. In each treatment group, immuno-
suppression was induced by intraperitoneal injection of CTX (80 mg/kg) for 3 days. The
successful establishment of an immunosuppression model was recognized when the body
weight of the mice decreased by 15% of the original. Different doses of yogurt and D-lactate
were supplied during the following days. Based on animal welfare principles, on day 17 of
the experiment, 6 mice were randomly selected to inject intraperitoneally with 0.2 mL of 5%
(v/v) sheep red blood cells (SRBC). After four days, serum was collected from the eye orbit
for the HCsy value assessment. Simultaneously, 20 pL of 20% (v/v) SRBC was injected into
the right hindfoot pad for the measurement of the delayed-type hypersensitivity (DTH)
reaction. Serum, spleen, thymus, and fecal samples were collected for biochemical analysis
at the end of the experiment.

2.4.3. Animal Experiment III

After seven days of adaptive feeding, total of 70 mice aged 7-week-old mice were
randomly assigned to 7 groups, with 10 mice per group. For the tumor-bearing model,
after adjusting the CT26 cell at the logarithmic growth phase suspension to a concentration
of 1 x 10° cells/mL with PBS, the cell suspension was inoculated subcutaneously into the
right axilla of mice, with a dose of 0.2 mL per mouse. The mice were then bred for seven
days, and those who developed a tumor volume of about 50 + 16 mm? were deemed to
have successfully established models [23]. Subsequently, the mice were injected with CTX
every three days and orally administered yogurt and D-lactate daily. Daily observations
were made of the behavior, body weight, and tumor size of all mice. At the end of the test,
the tumor volume did not exceed the ethical limits. Based on animal welfare principles,
serum, spleen, thymus, and tumor tissues were collected for biochemical analysis at the
end of the experiment.

2.5. Methods for Physiological and Pathological Analysis
2.5.1. ELISA Assay

The IL-4, IL-6, IFN-y, IgA, and IgG cytokines were measured using a commercial
ELISA kit and following the manufacturer’s protocols.
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2.5.2. Histopathological Staining

The sample tissues were fixed overnight at room temperature with 10% formaldehyde,
washed with distilled water, subjected to dehydration using a gradient of alcohol, and
embedded in paraffin wax. Paraffin-embedded slices were stained. Images were taken
using a light microscope.

2.5.3. RT-qPCR Analysis

Total RNA was extracted using a Trizol reagent and assessed for purity and integrity
through NanoDrop and gel electrophoresis. RNA was converted to cDNA using a reverse
transcription kit. Gene expression levels were evaluated using a real-time quantitative PCR
system. Gene-specific primers were listed in Table 1. The relative quantification of the
target gene was determined by comparing it to 3-actin and calculating the results using the
278ACt method [24].

Table 1. Primer sequences.

Genes Primer Forward Primer Reverse
MUC-2 GATTCGAAGTGAAGAGCAAG CACTTGGAGGAATAAACTGG
Claudin5 GAGAGGAACTACCCTTATGCC ATTGAGTAATTAAACGGGACAGG
T-bet CGTTTCTACCCCGACCTTCC ATGCTCACAGCTCGGAACTC
GATA-3 AAGCTCAGTATCCGCTGACG GATACCTCTGCACCGTAGCC
Bax ACAGATCATGAAGACAGGGG CAAAGTAGAAGAGGGCAACC
Bcl-2 ATGTGTGTGGAGAGCGTCAAC AGACAGCCAGGAGAAATCAAAC
-actin TGCTCTCCCTCACGCCATC GAGGAAGAGGATGCGGCAGT

2.5.4. Proliferation Assay of Splenic Lymphocytes

Mouse spleens were aseptically removed, and lymphocytes were collected using the
Animal Splenic Lymphocyte Isolation Kit from Beijing Solarbio Science & Technology Co.,
Ltd. (Beijing, China). [25]. Cells were incubated in 96-well plates with ConA (10 pug/mL)
and LPS (5 ug/mL) for 24 h, followed by treatment with CCK-8 solution and another 2 h
incubation [26]. The absorbance measurement at 450 nm was quantified using a Thermo
Scientific Varioskan Flash spectrophotometer (Waltham, Massachusetts, America).

2.5.5. Delayed-Type Hypersensitivity (DTH)

On day 17 of the experiment, 0.2 mL of 5% (v/v) SRBC was injected intraperitoneally
into the mice, and the thickness of the right hindfoot pad was measured utilizing vernier
calipers. Four days after the initial injection, 20 pL of 20% (v/v) SRBC was administered to
the right hindfoot pad. The resulting increase in footpad thickness was determined 24 h
after the second injection and utilized as an indicator of DTH.

2.5.6. Serum Hemolysin

Mice were received an injection of 0.2 mL of 5% (v/v) SRBC, and after four days,
serum was obtained from blood collected from their eye orbit. The serum was diluted with
SA buffer (1:5) and added to a 96-well culture plate with a control buffer. Then, SRBC and
guinea pig serum were added to each well, and the supernatant was mixed with Drabkin’s
solution. After resting for 10 min, the optical density of each well was measured at 540 nm
using an automatic microplate reader to evaluate serum hemolysin levels.

2.5.7. Gut Microbiota Analysis

DNA was extracted from the cecal contents using the FastDNA™ Spin Kit for Feces.
Agarose electrophoresis was used to detect gDNA integrity and nucleic acid concentration.
PCR was performed using universal primer pairs on the V3-V4 high variant region of
the bacterial 16S rRNA gene [27]. The 165rDNA sequence data were processed using
QIME V19.1 to remove any raw sequences that did not meet specific criteria. High-quality
reads were selected for bioinformatics analysis, and operational taxonomic units (OTUs)
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were formed by clustering all valid reads with similarities greater than 97%. OTUs were
classified according to the Greengenes database, and the R package was utilized for -
diversity, 3-diversity, and species screening based on the abundance of OTUs.

2.6. Statistical Analyses

Statistical analyses were performed using GraphPad Prism 8.0. A one-way analysis of
variance (ANOVA), followed by the Bonferroni procedure, was applied to compare means
for multiple group comparisons. At the same time, a Student’s t-test was used to compare
two independent groups. The data were expressed as mean + SEM, with a significance
level set at p < 0.05.

3. Results
3.1. Detection of D-Lactate in Yogurt

The findings indicated a total lactate content of 15.43 mg/mL in yogurt, with the
specific D-lactate content measured at 5.90 mg/mL. After conversion, the proportion of total
lactate in yogurt was 1.50%, with the proportion of D-lactate being 0.57%. Additional details
concerning the dosage of yogurt and D-lactate were found in the supporting information
(Figure S1, Table S1).

3.2. Animal Experiment I: Toxicity Evaluation of Yogurt and D-Lactate in Healthy Mice

In Table 2, mice treated with yogurt and D-lactate maintained stable body weights
within the normal range. Yogurt (600 pL) and D-lactate (300 mg/kg) increased immune
organ indexes of the spleen and thymus without causing any toxic effects on the hepatic
(represented by ALT and AST) and renal function (represented by BUN and CRE). Compa-
rable results were observed in the Positive Control group treated with LM, a recognized
immunoregulatory compound [28]. The findings showed the oral safety of yogurt (600 nL)
and D-lacate (300 mg/kg) in healthy mice.

Table 2. Evaluation of immune efficacy and toxicity of yogurt and D-lactate in healthy mice.

Normal Positive Yogurt Yogurt D-Lactate D-Lactate

Control Control (200 pL) (600 L) (75 mg/kg) (300 mg/kg)

Body weight (g) 28.01 £0.8 2911 +1.2 28.31 +£0.7 29.21 £0.5 2726 £1.9 28.09 £ 1.1
Thymus index (%) 0.27 £ 0.06 0.36 £ 0.09 * 0.28 £0.12 0.32 £0.03 * 0.28 4 0.04 0.38 +0.02 *
Spleen index (%) 0.32 £ 0.05 0424+0.12* 0.38+0.17* 0.40+0.19 % 0.32 4 0.09 0.40 +£0.10*
Liver index (%) 431 +0.21 4.51 £ 0.09 4.33 £0.19 4.68 £0.16 453 +0.14 4.61 £ 0.08
BUN (mmol/L) 10.09 £ 0.19 10.13 £ 0.31 10.01 + 0.46 10.32 + 0.36 10.16 +0.21 10.11 £ 0.31
CRE (umol/L) 44.03 £1.91 45.21 4+ 2.31 4291 +3.33 44.19 £+ 2.98 42,98 +1.08 43.26 4+ 0.09
ALT (IU/L) 38.21 £+ 3.41 42.87 £2.12 40.23 £+ 3.61 41.87 £1.97 42.09 £2.71 40.98 £ 3.01

AST (IU/L) 129.23 £2312 13621 £11.21 13298 +31.21 138.12 4 29.12 119.21 4 38.24 129.12 £ 31.36

* p < 0.05 vs. Normal Control.

3.3. Animal Experiment II: Evaluation of Immune Efficacy of Yogurt and D-Lactate in
Immunosuppressive Mice Induced by CTX

3.3.1. Yogurt Supplementation Ameliorated CTX-Induced Immunosuppression in Mice

The experimental design was displayed (Figure 1A). Yogurt dose-dependently re-
covered the body weight (Figure 1B) and facilitated the growth of spleen and thymus
compared to the MC group (Figure 1C). The spleen of the MC group exhibited the reduced
number of splenic corpuscles and lymphocytes, dispersed germinal centers, and the unclear
distinction between the red and white pulp. However, this trend was reversed upon yogurt
administration (Figure 1D). Besides these analyses, the yogurt administration resulted in
a dose-dependent increase in serum IgA, IgG, IFN-y, and IL-6 levels (Figure 1E-H). The
DTH reaction exhibited similar alterations. Treatment with medium or high dosages of
yogurt resulted in a significant increase in footpad thickness compared to the MC group
(Figure 1I).
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Figure 1. Yogurt supplementation ameliorated CTX-induced immunosuppression in mice. (A) Exper-
imental design. NC: the normal control group; MC: the model control group (cyclophosphamide,
80 mg/kg bw); PC: the positive control group (levamisole hydrochloride, 40 mg/kg bw); LY: Low-
dose of yogurt group (200 uL); MY: Medium-dose of yogurt group (400 uL); HY: High-dose of yogurt
group (600 uL). (B) Body weight. (C) Spleen and thymus indexes. (D) Histopathology observation
of the spleen (original magnification: x5 and x40). (E-H) Serum cytokines of IgA, IgG, IL-6 and
IFN-y. (I) DTH reaction and Metatarsal swelling, ** p < 0.01 and *** p < 0.005 vs. NC group. * p <
0.05, # p < 0.01 and ## p < 0.005 vs. MC group.

3.3.2. Yogurt Supplementation Regulated Intestinal Immunity and Gut Microbiota in
CTX-Induced Mice

As was showed in Figure 2, the standard group showed typical glandular structures
and slender villi arranged tightly and completely in the intestines. In contrast, the MC group
suffered from significant injury to the intestinal wall, featuring shortened and detached
villi. However, the medium and high dosage of yogurt groups exhibited restored villi
length (Figure 2A). Yogurt upregulated the expression of MUC-2 (Figure 2B) and claudin5
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E

(Figure 2C), enhancing the integrity of the intestinal barrier. The detected biomarkers of
the ratio of IL-4 and IFN-y related to immune responses in the intestine were significantly
improved by yogurt (Figure 2D). Data from the x-diversity (Figure 2E) of Chaol, Shannon,
Simpson and ACE index indicated that yogurt modulated the overall diversity of gut
microbiota. The 3-diversity analysis showed that the gut microbiota composition in yogurt
group was distinct from the NC and MC groups (Figure 2F), characterized by 4187 unique
OTUs (Figure 2G). At the phylum level, the ratio of Firmicutes to Bacteroidetes (F/B)
was a biomarker to assess pathological status. F/B tended to increase moderately by
yogurt supplementation (Figure 2H). At the genus level, according to the heat map analysis
(Figure 2I), yogurt consumption resulted in a dominate abundance of beneficial bacteria of
Lactobacillus, Streptococcus, Bifidobacterium, Akkermansia and Ruminococcus. Yogurt
especially increased the abundance of Bifidobacterium and Lactobacillaceae (Figure 2L]J).
In addition, it mitigated the harmful bacteria such as Desulfovibrio, Staphylococcus, and
Escherichia. We examined the D-lactate level by HPLC in the gut contents to assess the
potential involvement of D-lactate in intestinal immunity. The results showed high D-lactate
levels in the feces of yogurt groups but minimal changes in D-lactate groups (Figure 2K).
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Figure 2. Yogurt supplementation regulated intestinal immunity and gut microbiota in CTX-induced
mice. NC: the normal control group; MC: the model control group (cyclophosphamide, 80 mg/kg
bw); PC: the positive control group (levamisole hydrochloride, 40 mg/kg bw); LY: Low-dose of
yogurt group (200 pL); MY: Medium-dose of yogurt group (400 pL); HY: High-dose of yogurt group
(600 uL); LD: Low-dose of D-lactate group (75 mg/kg bw); MD: Medium-dose of D-lactate group
(150 mg/kg bw); HD: High-dose of D-lactate group (300 mg/kg bw). (A) Histopathology observation
of the ileum tissue (original magnification: x25). (B) Relative mRNA level of MUC-2. (C) Relative
mRNA level of claudin5. (D) Cytokines of IFN-y/IL-4 in ileum tissue. (E) Alpha diversity of Chao 1,
Shannon, Simpson and ACE indexes. (F,G) PCA and Venn diagram of gut microbiota. (H) The ratio
of Firmicutes to Bacteroidetes abundance. (I) Heatmap. (J) The relative abundance of Bifidobacterium
and Lactobacillus. (K) The D-lactate concentration in feces. * p < 0.05, ** p < 0.01 and *** p < 0.005 vs.
NC group. # p <0.05, # p < 0.01 and #* p < 0.005 vs. MC group.

3.3.3. D-Lactate Supplementation Ameliorated Immunosuppression in CTX-Induced Mice

The experimental design was displayed (Figure 3A). The mice administered with
D-lactate showed a significant increase in body weight (Figure 3B) and organ development
(Figure 3C) dose-dependently. D-lactate ameliorated splenic tissue damage induced by
CTX (Figure 3D). Furthermore, splenic lymphocytes were isolated and stimulated by ConA
and LPS in vitro to assess transformation capacity of T cells and B cells respectively. The
splenic lymphocyte proliferation was measured by SI values. The result indicated that
treatment with D-lactate significantly boosted the ConA-stimulated proliferation responses
of T cells in immunosuppressive mice (Figure 3E). No similar results were observed in
LPS-stimulated proliferation responses of B cells. The results demonstrated that CTX
caused a decrease in the relative mRNA expression levels of T-bet, GATA3, Foxp3, and
RORyt in splenic lymphocytes mice. The medium and high dosage of D-lactate increased
T-bet mRNA level (Figure 3F), while only the high dosage of D-lactate increased GATA3
mRNA level in splenic lymphocytes (Figure 3G). However, no alteration was observed in
the expression level of Foxp3 (Figure 3H) and RORyt (Figure 3I). CTX inhibited immune
cell cytokine production and resulting in immunosuppression. However, the suppression
of cytokine levels (Figure 3]-M) was significantly eased by D-lactate. The HCs values
were used to assess murine humoral immune function, as reflected by the serum hemolysin
index [29]. The levels of HC5y were not differentially affected by the three D-lactate
treatments (Figure 3N).
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Figure 3. D-lactate supplementation ameliorated immunosuppression in CTX-induced mice. (A) Ex-
perimental design. NC: the normal control group; MC: the model control group (cyclophosphamide,
80 mg/kg bw); PC: the positive control group (levamisole hydrochloride, 40 mg/kg bw); LD: Low-
dose of D-lactate group (75 mg/kg bw); MD: Medium-dose of D-lactate group (150 mg/kg bw); HD:
High-dose of D-lactate group (300 mg/kg bw). (B) Body weight. (C) Spleen and thymus indexes.
(D) Histopathology observation of the spleen (original magnification: x5 and x40). (E) Stimulating
index (SI). (F-I) Relative mRNA level of T-bet, GATA3, Foxp3 and RORyt. (J-M) Serum cytokines of
IgA, IgG, IL-6 and IFEN-y. (N) Serum half hemolysis value (HCsp), ** p < 0.01 and *** p < 0.005 vs. NC
group. # p <0.05, " p < 0.01 and ** p < 0.005 vs. MC group.

3.4. Animal Experiment I1I: Evaluation of Immune Efficacy of Yogurt and D-Lactate in CT26
Tumor-Bearing Mice

The experimental design was displayed (Figure 4A). Yogurt effectively ameliorated
CTX-induced body weight loss in CT26 tumor-bearing mice (Figure 4B). Yogurt restored
the organ development (Figure 4C) and promoted the cytokine secretion of IL-6 and IFN-y
(Figure 4D) in tumor-bearing mice treated with CTX. The tumor tissue (Figure 4E) and
the analysis of tumor weight on the day 20 (Figure 4F) revealed that the tumor inhibition
rates of the CTX and C + Y groups were 68.02 & 5.6% and 71.34 & 4.8%, respectively. The
Bax/Bcl-2 ratio expression of colorectal cancer was enhanced with the statistical difference
in the CTX and C + Y groups compared to the control group (Figure 4G). This observation
suggests that yogurt consumption did not compromise the antitumor efficacy of CTX.
Similarly, the experimental design of D-lactate was displayed (Figure 4H). Significant
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variations in body weight were observed among the groups (Figure 4I). The C + D group
enhanced organ index (Figure 4]) and cytokine secretion levels (Figure 4K) compared to the
CTX group. D-lactate did not impact the antitumor effectiveness of CTX, as evidenced by
tumor growth inhibition rates of 70.28% == 2.6% for the C + D group (Figure 4L,M) and the
promotion of tumor apoptosis (Figure 4N). In summary, yogurt and D-lactate alleviated the
immunosuppressive effect of CTX in tumor-bearing mice and did not affect the antitumor
efficacy of CTX.
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Figure 4. Evaluation of immune efficacy of yogurt and D-lactate in CT26 tumor-bearing mice.
(A, H) Experimental design, Blank: healthy mice; Control: tumor model group; CTX: cyclophos-
phamide (40 mg/kg bw); C + Y: cyclophosphamide + yogurt (cyclophosphamide, 40 mg/kg bw;
yogurt, 600 puL); C + D: cyclophosphamide + D-lactate (cyclophosphamide, 40 mg/kg bw; D-lactate,
300 mg/kg bw). (B,I) Body weight. (C,J) Immune Organ index. (D,K) Serum cytokines of IL6
and IFN-y. (EL) Images of tumor tissues at treatment termination. (F,M) tumor weight at 20 d.
(G,N) Relative mRNA level of Bax/Bcl-2 ratio, ** p < 0.01, *** p < 0.001 vs. control group. # p <0.05,
# p <0.01 vs. CTX group. **** p < 0.0001.
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4. Discussion

The present study provided direct evidence of yogurt to alleviate the CTX-induced
immunosuppression. Furthermore, D-lactate was identified as a potential substance re-
sponsible for the immunomodulatory effects of yogurt. Although the results appeared
promising, some statements and discussion still required to be supplied.

The first question was regard to the dosage information of yogurt and D-lactate.
Figures S1 and S2 displayed the lactate concentration in simulated commercial yogurt. The
data illustrated that the total lactate content in yogurt was 1.50% and D-lactate content was
0.57%. According to FDA, the recommended daily intake of yogurt for a human weighed
80 kg was 150-200 g, which was converted to 300-400 pL per day in mice. Accordingly, a
human weighing 80 kg consuming 200 g yogurt a day was equivalent to a mouse weighing
20 g ingested with about 4 mg D-lactate per day. This served as the basis for the dosage of
yogurt and D-lactate in the experimental design.

The second question revolved the modulation of gut microbiota in immunosuppres-
sive mice by yogurt. From the data of x-diversity, the increase of Chaos, Simpson and ACE
indexes in the model group mice were possibly attributed to the upregulated abundance
of pathogenic microbiota [30] (Figure S2). It was speculated that the increased indexes of
Chaos, Shannon, Simpson and ACE in yogurt group might contribute to the enhanced
diversity of beneficial gut bacteria [7,31]. Further -diversity analysis of the gut microbiota
has validated that hypothesis (Figure S3). The findings of 3-diversity coincided precisely
with the a-diversity results. Particularly, Lactobacillus and Bifidobacterium showed a
notable increase, which are potentially considered to hydrolyze carbohydrates in the in-
testine to produce D-lactate [32]. Correlational probiotic strains, including Lactobacillus
reuteri ATCC 55730 [33], Lactobacillus johnsonii La [34], and L. reuteri DSM 17938 [35,36]
have been reported to produce D-lactate. The results of D-lactate detection in intestinal
contents provided further inference. Therefore, it was reasonable to speculate that the
increasing D-lactate concentration in feces was potentially associated with the remodeling
of the intestinal flora. Furthermore, studies have demonstrated that microbial D-lactate
can affect macrophage function locally and maintain mucosal integrity within the gut [37].
Thus, yogurt consumption enhanced the intestinal immune function by hypothetically
reshaping the gut microbiota to boost beneficial probiotics producing D-lactate in the
intestine. Nevertheless, it cannot be ruled out that the gut immunity might be modulated
by the oral administration of D-lactate through other pathways.

The third question was to discuss the mechanism by which D-lactate alleviated im-
munosuppression. Immunocytes can be categorized into T cells and B cells. Our findings
demonstrated that D-lactate enhanced the immune response of splenic T cells stimulated
by ConA, thereby augmenting their capacity for lymphocyte transformation. However, no
significant differences were observed regarding the immune response of splenic B cells.
Consequently, we further examined the expression levels of nuclear transcription factors of
the T cell family in the mouse spleen. T-bet was a nuclear transcription factor specifically
expressed in Th1 cells, regulating cellular immune function. GATA3 was a key transcription
factor involved in the development of Th2 cells, regulating humoral immunity. A delicate
balance between Thl and Th2 cells was crucial for the healthy host [38,39]. Foxp3 was
a transcriptional regulatory factor that was critical for the development and suppressive
function of regulatory T cells. RORyt was a lineage-specific transcription factor for T
helper 17 cells. The results demonstrated that the ingestion of medium and high doses of
D-lactate resulted in an increase in the expression level of T-bet, while only a high dose of
D-lactate elevated the expression level of GATA3. This indicated that D-lactate regulated
the differentiation of Th cells towards Th1 cells and alleviated immunosuppressive by
enhancing cellular immunity. These findings were consistent with the negative results of
HCsp (an indicator for measuring humoral immunity) and positive results of DTH (the
vivo detection of cellular immunity) [40]. Therefore, D-lactate exerted its mitigating effect
on immunosuppression by promoting Th cell differentiation to Th1l and enhancing the
cellular immunity of splenic lymphocytes.
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The fourth question addressed why the tumor model was constructed. In healthy mice
and immunosuppression mice, we verified the safety and immune efficacy of daily intake of
600 pL yogurt or 300 mg/kg D-lacate in mice. However, whether yogurt or D-lactate could
be applied to clinical cancer chemotherapy patients remains debatable. In the tumor model,
we conducted preliminary exploration of the therapeutic effects of yogurt and D-lactate
on CTX chemotherapy. Our research findings demonstrated that yogurt and D-lactate can
alleviate CTX-induced immunosuppression to a certain extent in the mouse tumor model,
and they had no detrimental effects on the antitumor efficacy of CTX. The findings from
this study have provided preliminary data support for the clinical application of yogurt
and D-lactate in alleviating immunosuppressive.

Although our research has successfully assessed the mitigating effects of yogurt and
D-lactate on immunosuppression, several limitations remain. The immune efficacy of other
bioactive ingredients in yogurt cannot be denied, but this study focuses on evaluating
the benefits of D-lactate in yogurt, aiming to develop D-lactate as a new type of food
functional factor. The potential benefits of other components in yogurt should be explored
in the future. Additionally, further exploration of the specific production of D-lactate by
gut microbiota was valuable for developing D-lactate into a new type of food nutrient
factor. Furthermore, mechanistic investigations at the molecular level have elucidated
that lactate exerted its effects through specific binding to its receptor GPR81 [41]. Using
flow cytometry to subtype lymphocytes might be advantageous for investigating the
involvement of GPR81 in immune responses at a more advanced scientific level. On the
other hand, despite our research findings has demonstrated the positive adjunctive effect
of D-lactate on chemotherapy, clinical trials were warranted to validate these findings and
establish the utility of yogurt as an immunomodulatory food product. D-lactate remained
to determine whether it was comparable to the clinical drug Mesna.

5. Conclusions

In summary, this study effectively demonstrated the mitigating effects of yogurt
on immunosuppression. The alleviation of yogurt on immunosuppression is partially
attributed to the enhanced cellular immunity of D-lactate on splenic lymphocytes. This
article provides a new interpretation of yogurt as a functional food exerting physiological
effects, making a positive contribution to the functional food segment.
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/ /www.mdpi.com/article/10.3390/nu16091395/s1, Figure S1. The chromatogram of lactate con-
centration in simulated commercial yogurt detected by high-performance liquid chromatography
(HPLC). Table S1. The lactate concentration in simulated commercial yogurt. Figure S2. The relative
abundance of Escherichia coli, Desulfovibrio and Staphylococcus in the fecal of CTX-induced mice.
Statistical significance was evaluated by performing a one-way ANOVA followed by the Tukey test
on the values presented as mean + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. normal control group
(NC). #p < 0.05, ## p < 0.01, ### p < 0.001 vs. model control group (MC). Figure S3.The relative
abundance of Streptococcus, Akkermansia and Ruminococcus in the fecal of CTX-induced mice.
Statistical significance was evaluated by performing a one-way ANOVA followed by the Tukey test
on the values presented as mean = SEM (n = 10). * p < 0.05, ** p < 0.01, *** p < 0.001 vs. normal control
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A U = W

Abstract: The efficacy of functional lipids with antioxidant properties in reducing cardiovascular
risk has not been consistent. Randomized controlled trials (RCTs) reporting estimates for the effects
of antioxidant functional lipid supplementations on cardiometabolic risk factors were searched up
to 1 May 2024. Overall, antioxidant lipid supplementations, compared with placebo, had favorable
effects on systolic blood pressure (lycopene: —1.95 [-3.54, —0.36] mmHg), low-density lipopro-
tein cholesterol (n6 fatty acid: —0.39 [-0.71, —0.06] mmol/L; astaxanthin: —0.11 [-0.21, —0.01]
mmol/L), high-density lipoprotein cholesterol (n3 fatty acid: 0.20 [0.13, 0.27] mmol/L; n6 fatty acid:
0.08 [0.01, 0.14] mmol/L; astaxanthin: 0.13 [0.05, 0.21] mmol/L), total cholesterol (n6 fatty acid:
—0.24 [-0.37, —0.11] mmol/L; astaxanthin: —0.22 [—0.32, —0.12] mmol/L; beta-carotene:
—0.13 [—-0.23, —0.04] mmol /L), triglyceride (n3 fatty acid: —0.37 [-0.47, —0.28] mmol/L; astaxanthin:
—0.46 [—0.83, —0.10] mmol /L), and fasting blood insulin (astaxanthin: —2.66 [—3.98, —1.34] pmol/L).
The benefits of antioxidant lipid supplementations appeared to be most evident in blood pressure
and blood lipids in participants with different cardiometabolic health statuses. Notably, n9 fatty
acid increased triglyceride and hemoglobin A1C in the total population, which increases CVD risk.
Antioxidant lipid supplementations ameliorate cardiometabolic risk factors, while their effect may
depend on type and cardiometabolic health status. Long-term RCTs are needed to corroborate
risk-benefit ratios across different antioxidant functional lipid supplementation settings.

Keywords: antioxidant functional lipids; cardiovascular disease; meta-analysis

1. Introduction

Cardiovascular diseases (CVDs) continue to be a major cause of morbidity and mortal-
ity worldwide despite advances in preventive and therapeutic medicine [1]. High levels of
blood glucose, blood pressure, and lipids, including low-density lipoprotein cholesterol,
total cholesterol, and triglyceride, have been identified over the past 50 years as modifiable
risk factors that act as predictors of CVD events and are thus key targets for the primary
prevention of CVDs [2-5].

Of the deaths or disabilities associated with CVDs and type 2 diabetes (T2D), a
significant proportion is attributable to suboptimal dietary habits, with different types
of functional lipids garnering substantial attention [6-8]. Functional lipids refer to a
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class of lipids with specific physiological functions, defined as fat-soluble substances
required for the maintenance of human nutrition and health, as well as the prevention and
treatment of certain consequential nutrient deficiencies and endogenous diseases, especially
hypertension, T2D, and other CVDs [9]. Functional lipids mainly include polyunsaturated
fatty acids such as linoleic acid, linolenic acid, eicosapentaenoic acid, and eicosahexaenoic
acid, as well as phytosterols [9]. Polyunsaturated fatty acids are the mainstay of functional
lipids research and are generally defined as fatty acids containing either two or more
double carbons with a carbon length of 18 or more. Phytosterols are active components that
are widely found in roots, stems, leaves, fruits, and seeds of plants and possess favorable
antioxidant properties and anti-inflammatory effects [9].

Oxidative stress is a contributing factor to CVDs, which has long been recognized as
being involved in the pathogenesis of CVDs [10]. The adverse effects of oxidative stress on
the cardiovascular system are attributed to decreased nitric oxide availability, inflamma-
tory responses, and lipid peroxidation through which reactive oxygen species disrupt the
homeostasis of the vascular wall, leading to defective endothelium-dependent vasodilata-
tion [11]. Once formed, ROS activates nuclear factor-kappa B, leading to transcriptional
activation of more than 100 genes involved in the immune system and inflammatory re-
sponse, such as tumor necrosis factor-c, interleukin-1f3, and interleukin-6. Macrophages
absorb oxidized low-density lipoprotein and then convert it to foam cells in vascular en-
dothelial cells, leading to the development of atherosclerotic lesions [10,11]. Preclinical
and epidemiological studies have suggested that dietary antioxidants such as vitamin E,
carotenoids, and polyphenols inhibit oxidative stress, thereby providing cardiovascular
protection. Physiologically, unsaturated fatty acids, phytosterols, and other functional
lipids with antioxidant properties may contribute to cardiometabolic health by removing
free radicals and decreasing inflammation and platelet activity while preserving endothelial
cell homeostasis and cardiac function. Further, free radicals impair beta cell function and
insulin sensitivity, resulting in hyperglycemia and insulin resistance, thereby predisposing
to CVDs [12,13].

However, randomized clinical trials (RCTs) investigating the efficacy of antioxidant
functional lipid supplementations in reducing cardiometabolic risk factors displayed in-
consistent findings. Unsaturated fatty acid supplementations have been shown to have
certain beneficial effects on blood glucose [14] and lipids [15-17] among patients with T2D
in some but not all studies [18,19]. Moreover, lycopene [20,21], astaxanthin [22,23], and
beta-carotene [24,25] showed inconsistent results in CVD risk factors. To reconcile the
inconsistencies in the literature regarding the role of antioxidant functional lipid supple-
mentations in the development of health outcomes, we conducted a systematic review and
meta-analysis of all available RCTs to investigate the effect of interventions with functional
lipids with antioxidant properties on CVD risk factors.

2. Methods

Per the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guide-
lines [26], we registered the study protocol in the International Prospective Register of
Systematic Reviews (PROSPERO CRD42024536111). The included RCTs in this meta-
analysis received ethics approval from relevant institutional review boards.

2.1. Search Strategy

The PubMed, Web of Science, and Embase databases were searched for RCTs published
up to the 1st of May 2024. To conduct the systematic search, the following terms were used:
(“N3 fatty acid” OR “n-6 fatty acid” OR “n-9 fatty acid” OR “EPA” OR “Eicosapentaenoic
Acid” OR “DHA” OR “Docosahexaenoic Acid” OR “linoleic acid” OR “gamma-linolenic
acid” OR “oleic acid” OR “lycopene” OR “astaxanthin” OR “beta-carotene”) AND (“Blood
glucose” OR “Blood sugar” OR “glycemic” OR “Blood lipids” OR “triglyceride” OR
“cholesterol” OR “Blood pressure”).
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2.2. Inclusion and Exclusion Criteria

RCTs assessing the effect of antioxidant functional lipid supplementations on blood
pressure (systolic blood pressure [SBP]; diastolic blood pressure [DBP]), blood lipids (total
cholesterol [TC]; high-density lipoprotein cholesterol [HDL-C]; low-density lipoprotein
cholesterol [LDL-C]; and triglyceride [TG]), and glycemic parameters (fasting blood glucose
[FBG]; hemoglobin [A1C]; and fasting blood insulin [FBI]) were included for further review.

Trials without randomization, relevant cardiometabolic outcomes, a corresponding
placebo or control substance, or viable mean change and standard deviation (SD) were
excluded. Additionally, studies with intervention durations of less than 1 week or included
participants with severe cardiovascular diseases, mental disorders, or other severe diseases
at baseline were excluded.

2.3. Study Selection

The literature search was conducted independently by two reviewers and relevant
published articles were identified. All selected studies were re-examined by a third reviewer
and discrepancies were resolved through group discussions.

2.4. Data Extraction

Information extracted from eligible studies included the last name of the first author,
publication year, geographic location of the study population, study design, participant
characteristics (number of participants, mean age, sex, and health status), intervention
substance, control substance, intervention dose, and intervention duration. For studies
that did not report the SD of the mean difference between the baseline and endpoint
cardiometabolic risk factors, the SD of the mean difference was estimated by the formula
SDchange = square root [(SDbaseline2 + SDendpoint2)/2] [27]. If the outcome data were
presented as graphs, we used WebPlotDigitizer (https://automeris.io/WebPlotDigitizer/,
accessed on 1 January 2024.) to estimate the values.

2.5. Quality Assessment

The evaluation of the risk of bias in the included trials was conducted per the recom-
mendations of the Cochrane Collaboration Handbook [28], which included six domains:
selection bias (random sequence generation and allocation concealment); performance
bias (blinding of participants and personnel); detection bias (blinding of outcome assess-
ment); attrition bias (incomplete outcome data); reporting bias (selective reporting), and
other bias.

The GRADE (Grading of Recommendations, Assessment, Development, and Eval-
uation) approach was used to assess the quality of evidence, graded as high, moderate,
low, or very low [29]. The initial GRADE quality score defaults to high and would then
be downgraded according to pre-specified fields, including the risk of bias (over 20%),
inconsistency (I* > 50% and Pheterogeneity < 0.1), indirectness (presence of limitations to
the universalization of the results), imprecision (95% confidence intervals (Cls) overlapped
with the minimally important difference, i.e., 2 mmHg for blood pressure [30], 0.1 mol/L
for blood lipids [31], 0.5% for A1C [32], 0.56 mmol/L or 10 mg/dL for FBG [33], and
5 pmol/L for FBI [34]), and publication bias (significant evidence of small study effects).

2.6. Statistical Analysis

The mean differences in specific cardiometabolic risk factors between intervention
and control groups and the SDs were used as the basis for each trial comparison. The
effect size was evaluated according to the Cochrane guidelines [27]. The random effects
model was used to generate an effect size for cardiometabolic risk factors, expressed as the
weighted mean difference and 95% CI. Heterogeneity was estimated among the included
studies using 12 statistics. The significance for heterogeneity was set at p < 0.05, with
an 12 > 50%, which was considered to be evidence of substantial heterogeneity [35,36].
Subgroup analyses were performed based on different cardiometabolic health statuses
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of the participants included in the trials. Possible publication bias was evaluated by
visual inspection of funnel plots and Egger’s linear regression test (p < 0.05 indicates the
presence of publication bias [37]). Sensitivity analyses were performed to assess the effect
of individual studies on pooled effect sizes by omitting one study at a time [38]. RevMan
(version 5.4) and Stata/SE (version 17.0) software were applied to all statistical analyses.

3. Results
3.1. Study Selection and Characteristics of Included Trials

The selection process of this study is summarized as a flow chart in Figure 1. A
total of 5853 articles were identified through the combined search. Of the remaining
2545 articles, 2107 were identified as unrelated after reviewing for titles and abstracts, while
438 were reviewed and evaluated for suitability. Studies lacking randomization (1 = 97),
relevant outcomes (1 = 136), or consisting of participants with severe disorders (n = 51)
were excluded, leaving 130 articles (161 studies) from which to extract and analyze data.
Characteristics of covered trials are outlined in Supplementary Materials.

Identification of studies via databases and registers

Records identified through
database searching
(n=5853)

PubMed (n = 1753)
Web of Science (n = 1979)
Embase (n=2121)

Records after duplicates

removed
(n=3308)
Reports excluded based on title
Reports screened (n = 2545) and abstract
(n=2107)
Articles excluded with reasons
Full-text articles assessed for (n=308)
eligibility No randomization (n = 97)
(n=438) No relevant outcome (n = 136)

Studies with short intervention
duration (n = 24)

Studies that include participants
with severe disorders (n = 51)

Studies included in the review
(n=130)

Figure 1. Flow chart of study selection.

The current analysis involved 161 studies with a total of 12,307 participants aged
18-75 years (median age: 49.0 years). The included studies were conducted in participants
intervened with n-3 fatty acid (n = 89), n-6 fatty acid (n = 23), n-9 fatty acid (n = 16), lycopene
(n = 15), astaxanthin (n = 9), and beta-carotene (1 = 6). The intervention lasted from 2 weeks
to 5 years.

3.2. Effect of Antioxidant Lipid Supplementations on Blood Pressure

Ninety-seven eligible RCTs involving 8576 participants were included to investigate
the effects of antioxidant lipid supplementations on blood pressure (Figure 2). Lycopene
supplementation decreased systolic blood pressure (—1.95 [-3.54, —0.36] mmHg) in the
total population. No other lipid supplementations displayed an effect on blood pressure in
the total population.
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Outcome Studies N (Inter,Ctrl) WMD (95%Cl) Blood pressure F% GRADE P stcsonsis

N3 fatty acid

Systolic blood pressure 59 6157 (3086,3071) -1.03[-2.84,0.78] —— 9800  low® 0072

Diastolic blood pressure 54 5631(28202811) -0.32[1.15,052] - 89.00  low™ 0.166

N6 fatty acid

Systolic blood pressure 15 1189(593596)  047[1.85,2.78] —— 8200  low™ 0579

Diastolic blood pressure 14 1149(573576)  -031[2:32,1.70] —— 9000  low® 0677

N9 fatty acid

Systolic blood pressure 3 91 (48,43) 051 [-1.88, 2.89] — 000  moderate® 0761

Diastolic blood pressure 3 86 (43,43) -0.55[-3.80,2.70) — 0.00 moderate®  0.911

Lycopene

Systolic blood pressure 15 961 (499,462) -1.95[-3.54, -0.36] —— 6300  low® 0859

Diastolic blood pressure 1 629 (333,296) 1.12[-2.84,061) — 2200 moderate® 0.281

Astaxanthin

Systolic blood pressure 5 178 (91,87) 251(8.19,3.17)  ————— 5600  low® 0377

Diastolic blood pressure 5 178 (91,87) -0.79[-3.42, 1.84] — 000  moderate” 0.108
I T ) T

1
10 5 0 5 10 mmHg
Antioxidant functional lipids vs. placebo

Figure 2. Effects of antioxidant lipid supplementations on blood pressure. Ctrl—control group;
Inter—intervention group; SBP—systolic blood pressure; DBP—diastolic blood pressure;
WMD—weighted mean difference; [>—values for between-study heterogeneity; *—rated down
for inconsistency; and P—rated down for imprecision.

3.3. Effect of Antioxidant Lipid Supplementations on Blood Lipids

A total of 119 eligible RCTs involving 8001 participants were included to assess
the effects of antioxidant lipid supplementations on blood lipids (Figure 3). In the to-
tal population, n3 fatty acid significantly decreased TG (—0.37 [-0.47, —0.28] mmol/L);
n6 fatty acid significantly improved LDL-C (—0.39 [-0.71, —0.06] mmol/L), HDL-C
(0.08[0.01, 0.14] mmol/L), and TC (—0.24 [-0.37, —0.11] mmol/L); astaxanthin significantly
improved LDL-C (—0.11 [-0.21, —0.01] mmol/L), HDL-C (0.13 [0.05, 0.21] mmol/L), TC
(—0.22 [—-0.32, —0.12] mmol/L), and TG (—0.46 [—0.83, —0.10] mmol/L); beta-carotene
significantly decreased TC (—0.13 [-0.23, —0.04] mmol/L); and notably, n9 fatty acid
improved TG (0.06 [0.01, 0.11] mmol/L) in the total population.

Outcome Studies N (Inter,Ctrl) WMD (95%Cl) Blood lipids F% GRADE P rssitnasne
N3 fatty acid

Low-density lipoprotein cholesterol 59 4920 (2617,2303)  0.07 [-0.04, 0.18] et 95.00 low™ 0.989
High-density lipoprotein cholesterol 65 5184 (2722,2462)  0.20(0.13,027) - 97.00 Tow*® 0222
Total cholesterol 59 3936 (1995, 1941) 0,05 [-0.18, 0.08] - 87.00 low™ 0.266
Triglyceride 64 5061 (2655, 2406)  -0.37 [-0.47, -0.28] . 87.00 moderate® 0.492
N6 fatty acid

Low-density lipoprotein cholesterol 18 1096 (545, 551) -0.39[-0.71,-0.06) —a—— 95.00 low® 0.108
High-density lipoprotein cholesterol 20 1230 (612, 618) 0.08 [0.01, 0.14] e 60.00 low™ 0.497
Total cholesterol 18 950 (547, 403) -0.24[0.37,-0.11) - 3.00 high 0871
Triglyceride 18 747 (379, 368) -0.23 [-0.61,0.14] —_— 92,00 low™ 0.364
N9 fatty acid

Low-density lipoprotein cholesterol 16 635 (332, 303) -0.06 [-0.15,0.03) - 46.00 moderate” 0003
High-density lipoprotein cholesterol 16 606 (303, 303) -0.01:0.03,001) 0.00 moderate®  0.078
Total cholesterol 15 570 (285, 285) -0.06 [-0.21,0.09) — 87.00 Tow® 0975
Triglyceride 16 606 (303, 303) 0.06 [0.01, 0.11] I 0.00 moderate” 0.233
Lycopene

Low-density lipoprotein cholesterol 4 373 (197, 176) -0.01[-0.17, 0.16] —— 0.00 moderate®  0.146
High-density lipoprotein cholesterol 4 373 (197, 176) -0.03 [-0.12, 0.06] -« 0.00 moderate®  0.573
Total cholesterol 2 298 (149, 149) 0.00-0.22,0.22] —— 0.00 moderate”
Triglyceride 2 301 (149, 152) -0.02 [-0.15, 0.10) - 0.00 moderate”
Astaxanthin

Low-density lipoprotein cholesterol 8 262 (143, 139) -0.11[:021,-0.01) e 0.00 moderate” 0669
High-density lipoprotein cholesterol 8 282 (143, 139) 0.13[0.05, 0.21] -+ 49.00 moderate”  0.076
Total cholesterol 8 282 (143, 139) 0.22[-0.32,-0.12) - 0.00 high 0378
Triglyceride 8 282 (143, 139) 046[-0.83,-0.10] —+—— 58.00 moderate®  0.080
Beta-carotene

Low-density lipoprotein cholesterol 3 164 (85, 79) -0.29 [-0.67, 0.10] —_— 0.00 moderate®  0.037
High-density lipoprotein cholesterol 6 297 (152, 145) 0.04 [-0.02, 0.10] - 29.00 moderate®  0.583
Total cholesterol 6 297 (152, 145) -0.13[-0.23,-0.04) -+ 0.00 moderate®  0.532
Triglyceride 5 247 (127, 120) -0.30(-0.78,0.18) ———+—— 75.00 low™ 0.254

T
0.5 -025 0 025 0.5mmollL
Antioxidant functional lipids vs. placebo

Figure 3. Effects of antioxidant lipid supplementations on blood pressure. Ctrl—control group;
Inter—intervention group; SBP—systolic blood pressure; DBP—diastolic blood pressure;
WMD—weighted mean difference; I>—values for between-study heterogeneity; >—rated down
for inconsistency; and b__rated down for imprecision.
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3.4. Effect of Antioxidant Lipid Supplementations on Glycemic Status

Seventy-six eligible RCTs involving 4518 participants were included to assess the effect
of antioxidant functional lipid supplementations on glycemic status (Figure 4). Astaxanthin
improved FBI (—2.66 [—3.98, —1.34] pmol/L) in the total population. Notably, n9 fatty acid
increased A1C (0.04 [0.02, 0.06] %) in the total population. No other lipid supplementations
displayed an effect on glycemic status in the total population.

A. Fasting blood glucose(mmol/L)

Outcome Studies N (Inter, Ctrl) WMD (95%Cl) P % GRADE P

N3 fatty acid 38 2296 (1125, 1171) 0.09 [-1.24, 1.42] R "E— 100.00 low @ 0.585

N6 fatty acid 2 134 (67, 67) 0.22[-0.19, 0.63] R 74.00 low

N9 fatty acid 3 106 (53, 53) 0.02[-0.25, 0.28] + 97.00 low @ 0.467

Astaxanthin 6 193 (98, 95) -0.15[-0.32, 0.02] Ll 32.00 moderate ® 0.577
T 1

T 1
2 -1 0 1 2mmolL
Antioxidant functional lipids vs. placebo

B. Fasting blood insulin (pmol/L)

Outcome Studise N (Inter, Ctrl) WMD (95%Cl) % GRADE P posicatonbias
N3 fatty acid 22 1615 (803, 812) -3.19[-19.06, 12.68] — 99.00 low * 0.476

NO fatty acid 3 106 (53, 53) -3.98 [-16.75, 8.80] — 90.00 low ® 0.786
Astaxanthin 2 68 (34, 34) -2.66 [-3.98, -1.34] + 83.00 moderate *

20 -10 0 10 20 pmolL
Antioxidant functional lipids vs. placebo

C. Hemoglobin A1C(%)

Outcome Studies N (inter, Ctrl) WMD (95%Cl) F,% GRADE P i e
N3 fatty acid 22 1591 (803, 788) -0.06 [-0.17, 0.06] —_— 88.00 low * 0.421
N9 fatty acid 2 66 (33, 33) 0.04 [0.02, 0.06] - 0.00 moderate®

1T 11T 1

-0.2 -0.1 0 01 02%
Antioxidant functional lipids vs. placebo

Figure 4. Effects of antioxidant lipid supplementations on glycemic control. Ctrl—control group;
Inter—intervention group; FBG—fasting blood glucose; A1C—hemoglobin Alc; FBI—fasting blood
insulin; WMD—weighted mean difference; I>—values for between-study heterogeneity; >—rated
down for inconsistency; and P—rated down for imprecision.

3.5. Effect of Antioxidant Lipid Supplementations among Participants with Different
Cardiometabolic Health Statuses

Subgroup analysis of antioxidant lipid supplementations was performed in partici-
pants with different cardiometabolic health statuses (Figure 5). For healthy populations,
antioxidant functional lipid supplementations improved HDL-C (0.03 [0.00, 0.06] mmol/L)
and TG (—0.15 [-0.25, —0.06] mmol/L). For participants with pre-diabetes or T2D, an-
tioxidant lipid supplementations improved HDL-C (0.28 [0.07,0.50] mmol/L) and TG
(—0.26 [-0.27, —0.15] mmol/L). For hypertensive participants, antioxidant lipid sup-
plementations improved TC (—0.40 [—0.68, —0.12] mmol/L). For dyslipidemia partici-
pants, antioxidant lipid supplementations improved DBP (—0.81 [—-1.51, —0.10] mmHg),
HDL-C (0.16 [0.08, 0.24] mmol/L), and TG (—0.56 [—-0.81, —0.30] mmol/L). For partici-
pants with overweight or obesity, antioxidant lipid supplementations improved HDL-C
(0.06 [0.02, 0.10] mmol/L) and TG (—0.13 [-0.24, —0.02] mmol/L). Lastly, antioxidant
lipid supplementations improved DBP (—3.00 [-4.15, —1.85] mmHg) in participants with
metabolic syndrome.
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. Blood pressure Blood lipid Blood glucose
health
SBP DBP LDL-C HDL-C Tc TG FBG FBI A1C
Healthy -0.80 [-2.99, 1.38] 0.64 [-0.80, 2.08] -0.06 [-0.25, 0.12] 0.03 [0.00, 0.06] -0.02 [-0.07, 0.04] -0.15 [-0.25, -0.06] 0.16 [-0.05, 0.37] -3.60 [-11.91,4.71]

Pre-T2D/T2D 0.54 [-2.45, 3.53] -0.36 [1.10, 0.37] -0.02[-0.04,0.00] 0.28 [0.07, 0.50] -0.21[-0.54,0.13] -0.26 [0.37, -0.15] 0.03 [-0.32, 0.38] -7.37 [24.11,9.38] -0.09 [0.23, 0.06]

Hypertension -1.81[-4.14, 0.53] -1.22[-2.79, 0.35] -0.28 [-0.60, 0.03] -0.04 [-0.16, 0.08] -0.40 [-0.68, -0.12] -0.04 [-0.24,0.15]

Dyslipidemia 0.01[-2.64, 2.66] -0.81[-151,-0.10] -0.01[-0.25,0.22] 0.160.08, 0.24] 0.01[-0.14, 0.16] -0.56 [-081,-0.30] -0.58[-2.46, 1.30] -5.49[-11.71,0.73]
Overweight/Obesity -2.65[-6.19, 0.89] -1.57 [-5.58, 2.45] -0.08 [-0.21, 0.06] 0.06 [0.02, 0.10] -0.21 [-0.64,0.22] -0.13 [-0.24,-0.02] -1.10 [-3.79, 1.60] -4.45 [-16.84, 7.94]
Metabolic syndrome |  -2.76 [-7.60, 2.09] -3.00 [-4.15, -1.85] 0.04[-0.05,0.13] -0.00 [-0.04, 0.03] -0.03 [-0.47, 0.40] -0.55 [1.24, 0.14]

‘ Benefit | Neutral ‘ GRADE High Moderate ‘ Low ‘

Figure 5. Effects of antioxidant lipid supplementations on participants with different cardiometabolic
health statuses. Subgroup analysis of antioxidant lipid supplementations was performed in healthy
participants and participants with pre-type 2 diabetes (Pre-T2D)/T2D, hypertension, dyslipidemia,
overweight/obesity, or metabolic syndrome.

4. Discussion

This study intended to provide a comprehensive analysis and identify appropriate
antioxidant lipid supplementations to improve cardiometabolic health. Overall, our results
suggest that n3 fatty acid, n6 fatty acid, lycopene, astaxanthin, and beta-carotene signifi-
cantly improve cardiovascular risk factors, including SBP, all lipid profiles, and FBI in the
total population (Figure 6). The benefits of antioxidant lipid supplementations appeared
to be more pronounced in blood pressure and blood lipids in participants with different
cardiometabolic health statuses. Particularly, n9 fatty acid was identified to increase TG and
A1C in the total population in our results, which increases CVD risk and is not suggested to
be over-consumed. This is probably attributed to excessive n9 fatty acid enhancing oxida-
tive damage and inducing oxidative stress [39,40], though its specific molecular mechanism
has not yet been elucidated.

Blood pressure Blood lipid Blood glucose
Fatty acids
SBP DBP LDL-C HDL-C TC TG FBG FBI A1C
N3 ° ° ° ° ° v ° ° °
N6 ° ° v A v ° °
N9 ° o ° ° ° A ° ° A
Lycopene v [} ° ° ° °
Astaxanthin ° ° v A v v ° v
Beta-carotene L[] L] v °
‘ Benefit ‘ Neutral ‘ Harm ‘ GRADE High ‘ Moderate ‘ Low ‘ ’ v ‘ A ‘ °

Decrease Increase Unchange

Figure 6. An evidence-based map of antioxidant lipid supplementations on cardiometabolic health.

It has been reported that dietary intervention focused on n6 and n3 fatty acids may
improve cardiovascular risk factors [41], which is consistent with our results. The current
meta-analysis still supports that n3 fatty acid supplementation improves HDL-C and TG
levels, probably through regulating the coding of different genes involved in lipid metabolic
hemostasis at transcriptional and post-transcriptional levels [42]. For example, consump-
tion of n3 fatty acid suppresses the transcription of the sterol regulatory element-binding
protein gene, thereby inhibiting the de novo synthesis of TGs [43]. Similarly, n6 fatty acid
supplementation improves HDL-C and TC levels, probably by contributing to cholesterol
catabolism through upregulating the expression of the cholesterol 7o-hydroxylase gene,
which encodes an enzyme that regulates the pathway for cholesterol to bile acids, via
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peroxisome proliferator-activated receptors [44]. In this study, n9 supplementation was
found to increase TGs and A1C, which is inconsistent with previous findings [45].

Lycopene supplementation decreased SBP, which is consistent with previous find-
ings [46,47]. The antihypertensive properties of lycopene are thought to derive from the
stimulation of nitric oxide production by the vascular endothelium [48]. Nitric oxide exerts
a complex effect on the modulation of local and systemic vascular resistance, blood flow
distribution, as well as arterial pressure [49]. Previous studies reported a beneficial effect of
astaxanthin on preventing diabetes and atherosclerosis [22,50]. This analysis underscores
the protective role of astaxanthin supplementation in improving lipid profiles and insulin
metabolism. As for blood lipids, astaxanthin increases hepatic LDL receptor levels and
sterol regulatory element-binding protein 2, which modulates cholesterol metabolism [51].
Moreover, astaxanthin could improve insulin secretion by modulating impaired glucose
metabolism and beta cell dysfunction through glucose transporter 4 regulation [52,53].

In this study, beta-carotene supplementation showed a beneficial effect on TC in the
total population. However, some studies demonstrated that beta-carotene had potentially
harmful effects on CVD mortality and cancer incidence in smokers. The potential expla-
nation is that beta-carotene offers several therapeutic effects as a provitamin A, including
an antioxidant effect to neutralize reactive oxygen species and regulate connexin expres-
sion, thereby improving communication through gap junctions [54]. However, in some
conditions, such as high oxygen concentrations in smokers, beta-carotene turns into a
pro-oxidant, generating beta-carotene radical cations that require vitamin C for repair [55].
Due to low serum levels of vitamin C in smokers, beta-carotene radicals may contribute to
an increased risk of CVDs and cancer [56].

The association between antioxidant supplementation and cardiovascular disease pre-
vention has been controversial. To date, analyses of certain well-designed studies and some
preclinical studies have led to the hypothesis that supplementation with pure free radical
scavengers may not be sufficient to produce beneficial effects in pre-protective models [57].
Therefore, only compounds that are capable of influencing oxidative stress through more
than one pathway or have pleiotropic properties can produce significant clinical effects.
This is supported by a number of basic studies that suggest that the heavy use of certain
free radical scavengers may exacerbate, rather than alleviate, oxidative stress [45,57]. The
results of previous studies suggest that the preventive effect of supplements on cardiovas-
cular disease will be proportional to the pleiotropic level of the substance administered [45].
Specifically, n-3 fatty acids, followed by folic acid and coenzyme Q10, showed beneficial
effects, whereas scavengers with lower pleiotropic effects, such as vitamins C and E, did not
alter the results, whereas some pure free radical scavengers with minimal cardiovascular
pleiotropic effects, such as beta-carotene, worsened the results, which is also consistent
with our findings.

5. Study Limitations and Conclusions

Several limitations need to be considered when interpreting results from current
analyses. First, in this study, there was a lack of evidence regarding the improvement
in cardiovascular outcome events and incidence of T2D, which leaves uncertainty as to
whether antioxidant functional lipid supplementations also ameliorated the occurrence of
CVD events. Second, the heterogeneity of included studies was high due to limitations
of the number and sample size, variation in intervention duration between studies, wide
study time range, as well as the low-quality evidence of some RCTs, although trials with
intervention durations of less than 1 week were excluded from our analysis. Thirdly, owing
to the lack of RCTs, some antioxidant functional lipid supplementations were not included
in the current analysis, including dietary (3-ketones with biologically relevant antioxidant
activity and palmitoleic acid (16:1 n-7), known to reduce atherosclerotic lesions. Moreover,
since the intervention period of the existing RCTs is short (median 12 weeks), it is unknown
whether long-term administration will cause health hazards. At present, there are still many
uncertainties and controversies regarding the recommendation of antioxidant functional
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lipid supplementations for the adjunct treatment of patients with T2D due to inconsistent
and insufficient clinical results. Well-designed, high-quality, large, and long-term studies
are needed to strengthen the existing evidence on the efficacy of antioxidant functional
lipid supplementations in modulating cardiometabolic risk factors.

Ultimately, antioxidant functional lipid supplementations, except n9 fatty acid, exert
beneficial effects on blood pressure, blood lipids, and glycemic parameters in the total pop-
ulation. The benefits of antioxidant functional lipid supplementations appeared to be most
evidenced in blood pressure and blood lipids in participants with different cardiometabolic
health statuses. Our findings highlight the importance of antioxidant functional lipid
diversity and the balance of benefits and risks. Considerations should also be given to ad-
ministering higher doses and longer durations when designing personalized intervention
strategies aimed at enhancing cardiometabolic health. From the perspective of research, it
should be noted that although current information opens up the prospect of consolidating
the role of antioxidant lipids in preventive cardiology in the future, there is still a long
way to go in providing evidence. In terms of routine clinical practice, these results are
beginning to open up space for incorporating new tools into the therapeutic armory aimed
at preventing cardiovascular disease in specific populations.
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Abstract: Owing to differences in dietary preferences between men and women, the associations
between dietary intake frequency and metabolic parameters may differ between the sexes. A ret-
rospective observational study of the checkup findings of 3147 Japanese individuals (968 men,
2179 women) aged 20-59 years was conducted to examine differences in dietary habits and associ-
ations between food frequency and blood parameters (eGFR, HbAlc, uric acid, and lipids) by sex
and age. Males were more likely to consume meat, fish, soft drinks, and alcohol, whereas women
were more likely to consume soybeans, dairy products, vegetables, fruits, and snacks. Multivariate
linear regression models adjusted for age and BMI revealed that meat intake frequency was positively
associated with HbAlc (3 = 0.007, p = 0.03) and negatively associated with eGFR (3 = —0.3, p = 0.01)
only in males, whereas fish intake frequency was positively associated with eGFR (3 = 0.4, p = 0.005)
only in females. Egg and soy intake frequencies were positively and negatively associated with
non-HDL-C (egg: § = 0.6, p = 0.02; soy: p = —0.3, p = 0.03) only in females. Alcohol consumption
frequency was associated with uric acid (M: 3 = 0.06, p < 0.001; F: 3 = 0.06, p < 0.001) and HDL-C (M:
B =1.0,p<0.001; F: B = 1.3, p <0.001) in both sexes. Future research is needed to determine whether
varying the emphasis of dietary guidance by sex and age group is effective, since the effects of dietary
preferences on metabolic parameters vary by age and sex.

Keywords: dietary preference; food frequency; BMI; uric acid; HbAlc; eGFR; triglyceride; HDL-C;
non-HDL-C

1. Introduction

Eating habits and food preferences affect cognitive function, learning, body size, and
the development of lifestyle-related diseases [1-12]. Eating habits included the frequency
of meals, meal content, time taken to eat a meal, and the number of times the food was
chewed. Dietary variety has been reported to be associated with cognitive function, chronic
kidney disease, dental health, and all-cause mortality [13,14]. Dietary variety also reflects
diet quality. Therefore, the greater the dietary variety is, the more types of nutrients
are consumed.

Food preferences are influenced by many factors, including culture, age, and sex.
The relationship between food preference and sex has also been documented [3-11]. Men
prefer red and processed meats, whereas women tend to prefer vegetables, whole grains,
tofu, and dark chocolate with a high cacao content, which is consistent with healthier
food choices [1]. Women prefer whole grains, vegetables, and salty foods, whereas men
consume more meat [2]. In terms of sugar intake, women tend to consume more sugar in
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their diets than men do [15]. In contrast, men consumed more alcoholic beverages than
women did. Age is also an important factor that affects food preferences. Older adults tend
to consume fewer energy-dense sweets and fast foods and consume more energy-dilute
grains, vegetables, and fruits. The daily volume of food and beverages also decreases with
age [16]. Therefore, dietary counseling for patients should consider differences in dietary
preferences based on sex and age.

Dietary education in the workplace has not yet been adequately implemented in
Japan. In France, work engagement has a positive relationship with the daily consumption
of healthy food items [17]. However, in recent years, the concept of human capital has
spread throughout Japan, creating a climate where companies are actively involved in
disease prevention. The concept of health management emphasizes the importance of sleep
debt [18,19]. Sleep debt worsens glucose tolerance, decreases thyrotropin levels, elevates
cortisol levels in the evening, and decreases sympathetic tone [20].

The Food Frequency Questionnaire on Food Groups (FFQg), which was specifically
created for the Japanese population, has often been used in Japan [21]. However, it has
been used without considering sex differences in food preferences. Sex- and age-specific
advice on the consumption of these 10 foods would compensate for the shortcomings of
the guidelines, which arise from sex and age differences in food preferences.

The aim of this study was to determine the effects of food frequency on metabolic
parameters, in terms of sex and age. For three thousand individuals aged 20-59 years, we
first compared the differences in dietary preferences by age and sex. To clarify whether
sex differences in food preference affect glucose and lipid metabolism, we examined the
associations between food preference and blood parameters. This study not only reveals
differences in food preferences by sex and age among health checkup recipients but also
provides dietary guidance on the basis of sex differences in eating habits.

2. Materials and Methods
2.1. Study Design and Participants

This retrospective cross-sectional observational study aimed to clarify the associations
between food frequency and metabolic parameters with reference to sex and age. The
target population consisted of 968 men and 2179 women who had undergone a medical
checkup by 2023 and had responded to the dietary questionnaire. The physical data and
food frequency questionnaire were provided by the healthcare center at our university in a
fully anonymized form, such that they were depersonalized (accessed on 26 March 2024).

2.2. Food Frequency Questionnaire on Food Groups

During the medical examination, the FFQg was used for dietary questions [21]. The
FFQg is one of the most widely used food intake frequency questionnaires in Japan [22-25].
The FFQg included information on the frequency of eating 10 different food types (meat,
fish, eggs, dairy products, soya, green vegetables, soya, green vegetables, seaweed, fruits,
potatoes, oils, and fats), the frequency of drinking sugar-sweetened coffee and tea, and the
frequency of consuming soft sweets, colas, and other soft drinks and alcohol [21]. For the
ten food types, the subjects simply listed how many times per week they had consumed
each type of food. The number of times snacks, sugar-sweetened coffee/tea, soft drinks,
and alcoholic beverages were consumed every 7 days. The snacks included rice crackers,
potato chips, cookies, cakes, and candies. Soft drinks included sweetened sugar beverages
such as cola, cider, and fruit juice.

2.3. Physical Examination

Age (years), sex, body mass index (BMI, kg/m?), waist circumference (cm), handgrip
strength (kg), sleep duration (h), and blood-sampling data (glycated hemoglobin Alc
(HbA1lc,%), estimated glomerular filtration rate (eGFR, mL/min/ cm?), uric acid (UA,
mg/dL), triglycerides (TG, mg/dL), high-density lipoprotein cholesterol (HDL-C, mg/dL),
total cholesterol (TC, mg/dL), and non-HDL-C, mg/dL)) at the health checkup were
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obtained from the Health Management Department in the form of anonymized data linked
to the FFQg. Height, weight, waist circumference (cm), and handgrip strength (kg) were
measured in the presence of a nurse. BMI was automatically calculated from height and
weight. Sleep duration was self-monitored, and the subjects simply listed the average sleep
duration per week (e.g., six hours). The plasma creatinine, UA, and lipid concentrations
(TC, TG, and HDL-C) were measured via a Hitachi LABOSPECTO008 (Hitachi High-Tech
Corporation, Tokyo, Japan), and HbAlc was measured via an Alc HA-8190 (Arkray, Kyoto,
Japan). The eGFR was automatically calculated via the plasma creatinine level, age, and
sex. Non-HDL-C concentrations were calculated from the TC and HDL-C concentrations.
Blood samples were collected from nonfasting participants at approximately 16:00-17:00.
As this was a hospital staff medical checkup, it was set at 3:30 p.m. when the medical staff
had finished seeing the outpatients. The data are presented as the means (SDs).

2.4. Statistical Analysis

For comparisons by sex, t tests or Mann-Whitney U tests were used to compare men
and women. Similarly, each individual was grouped as 20-29 years old (yo), 30-39 yo, 40—
49 yo, or 50-59 yo, and we compared the food frequency of 20-29 yo with those of other age
groups. Comparisons of the frequency of intake of the ten foods among the age groups were
performed via the Kruskal-Wallis test followed by the Bonferroni method. To determine
the effects of the frequency of eating the 10 food types, the frequency of sugar and alcohol
intake, and sleep duration on body size and blood-sampling data (HbAlc, eGFR, UA, TG,
HDL-C, and non-HDL-C levels), multivariate linear regression models adjusted for age
and BMI were constructed. The data are presented as the means =+ standard deviations
(SDs). Statistical significance was set at p < 0.05. Statistical analyses were performed via
SPSS version 28.0.0.0 for Mac software (IBM Corp., Armonk, NY, USA).

3. Results
3.1. Background of the Study Sample

Among the 3345 individuals (1057 men and 2268 women) who underwent all of the
health examinations, those who were 20-59 years old and fully answered the dietary ques-
tionnaire were included in the study. The total number of individuals evaluated in this
study was 3147 (M: 968, F: 2179), and the average age of the individuals (mean £ SD) was
35.1 £ 11.3 years (M: 37.9 = 10.9, F: 33.9 £ 11.2) (Table 1). In men, age (yo) (mean =+ SD),
BMI (mean =+ SD), waist circumference (cm) (mean + SD), and handgrip strength (kg)
(mean + SD) were significantly greater than those in females (23.3 4= 3.4 vs. 21.3 & 3.3,
p <0.001; 81.2 £ 9.1 vs. 70.8 £9.1, p < 0.001; 41.1 £ 9.1 vs. 24.5 + 7.1, p < 0.001, respec-
tively). Blood HbAlc (%) (mean £ SD), TG (mg/dL) (mean + SD), non-HDL-C (mg/dL)
(mean £ SD), and UA (mg/dL) (mean £ SD) levels were greater in men than in women
(5.46 £ 0.42 vs. 5.40 £ 0.35, p < 0.001; 131.5 &= 95.6 vs. 87.8 £55.8, p < 0.001; 139.19 =+ 33.83
vs. 124.33 £29.91, p < 0.001; 6.0 £ 1.2 vs. 4.2 £ 0.9, p < 0.001, respectively). In contrast,
HDL-C (mean =+ SD) and the eGFR (mean £ SD) were significantly lower in men than
in women (53.7 £ 12.4 vs. 65.8 £ 13.6, p < 0.001; 84.7 £ 15.8 vs. 92.8 &+ 17.7, p < 0.001,
respectively). In males, sleep duration (h) (mean £ SD) was significantly shorter (6.3 £ 1.0
vs. 6.4 £ 1.0, p =0.001). The frequencies of eating meat and fish (time per week; mean + SD)
were significantly greater in males (8.8 £ 4.5 vs. 7.8 4.1, p < 0.001; 3.8 £ 3.0 vs. 3.3 = 2.6,
p = 0.001, respectively). In contrast, the frequencies of eating soybeans, dairy products,
vegetables, and fruits (times per week; mean + SD) in males were significantly lower than
those in females (5.5 & 4.3 vs. 5.9 4.3, p = 0.002; 2.9 £ 2.8 vs. 3.3 £ 2.8, p < 0.001; 8.9 £ 4.8
vs. 9.3 +£4.7,p=0.029;2.7 £ 2.7 vs. 3.1 & 2.5 p < 0.001, respectively). Despite significant
differences, both men and women consumed meat and vegetables almost daily; fish, dairy
products, and eggs once every two days (four times per week) and soybeans, seaweed, and
potatoes once every three or four days (three times per week) (Table 1).
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Table 1. Background of the subjects.

Total (n = 3147) Male (n = 968) Female (n =2179) p
Age 35.1(11.3) 37.9 (10.9) 33.9(11.2) <0.001 *
BMI 21.9 (3.4) 23.3 (3.4) 21.3 (3.3) <0.001
Waist circumference 74.0 (10.3) 81.2 (9.1) 70.8 (9.1) <0.001
Handgrip strength 29.6 (10.9) 41.1 (9.1) 24.5 (7.1) <0.001
HbAlc 5.42 (0.38) 5.46 (0.42) 5.40 (0.35) <0.001
Triglyceride 101.3 (73.3) 131.5 (95.6) 87.8 (55.8) <0.001 *
HDL-C 62.1 (14.4) 53.7 (12.4) 65.8 (13.6) <0.001
Non-HDL-C 128.9 (31.9) 139.2 (33.8) 124.4 (29.9) <0.001
eGFR 90.3 (17.6) 84.7 (15.8) 92.8 (17.7) <0.001
Uric acid 4.8 (1.3) 6.0 (1.2) 4.2 (0.9) <0.001
Hours of sleep 6.4 (1.0) 6.3 (1.0) 6.4 (1.0) 0.001
Meat (/week) 8.2 (42) 8.8 (4.5) 7.8 (4.1) <0.001 *
Fish (/week) 3.5(2.7) 3.8 (3.0) 3.3(2.6) 0.001 *
Egg (/week) 42 (2.7) 4.2 (3.0 42 (2.5) 0.58 *
Soybeans(/week) 5.8 (4.3) 5.5 (4.3) 5.9 (4.3) 0.002 *
Dairy products (/week) 3.2 (2.8) 2.9 (2.8) 3.3(2.8) <0.001 *
Seaweed (/week) 2.0(2.1) 1.9 (2.2) 2.0 (2.0) 0.72*
Vegetables (/week) 9.2 (4.7) 8.9 (4.8) 9.3 (4.7) 0.029 *
Fruits (/week) 2.9 (2.6) 2.7 (2.7) 3.1(2.5) <0.001 *
Potatoes (/week) 2.1(1.7) 2.0 (1.8) 2.1(1.7) 0.24*
Oils and fats (/week) 10.0 (5.5) 10.1 (5.5) 9.9 (5.6) 0.11*
Snacks (/week) 11.0 (12.0) 9.4 (11.9) 11.7 (12.0) <0.001 *
Coffee/tea with sugar (/week) 0.9 (2.7) 0.9 (2.8) 0.9 (2.7) 0.057 *
Soft drinks (/week) 1.3 (2.6) 1.9 (3.0) 1.0 (2.3) <0.001 *
Alcohol (/week) 1.3 (2.1) 1.7 (2.4) 1.1(1.9) <0.001 *

The data are presented as the mean (SD). * Mann-Whitney U test. Bold letters indicate significance (p < 0.05 vs.
male). Abbreviations: BMI, body mass index; HbAlc, glycated hemoglobin Alc; HDL-C, high-density lipoprotein
cholesterol; eGFR, estimated glomerular filtration rate.

Finally, men consumed soft drinks and alcohol more frequently per week (1.9 £ 3.0 vs.
1.0£23,p<0.001;1.7 £ 2.4 vs. 1.1 £ 1.9, p < 0.001, respectively). In contrast, the frequency
of eating snacks was greater among women (9.4 & 11.9 vs. 11.7 £ 12.0, p < 0.001) (Table 1).
The frequency of drinking coffee/tea with sugar was not significantly different (0.9 4- 2.8
vs. 0.9 £ 2.7, p = 0.057). Sex differences in the consumption of beverages and snacks are
related to preferences.

3.2. Effects of Sex and Age on Food Frequency

We then compared food frequency across age groups (20-29, 30-39, 4049, and
50-59 years) divided by sex (Table 2). No differences in the frequency of meat or egg
intake were found between the 30-, 39-, 40—49-, and 50-59-year-old age groups and the
20-29-year-old group in either men or women. According to the results of the Bonferroni
correction after the Kruskal-Wallis test, the consumption of fish, soybeans, dairy products,
seaweed, fruits, potatoes, and oils and fats significantly increased in the 40 to 49-year-old
and 50 to 59-year-old groups for men and women compared with the 20 to 29-year-old
group (men:fish: 3.3 (3.0) vs. 3.7 (2.9) vs. 4.7 (3.3), p < 0.01; soybeans: 4.8 (4.2) vs. 6.0 (4.4)
vs. 5.9 (4.1), p < 0.01; dairy products: 2.5 (2.4) vs. 3.2 (2.9) vs. 3.4 (2.8), p < 0.01; seaweed:
1.4 (1.5) vs. 2.2 (2.5) vs. 2.6 (2.0), p < 0.001; fruits: 1.9 (2.2) vs. 2.7 (2.4) vs. 3.9 (2.9), p < 0.001
The consumption of vegetables significantly increased in the 50 to 59-year-old groups for
men and in the 40 to 49-year-old and 50 to 59-year-old groups for women compared with
the 20 to 29-year-old group (men: 8.0 (4.4) vs. 10.1 (5.2), p < 0.001; women: 8.8 (0.1) vs.
9.4 (0.2) vs. 10.7 (0.3), p < 0.001). In contrast, the consumption of meat and eggs did not
differ between the 40 to 49-year-old and 50 to 59-year-old groups for women compared
with the 20 to 29-year-old group (men: meat: 8.7 (4.0) vs. 9.1 (4.8) vs. 8.9 (4.8), p = 0.76; egg:
4.3 (2.8) vs. 4.3 (3.7) vs. 42 (2.9), p = 0.4, women: meat: 7.7 (0.1) vs. 8.3 (0.2) vs. 7.5 (0.2),
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p=0.02;egg: 4.1 (0.1) vs. 4.3 (0.1) vs. 4.2 (0.1), p = 0.9). Thus, most food frequencies differ
according to age and sex, with the exceptions of eggs and meat.

Table 2. Frequency of the intake of ten food items by sex and age group.

Male Female
Foods Age Mean (SD) p Age Mean (SD) p
Meat 20 yo (n = 303) 8.7(4.0) 20 yo (n=1091) 7.7(0.1)
30 yo (n = 253) 8.6(4.4) 06 30yo (n = 399) 8.2(0.2) 002
40 yo (n = 222) 9.1(4.8) : 40 yo (n = 383) 8.3(0.2) :
50 yo (n = 190) 8.9(4.8) 50 yo (n = 306) 7.5(0.2)
Fish 20 yo (n = 303) 3.3(3.0) 20 yo (n = 1091) 3.0(0.1)
30 yo (n = 253) 3.7(2.9) 30'yo (n = 399) 3.4(0.1) ***
40 yo (n = 221) 3.7(2.9) * <0.001 40 yo (n = 383) 3.6(0.1) *** <0.001
50 yo (n = 189) 47(3.3) 50 yo (n = 306) 4.0(0.1) ***
Egg 20 yo (n = 303) 43(2.8) 20 yo (n = 1091) 41(0.1)
30 yo (n = 253) 41(2.8) o4 30yo (n = 399) 42(0.1) 0o
40 yo (n =221) 4.3(3.7) : 40 yo (n = 383) 4.3(0.1) ’
50 yo (n = 189) 42(2.9) 50 yo (n = 306) 42(0.1)
Soybean 20 yo (n = 303) 4.8(4.2) 20 yo (n=1091) 5.2(0.1)
30 yo (n = 253) 5.4(4.3) 30yo (n = 399) 6.0(0.2) **
40 yo (n = 221) 6.0(4.4) ** <0.001 40 yo (n = 383) 6.8(0.2) *** <0.001
50 yo (n = 189) 5.9(4.1) * 50 yo (n = 306) 7.3(0.3) ***
Dairy product 20 yo (n = 303) 2.5(2.4) 20 yo (n =1091) 2.9(0.1)
30 yo (n = 253) 2.7(3.1) 0001 30yo (n = 399) 3.4(0.1) * 0001
40 yo (n = 221) 3.2(2.9)* <0. 40 yo (n = 383) 3.5(0.1) *** <0.
50 yo (n = 189) 3.4(2.8) ** 50 yo (n = 306) 4.0(0.2) ***
Seaweed 20 yo (n = 303) 1.4(1.5) 20 yo (n=1091) 1.6(0.06)
30 yo (n = 253) 1.92.5) * 30yo (n = 399) 1.9(0.09) **
40 yo (n = 221) 22(2.5) ¥+ <0.001 40 yo (n = 383) 2.5(0.1) *** <0.001
50 yo (n = 189) 2.6(2.0) *** 50 yo (n = 306) 2.6(0.1) ***
Vegetable 20 yo (n = 303) 8.0(4.4) 20 yo (n =1091) 8.8(0.1)
30 yo (n = 253) 8.6(4.6) * 30'yo (n = 399) 9.3(0.2)
40 yo (n = 221) 9.4(4.8) ** <0.001 40 yo (n = 383) 9.4(0.2) <0.001
50yo(n=189)  10.1(5.2) *** 50yo (n=306)  10.7(0.3) ***
Fruit 20 yo (n = 303) 1.92.2) 20 yo (n = 1091) 2.6(0.07)
30 yo(n = 253) 2.6(3.0) * 30yo (n = 399) 3.4(0.1) ¥+
40 yo(n = 221) 2.7(2.4) <0.001 40yo(n=383)  3.4(0.1)* <0.001
50 yo(n = 189) 3.9(2.9) **+ 50 yo (n = 306) 3.9(0.1) ***
Potatoes 20 yo (n = 303) 1.8(1.6) 20 yo (n =1091) 1.9(0.1)
30 yo (n = 253) 2.1(2.4) 30'yo (n = 399) 2.3(0.1) **
40 yo (n = 221) 22(1.7)* 0.022 40 yo (n = 383) 2.3(0.1) *** <0.001
50 yo (n = 189) 2.1(1.6)* 50 yo (n = 306) 2.2(0.1) ***
Oils and fats 20 yo (n = 303) 8.8(4.7) 20 yo (n=1091) 8.3(0.1)
30 yo (n = 253) 9.7(5.4) 30yo(n=399)  10.6(0.3) ***
0yom=221)  1L1(5.5)* <0.001 40yo(n=383)  11.5(0.3)* <0.001
50y0(n=189)  11.7(6.1) *** 50y0(n=306)  12.8(0.3) ***

The data are presented as the mean (SD). Bold letters indicate significance (* p < 0.05 vs. 20 yo, ** p < 0.01 vs. 20

yo, ** p < 0.001 vs. 20 yo).

3.3. Effect of Age on the Frequency of Consuming Snacks, Soft Drinks, and Alcoholic Beverages

We examined the effects of age on the frequency of consumption of snacks, sugar-
sweetened coffee/tea, soft drinks, and alcohol according to sex (Table 3). The frequency of
eating snacks increased significantly among men and women 4049 years and 50-59 years
of age (men: 8.0 (10.0) vs. 10.9 (10.5) vs. 10.2 (9.0), p < 0.001; women: 10.5 (10.3) vs. 13.5 (14.7)
vs. 14.8 (14.6), p < 0.001) (Table 3). In contrast, the habits of drinking sugar-sweetened
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coffee, tea, or soft drinks were not significantly affected by age. The frequency of alcohol
consumption increased significantly in both men and women aged 40--49 and 50--59 years
(men: 1.3 (2.4) vs. 2.3 (2.6) vs. 2.2 (2.5), p < 0.001; women: 0.8 (1.2) vs. 1.6 (2.3) vs. 1.9 (2.6),
p < 0.001). Thus, the frequency of eating snacks and drinking alcohol significantly increased
at 4049 and 50-59 years of age (Table 3).

Table 3. Food preferences by age and sex groups.

Male Female
Foods Age Mean (SE) p Age Mean (SE) p
Snacks 20 yo (n = 303) 8.0 (10.0) 20 yo (n=1091) 10.5 (10.3)
30 yo (n = 253) 9.1(16.1) 30 yo (n = 399) 10.9 (0.8)
0y0om=221) 109 (10.5) ** <0.001 40y0(n=383)  13.5(147)* <0.001
50 yo (n = 189) 10.2 (9.0) ** 50yo (n=306)  14.8 (14.6) **
Sﬁﬁes‘;/;eras 20 yo (n = 303) 0.5 (1.4) 20 yo (n = 1091) 0.7 (1.9)
30 yo (n = 253) 1.0 3.5) 0.42 30 yo (n = 399) 1.3(3.8) 0.15
40 yo (n = 221) 1.3(32) 40 yo (n = 383) 1.0(2.7)
50 yo (n = 189) 0.9 (2.8) 50 yo (n = 306) 0.9 (3.0)
Soft Drink 20 yo (n = 303) 2.0(3.1) 20 yo (n =1091) 1.0 (2.3)
30 yo (n = 253) 2.0 (3.5) o 30 yo (n = 399) 1.1(2.0) 0.09
40 yo (n =221) 1.7 (2.5) : 40 yo (n = 383) 1.0 (2.9) :
50 yo (n =189) 1.7 (2.5) 50 yo (n = 306) 0.8 (1.7)
Alcohol 20 yo (n = 303) 1.3 (2.4) 20 yo (n = 1091) 0.8 (1.2)
30 yo (n = 253) 1.5 (2.0) 30 yo (n = 399) 1.1(2.0)
0yo(n=221)  23(2.6) ™ <0.001 40 yo (n = 383) 1.6 (2.3) ** <0.001
50 yo (n = 189) 2.2 (2.5) *** 50 yo (n = 306) 1.9 2.6) ***

The data are presented as the mean (SD). Bold letters indicate significance ( ** p < 0.01 vs. 20 yo, *** p < 0.001 vs.
20 yo).

3.4. Effects of Food Intake and Sugar-Sweetened Drink, Snack, and Alcohol Consumption on BMI,
Waist Circumference, and Grip Strength

With age and BMI as covariates, the frequency of food intake and the frequency of food
intake as independent variables, and waist circumference and grip strength as dependent
variables, we conducted a multivariate linear regression analysis to determine the effect of
the frequency of preferred food intake on waist circumference and grip strength. In males,
waist circumference was positively associated with age (0.09 (0.05, 0.12), p < 0.001), BMI
(2.1 (2.0,2.2), p <0.001), and the frequency of oil and fat intake (p = 0.014) and negatively
correlated with the frequency of soybean intake (—0.05 (—0.09, 0.02), p = 0.004). In females,
waist circumference was positively associated with age (0.24 (0.21, 0.26), p < 0.001), BMI
(1.66 (1.58, 1.75), p < 0.001), hours of sleep (0.29 (0.03, 0.54), p = 0.03), frequency of meat in-
take (0.09 (0.02, 0.16), p = 0.01), and frequency of egg intake (—0.17 (0.07, 0.30), p = 0.001) and
negatively associated with the frequency of soybean intake (—0.34 (—0.17, 0.03), p = 0.007)
(Table 4).

In males, handgrip strength was associated with age (—0.1 (—0.15, —0.04), p < 0.001)
and BMI (0.7 (0.5,0.8), p < 0.001). In females, handgrip strength was associated with BMI
(0.14 (0.05, 0.23), p = 0.003), the frequency of seaweed intake (0.23 (0.07, 0.4), p = 0.005), and
alcohol intake (0.23 (0.06, 0.39), p = 0.007). Thus, the effects of the frequency of food intake
on body size and grip strength were more potent in women than in men (Table 4).
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Table 4. The effects of food frequency on circumference and handgrip strength.

Waist Circumference Handgrip Strength
Male Female Male Female

B p B p B p B P

Meat (70.(())'4(1),?).13) 027 (0.02;0316) 001 (70._1%,05%10) 0-56 (fo._og',o(}.w) 074

Fish - 0._22',030 5 016  —0.11(—0.23,0.003) 0.06 - 0.-36(,)217) 0.67 - 0-_%,007. 06) 0.31
Egs (f&fi(,)%%n) 0-95 (0_0(;',1330) UL (70.(1).3(370.27) 05 (fo.(?di,zo.za 0.058
Soybeans 0,010 " Comom ™ Coonozy  °® (omooy 0%
Dairy products <_03,°f3.04> 0.01 (—0.8250.15) 037 (—0.8£60.29) o6l (—o.oodi}o.zz) 0.058
Seaweed (—0.7202.,08.15) 072 (—0.86?0.39) 0.055 (—0.2:5?70.38) 06 gonoy 0005
Vegetables (—6.01.,05.1) 067 (—0.702',05.04) 049 (—0912?3.15) 096 (—012;05.02) 017
Fruits (7091',10.2) 052 (fo._lg',ogm) 067 (fo%,ztl).%) 0.1 (41%?%?05) 021
Potatoes (_ (?'20/20'3) 0.85 (_ 0%;30’3) 015 0’_7%',3301) 0.054 (_ 0. \,?/'31) 0.32
Otls and fats 0oLo1s % (—0.86%?0.11) 0.057 (—0.8%0,50.17) 041 (—0.8'30,30.09) 037
Snacks (70962?(2).04) 092 (70._0(;,0(}.02) 01 (70113;0303) 033 (70.062,1(1).04) 039
w(/:\/(l)tfie;{;i (—0.3&250.18) 042 (—0.8%(),40.14) 049 (—032;1309) 023 (—0.(1)i(310.12) 089

Soft drinks (—091'?3.15) 0.68 (—0.(?61,20.23) 0.052 (—0;%;0(?.15) 0.61 (—0.8.9?50.18) 05
Aleohol 019,000 "8 (019010 °®  (omose ¥  cogos O
Age (o.og',og.u) <0.001 (0.22;2(31.26) <0.001 (—0.1;,0f0.04) <0.001 (—0.8'2(310.04) 048
BMI (2.02,';.2) <0.001 (1.51;',616.75) <0.001 (O.:,.Z).S) <0.001 (o.og',lézs) 0.003
Hours of sleep (—09i,30.6) 0.13 (0.0222354) 0.03 (_(;';%.4) 0.5 (—(Ig,%).l) 0.27

The gray areas (letters in bold) indicate significance (p < 0.05).

3.5. Effects of Food Intake Frequency and Sugar-Sweetened Drink, Sweet Drink, and Alcohol

Consumption on HbAlc, eGFR and UA

Next, we conducted multivariate analyses to clarify the effects of the frequency of
food intake on HbAlc, eGFR, and UA levels. The HbAlc level in males was positively
associated with age (3 (95% CI): 0.011 (0.009, 0.014), p < 0.001), BMI (0.031 (0.024,0.038),
p < 0.001), and the frequency of meat intake (0.007 (0.001,0.013), p = 0.03) and negatively
associated with hours of sleep (—0.04 (—0.064, —0.016), p = 0.001). In females, HbAlc was
positively associated with age (0.01 (0.009, 0.012), p < 0.001) and BMI (0.02 (0.016, 0.024),
p < 0.001) and negatively associated with hours of sleep (—0.03 (—0.04, —0.01), p < 0.001)
and the frequency of alcohol intake (—0.018 (—0.025, —0.01), p < 0.001). Thus, age, BMI,
and sleep duration affected HbAlc levels in both men and women, whereas the frequency
of meat intake and alcohol intake affected HbAlc levels only in men and women (Table 5).

eGFR in males was positively associated with seaweed intake (0.8 (0.3, 1.2), p = 0.004)
and negatively correlated with age (—-0.8 (—0.9, —0.7), p < 0.001), frequency of meat
intake (—0.3 (—0.5, —0.1), p = 0.008), and frequency of potato intake (—0.9 (—1.4, —0.3),
p = 0.004). In females, the eGFR was positively associated with the frequency of fish intake
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(0.4 (0.1, 0.7), p = 0.001) and negatively correlated with age (—0.82 (—0.89, —0.76); p < 0.01),
frequency of dairy product intake (—0.3 (—4.80, —0.47), p = 0.02), and frequency of snack
intake (—0.66 (—1.01, —0.31), p < 0.001) (Table 5).

UA in males was positively associated with BMI (0.11 (0.09, 0.13); p < 0.001) and the
frequency of alcohol intake (0.06 (0.03, 0.09) p < 0.001). In females, UA was positively
associated with BMI (0.084 (0.073, 0.096), p < 0.001), the frequency of soybean intake (0.013
(0.003, 0.023), p = 0.009), and the frequency of alcohol intake (0.06 (0.04, 0.08), p < 0.001)
and negatively associated with the frequency of dairy product intake (—0.01 (—0.03, 0),
p = 0.048) and the frequency of oil and fat intake (—0.01 (—0.02, —0.002), p = 0.01). Thus,
BMI and alcohol consumption were positively correlated with UA levels. The frequency
of soybean, dairy products, and oil and fat intake was positively associated with UA only
in women, whereas the frequency of dairy products and oil and fat intake was negatively
associated with UA (Table 5).

Table 5. The effects of food frequency on HbAlc, eGFR, and uric acid.

HbAlc eGFR
Male Female Male Female
B p B p B p B p
Meat (0.0&?2.7013) 0.03 (0?69837) 0.09 (—o;,ofo.n 0.01 (—0.72%,0(?.08) 0.32
Fish (—0.(?62%.013) 035 (—0.6&?%.1005) 083 (—6.31001.3) 097 (0.3?).7) 0.005
Egg (—0.6106(,)%.7001) 0.097 (—o.oog, 0.006) 0% (—o?i,zo.5) 0.15 (—09i,1o.4) 0.31
Soybeans (—0.610;,)(())?001) 0.08 (—o.oodg%.oc)z;) 076 (—0%,10.3) 029 (—0;%;05.09) 037
Dairy products (—0.0062%.016) 018 (—0.(?(52?3.008) 021 (—091.,20.6) 015 oo oy 003
Seaweed (—0.61%?%?009) 049 (—o.gfi(,]%?ooz) 019 0312 00 (—6.2',05.3) 0.69
Vegetables (—0.8332(),40.01) 0-19 (—0.685?%.1002) 045 (—07.3?,%.2) 0.63 (—01(;;03.15) 0-9
Fruits Coms00m) Y Commonn "2 (os0y "2 (os0n 7
Potatoes (—o.é)dg,l?).om) 011 (—0.(%2?3014) 026 (i g OO (—0.()3:,10.5) 064
Oils and fats (—0.685?%%003) 034 (—o.oog, 0014y O (—6.%,05.2) 084 (—0.71%;05.12) 082
Snacks (70.8(?3?(())?002) 048 (70.006(1)%.002) 03 (70._1%,0(?.02) 015 (709(5(5)??).06) 094
wibwge  (oomoo® % ooy °7 om0y %7 Cosooy 2
Soft drinks (—0.(?62??).014) 027 (—0.(?62??).008) 051 (—091',30.5) 014 (—092,10.4) 058
Alcohol (—0.620,%?002) 01 (o —gon <0001 (—092,20.5) 029 (—o;g',og.w) 084
Ase (0.0(());,)3014) <0.001 (0.00(;;0(}.012) <0.001 (—0;,0f0.7) <0.001 (—0.8_9(,).i30.76) <0.001
BMI (o.ogzi??foss) <0.001 (0.01(:5',0(3.024) <0.001 (—0_.2,%).1) 0.3 (—o_.’g,%).l) 0.33
01?:122; (—0.0;1(,)'240.01@ 0.001 (—0.0_4(,){30.01) <0.001 (—1_.20,%.4) 035 (—095,30.9) 032
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Table 5. Cont.
Uric Acid
Male Female
B p B p
0.013 0.003
Meat (—0.005, 0.03) 0.14 (—0.006, 0.013) 048
. —0.01 —0.002
Fish (—0.04, 0.02) 049 (—0.018, 0.014) 082
—0.004 —0.012
Egg (—0.03,0.02) 0.77 (—0.027, 0.003) 0.12
0.01 0.013
Soybeans (~0.01, 0.03) 04 (0.003, 0.023) L
. ~0.01 —0.01
Dairy products (=0.04,0.02) 0.71 (—0.03, 0) 0.048
~0.04 0.01
Seaweed (—0.08, 0.01) 0.09 (—0.01, 0.03) 041
0.01 0.005
Vegetables (~0.01,0.03) 043 (—0.004, 0.015) 025
. —0.03 —0.012
Fruits (—0.06,0.01) 0.14 (—0.028, 0.004) 0-15
0.03 0.023
Potatoes (—0.02, 0.08) 0.29 (—0.001, 0.047) e
. —0.002 —0.01
Oils and fats (—0.02, 0.01) 08 (—0.02, —0.002) 0.01
0 ~0.002
Snacks (—0.008, 0.007) 0.92 (—0.005, 0.001) 0.17
Coffee/tea 0.02 —0.002
with sugar (—0.01, 0.05) 0.26 (—0.016, 0.012) 0.79
. 0.01 0.005
Soft drinks (=0.02,0.04) 0.37 (~0.011, 0.021) 0.51
0.06 0.06
Alcohol B <0.001 e <0.001
~0.002 0.002
Age (—0.009, 0.005) 06 (—0.002, 0.006) 0.31
0.11 0.084
BMI (0.09, 0.13) s (0.073, 0.096) UL
Hours —0.02 —0.01
of sleep (~0.09, 0.05) 0-58 (~0.05,0.02) 042

The gray areas (letters in bold) indicate significance (p < 0.05). Abbreviations: HbAlc, glycated hemoglobin Alc;
eGFR, estimated glomerular filtration.

3.6. Effects of Food Intake Frequency and Sugar-Sweetened Drink, Sweet Drink, and Alcohol
Consumption on Serum Lipid Levels

Finally, we performed a multivariate analysis to determine whether food intake frequency
and sugar-sweetened drinks, snacks, or alcohol consumption influenced lipid metabolism. TG
levels in males were positively associated with age (1.1 (0.5, 1.7), p < 0.001), BMI (7.6 (5.9, 9.4),
p < 0.001), frequency of potato intake (5 (0.9, 9), p = 0.02), and frequency of alcohol intake (3
(0.5, 5.4), p = 0.02) (Table 6). In females, TG levels were positively associated with age (1.2
(1.0, 1.4), p < 0.001), BMI (4.4 (3.7, 5.0), p < 0.001), frequency of meat intake (0.6 (0.04, 1.2),
p = 0.04), and frequency of potato intake (1.8 (0.3, 3.2), p = 0.02) and negatively associated with
the frequency of oil and fat intake (—0.7 (—1.2, —0.3), p = 0.002) (Table 6). Thus, age, BMI, and
potato intake frequency were positively associated with TG levels in both men and women. In
contrast, the frequency of alcohol intake was associated with TG levels only in men, whereas
meat, oils, and fats were positively and negatively associated with TG levels only in women.
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HDL-C in males was positively associated with age (0.09 (0.02, 0.17), p = 0.02) and the
frequency of alcohol intake (0.067 (0.034, 0.10), p < 0.001) and negatively associated with
BMI (—1.3 (—1.5, —1.1), p < 0.001) and the frequency of potato intake (—0.9 (—1.4, —0.3),
p = 0.004) (Table 6). In females, HDL-C was positively associated with age (0.12 (0.06, 0.17),
p < 0.001) and negatively associated with BMI (—1.2 (1.3, —1.0), p < 0.001) (Table 6). Thus,
sex, age, and frequency of alcohol intake were positively associated with HDL-C levels,
whereas BMI was positively associated with HDL-C levels.

The non-HDL-C level in males was positively associated with age, BMI, frequency of
dairy product consumption, and frequency of soft drink consumption. In females, non-
HDL-C was positively associated with age (0.8 (0.6, 1.0), p < 0.001), BMI (2.8 (2.3, 3.4),
p <0.001), sleep duration (2.1 (0.2, 4.0), p = 0.04), frequency of dairy product intake
(0.9 (0.1, 1.7), p = 0.03), and frequency of alcohol intake (0.06 (0.03, 0.09); p < 0.001) (Table 6).
Non-HDL-C levels in females were positively associated with age, BMI, frequency of dairy
product intake, and frequency of soft drink intake. In females, non-HDL-C was positively
associated with age (1.0 (0.6, 1.0), p < 0.001), BMI (2.1 (1.7, 3.4), p < 0.001), and frequency of
egg intake (0.6 (0.1, 1.0), p = 0.02) and negatively associated with frequency of meat intake
(—0.4 (0.6, —0.1), p = 0.02), frequency of soybean intake (—0.3 (—0.6, —0.03), p = 0.03),
and frequency of alcohol intake (—1.3 (—1.9, —0.7), p < 0.001) (Table 6). Thus, age and BMI
were positively associated with non-HDL-C levels in both men and women. In contrast,
sleep duration and the frequency of dairy product intake were associated with non-HDL-C
levels only in men. In women, the frequency of egg intake was positively associated
with non-HDL-C levels, whereas the frequency of meat, soybean, and alcohol intake was
negatively associated with non-HDL-C levels.

4. Discussion

In this study, we first examined whether the frequency of intake of 10-item foods,
snacks, sugar-sweetened coffee/tea, soft drinks, and alcoholic beverages varied by age and
sex in Japan. We then performed multivariate analysis in groups divided by sex to identify
associations between food frequency and metabolic parameters, with special reference to
age and sex differences. Consistent with the sex differences, the correlation between food
frequency and metabolic phenotypes differed between males and females. Thus, since the
effects of food frequency on body size and blood parameters are dependent on age and sex,
dietary guidance may need to be based on sex differences in food preference.

First, we confirmed sex differences in food preferences between males and females.
As expected, males preferred to eat meat, and females preferred to eat soybeans, dairy
products, vegetables, and fruits. Males also preferred to drink soft drinks and alcohol,
whereas females preferred to eat snacks. These results are consistent with those of previous
studies [1,2]. It is interesting to observe the same differences in food preferences between
men and women, regardless of race or culture. Food preferences may be based on taste
rather than the type of food itself [2]. Thus, food preference is an important factor for
understanding sex differences in eating habits. However, many guidelines for diabetes and
dyslipidemia do not consider sex differences in food preference. Considering sex-related
differences in food preferences will provide better dietary guidance to patients.

In this study, vegetables and meat were consumed daily, whereas fruits, seaweed, and
potatoes were consumed less frequently. The consumption of fruits and soybeans by men
and the consumption of meat and fish by women seem to be encouraged. Potatoes and
seaweed are considered necessary sources of dietary fiber for both sexes. These findings
suggest that awareness of the importance of green vegetable and meat consumption is
widespread, but increasing awareness of the importance of the consumption of soy, fish,
seaweed, fruits, and potatoes, which are rich in trace elements and vitamins, seems neces-
sary. Moreover, dietary fiber intake and the consumption of fruits, soybeans, potatoes, and
seaweed are low in Japan [26].

Aging also affects food preferences [27]. The frequency of meat and egg intake was
independent of age in both males and females. In contrast, the frequency of fish, soybean,
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and dairy product intake increased with age in both males and females. These findings
suggest that the frequency of protein intake increases with age, independent of sex. The
frequency of seaweed, fruit, vegetable, and potato intake also increased with age. These
findings suggest that the frequency of dietary fiber intake increases with age, independent
of sex. It is likely that many individuals consider the role of food in their health during
aging. Taken together, these findings indicate that dietary variety increases with age. Many
healthy diets, predominantly containing nutrient-rich plant foods and limited as to red and
processed meats, have been associated with lower mortality and longevity [28]. However,
the frequency of seaweed, potato, and fruit intake was lower than the frequency of meat
and vegetable intake. We need to educate people about the benefits of consuming seaweed,
fruits, and potatoes as sources of dietary fiber.

Sleep duration was also negatively correlated with HbAlc levels independent of sex.
A long sleep duration (>9 h/day) is associated with higher HbA1c levels in patients with
type-2 diabetes (T2D) on glucose-lowering medications [29]. Waist circumference was also
negatively associated with sleep duration, which was inconsistent with our data [30]. Thus,
to increase sleep duration, it is necessary to improve the working environment and educate
people on the importance of not staying late in their daily lives.

The relationships between the frequency of food intake and metabolic parameters
differed between males and females. In males, meat intake was positively associated with
BMI and HbA1c and negatively associated with eGFR. In contrast, the frequency of meat
intake in females was correlated with waist circumference and TG levels. These findings
suggest that individuals who frequently consume meat should receive dietary guidance to
prevent diabetes (males) and dyslipidemia (females).

Similarly, dairy products had opposite effects on males and females. In males, dairy
product intake was positively correlated with BMI, eGFR, and non-HDL-C levels. In
females, dairy product intake was negatively associated with eGFR and UA levels. Consis-
tently, some studies have reported that the risk of hyperuricemia and gout is negatively
associated with the intake of dairy products or soy foods [31]. In terms of renal function,
dairy products had the opposite association with eGFR in both men and women. Although
no distinction was made between low-fat dairy products and regular dairy products in
this study, low-fat dairy products have been reported to prevent renal dysfunction [32].
It is possible that there is a difference in the frequency of the consumption of low-fat and
regular dairy products between men and women.

Fish, egg, soybean, and fruit intake were correlated with metabolic parameters only in
females. Fish intake was positively correlated with BMI and eGFR. In the middle-aged to
older Chinese population, higher fish and seafood consumption (>11 portions/week) was
found to be associated with a greater eGFR in participants with diabetes, whereas lower
fish consumption was associated with a greater eGFR in participants without diabetes [33].
However, the differences between groups, in terms of the frequency of fish consumption
0-3, 4-6, and 7-10, were not significant [33]. The participants in this study were more likely
to consume fish and seafood thrice a week, and most of them did not have diabetes. Thus,
the differences in the results may be due to differences in eating habits and sex.

Egg intake was positively associated with BMI, waist circumference, and non-HDL-C
level only in females. Some studies have reported that, among U.S. adults, increased
consumption of dietary cholesterol or eggs is significantly associated with an increased
risk of incident cardiovascular disease and all-cause mortality in a dose-dependent man-
ner [34]. In contrast, in healthy Japanese individuals, there was no association between
the daily consumption of one egg and blood cholesterol levels [35]. Blood non-HDL-C
levels increased to levels comparable to those in overweight and underweight women aged
50-65 years [36]. Therefore, care should be taken to avoid excessive egg consumption by
women of all ages.

Soybean intake was negatively associated with BMI, waist circumference, and non-
HDL-C level only in females. Soy may be a suitable food for antiobesity efforts because of
its high protein and isoflavone contents [37-39]. Women who consumed more soy during
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adulthood had a lower BMI, but this relationship was primarily observed in Caucasian
and postmenopausal women [37]. Moreover, in hypercholesterolemic postmenopausal
women fed a National Cholesterol Education Program Step I diet with isolated soy protein
and moderate amounts of isoflavones, non-HDL-C levels were reduced compared with
those in the control group (p < 0.05) [38]. In Japan, a higher intake of fermented soy is
associated with a lower risk of mortality [40,41]. A higher intake of total phytoestrogens,
including isoflavones, lignans, and coumarins, and foods rich in these compounds was
associated with a lower risk of total and cause-specific mortality in generally healthy adults
in the U.S. [42]. Thus, these findings suggest that individuals who frequently consume
soybeans should receive dietary guidance to prevent obesity and dyslipidemia (especially
in females).

Fruit intake correlated with BMI only in females. This trend was also observed in
males. Similarly, a relationship between fruit intake and BMI has also been reported [43,44].
Some studies have reported significant associations between higher fruit consumption and
lower BMI among female university students [43]. Greater fruit intake is associated with a
lower risk of being overweight or obese in middle-aged and older women [44]. Therefore,
fruit intake may effectively prevent weight gain, particularly among women.

Sugar intake has been associated with obesity and dental caries. Sugar intake is
recommended to constitute no more than 10% of total energy intake, according to the
World Health Organization guidelines [45]. However, as the amount of sugar used in the
diet cannot be quantified, there is no mention of quantity limits in the Japanese Dietary
Intake Standards [26]. The amount of free sugar was estimated on the basis of the frequency
of the consumption of snacks, sugar-sweetened coffee, tea, and other soft drinks. According
to our data, the frequency of snack consumption was greater in females than in males, and
the frequency of soft drink consumption was greater in males. When assessing sugar intake,
particular attention should be given to the frequency of soft drink and snack consumption
by men and women, respectively.

In this study, the average alcohol consumption among the participants was 1.3 times
per week. However, the frequency per week significantly increased with age in both men
and women. After adjusting for age and BMI, alcohol intake correlated with UA and
HDL-C levels in both males and females. Many studies have reported that hyperuricemia,
characterized by high UA levels, may occur due to increased UA production or reduced
UA excretion [46]. A positive association between alcohol intake and HDL-C levels has
also been reported by many researchers [47], but an increase in HDL-C levels is not
necessarily good [48,49]. Some studies have reported that high-density lipoprotein function
in binge drinkers is impaired, with lower paraoxonase activity and greater glycation [48].
In males, TG levels were associated with alcohol intake, which is consistent with previous
findings [49]. Thus, drinking alcoholic beverages is harmful to UA, HDL-C, and TG levels
in males.

In contrast, in females, alcohol intake was positively associated with handgrip strength
and negatively associated with the HbAlc level. Several studies have shown that handgrip
strength significantly increases with increased daily alcohol consumption in both sexes [50].
Our data also revealed a correlation between the frequency of alcohol consumption and
handgrip strength, with a significant difference in women (p = 0.007) and a trend toward
significance in men (p = 0.07). The underlying mechanism of the relationship between
the frequency of alcohol consumption and grip strength is unknown, but the results are
reproducible [51]. Alcohol intake was negatively associated with HbAlc levels only in
females. Consistently, higher alcohol intake was associated with lower HbAlc levels, even
after adjusting for confounding factors such as age, sex, and fasting glucose concentration
in a nationally representative sample of Korean adults [52]. Importantly, most Japanese
people drink infrequently (once per week) [53]. Thus, the frequency of alcohol consump-
tion had a positive effect on grip strength and HbAlc levels. Therefore, although our
population consumes alcohol relatively infrequently compared with the overall Japanese
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population, the advantages and disadvantages of drinking alcoholic beverages should be
fully considered.

This study has several limitations. This was an observational study. Therefore, causal-
ity could not be demonstrated. Although it was not possible to determine a causal relation-
ship, this study advances the previously reported relationship between diet and metabolic
parameters according to sex. In addition, prospective studies are needed to determine the
effectiveness of nutritional guidance in terms of sex-based differences. We did not check
for information regarding the participants” menstrual cycles or lifestyle factors (exercise
and smoking). Some nurses and nursing assistants walk 20,000 steps per day for their jobs,
and pedometers should be used to investigate the number of steps. The sleep duration was
self-reported. Another limitation of this study was the lack of information on medication
use and medical history.

5. Conclusions

Sex-related differences were observed in the frequency of food intake and its effect on
metabolic parameters. These findings indicate that the food restrictions in the guidelines
should not be uniformly applied regardless of sex. For example, non-HDL-C was signifi-
cantly positively correlated with the frequency of egg intake only in women, even though
egg intake frequency was the same in men and women. Although there is no evidence that
women like omelets and scrambled eggs more than men, we need to look at even the way
the eggs are prepared since butter is added to scrambled eggs, and nothing is added to
boiled eggs.

In contrast, the effects of alcohol intake on UA levels were similar in men and women.
The frequency of potato consumption was also significantly correlated with triglycerides
in both men and women. Regardless of sex, alcohol and potatoes (starch) are converted
directly to uric acid and triglycerides in the body. Dietary restriction of these related foods
is considered to be effective for both sexes.

We decided to conduct this study because we believe that nutrition education in the
workplace can improve employee health. On the basis of these study data, our university
will promote nutrition education to employees by creating cooking recipes that supple-
ment deficient food groups (fish, soybeans, fruits, etc.) and offering cooking classes in
the workplace.

Moreover, we need to test whether dietary restrictions influenced by sex have a beneficial
effect on the improvement of blood markers (HbAlc, lipids, and eGFR). Prospective studies
are necessary to implement nutritional guidance that considers sex-related differences.
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