
mdpi.com/journal/nutrients

Special Issue Reprint

Food Environment  
and Its Effects on Human 
Nutrition and Health 

Edited by 

Jose M. Miranda



Food Environment and Its Effects on
Human Nutrition and Health





Food Environment and Its Effects on
Human Nutrition and Health

Editor

Jose M. Miranda

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Editor

Jose M. Miranda

Departamento de

Quı́mica Analı́tica

Universidade de Santiago

de Compostela

Lugo

Spain

Editorial Office

MDPI AG

Grosspeteranlage 5

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Nutrients (ISSN 2072-6643) (available at: https://www.mdpi.com/journal/nutrients/special issues/

0C4Q74BEYU).

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 978-3-7258-2025-2 (Hbk)

ISBN 978-3-7258-2026-9 (PDF)

doi.org/10.3390/books978-3-7258-2026-9

© 2024 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.



Contents

About the Editor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Alicia del Carmen Mondragon Portocarrero and Jose Manuel Miranda Lopez

Food Environment and Its Effects on Human Nutrition and Health
Reprinted from: Nutrients 2024, 16, 1733, doi:10.3390/nu16111733 . . . . . . . . . . . . . . . . . . 1

Bei Zhou, Yupeng Zhang, Michael Hiesmayr, Xuejin Gao, Yingchun Huang, Sitong Liu, et al.

Dietary Provision, GLIM-Defined Malnutrition and Their Association with Clinical Outcome:
Results from the First Decade of nutritionDay in China
Reprinted from: Nutrients 2024, 16, 569, doi:10.3390/nu16040569 . . . . . . . . . . . . . . . . . . . 6

Man Zhang, Ruixin Chi, Zhenhui Li, Yujie Fang, Na Zhang, Qiaoqin Wan and

Guansheng Ma

Different Dimensions of the Home Food Environment May Be Associated with the Body Mass
Index of Older Adults: A Cross-Sectional Survey Conducted in Beijing, China
Reprinted from: Nutrients 2024, 16, 289, doi:10.3390/nu16020289 . . . . . . . . . . . . . . . . . . . 19

Cindy Needham, Claudia Strugnell, Steven Allender, Laura Alston and Liliana Orellana

BMI and the Food Retail Environment in Melbourne, Australia: Associations and Temporal
Trends
Reprinted from: Nutrients 2023, 15, 4503, doi:10.3390/nu15214503 . . . . . . . . . . . . . . . . . . 33

Happy Kurnia Permatasari, Queen Intan Permatasari, Nurpudji Astuti Taslim,

Dionysius Subali, Rudy Kurniawan, Reggie Surya, et al.

Revealing Edible Bird Nest as Novel Functional Foods in Combating Metabolic Syndrome:
Comprehensive In Silico, In Vitro, and In Vivo Studies
Reprinted from: Nutrients 2023, 15, 3886, doi:10.3390/nu15183886 . . . . . . . . . . . . . . . . . . 46

Laura Sinisterra-Loaiza, Patricia Alonso-Lovera, Alejandra Cardelle-Cobas, Jose Manuel

Miranda, Beatriz I. Vázquez and Alberto Cepeda

Compliance with Nutritional Recommendations and Gut Microbiota Profile in Galician
Overweight/Obese and Normal-Weight Individuals
Reprinted from: Nutrients 2023, 15, 3418, doi:10.3390/nu15153418 . . . . . . . . . . . . . . . . . . 64

Afshin Zand, Sodbuyan Enkhbilguun, John M. Macharia, Ferenc Budán, Zoltán Gyöngyi
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1. Introduction

The concept of a healthy diet is not a static definition; over the years, it has been molded
to scientific knowledge. Recently, international organizations have updated their concept
of a healthy diet, defining it as one that promotes all dimensions of health and individual
well-being; has low environmental pressure and impact; is accessible, affordable, safe, and
equitable; and is also culturally acceptable [1], as consumers are generally reluctant to
change their eating habits [2]. Therefore, the ways in which food is produced, processed,
packaged, distributed, labeled, priced, consumed, or wasted represent areas that, while not
included in the traditional concept of human nutrition, affect human health, and need to be
considered [3]. Thus, an ideal diet should aim to achieve optimal growth and development
for all individuals and promote physical, mental, and social well-being at different stages
of life, reducing the risk of diet-related noncommunicable diseases and supporting the
preservation of biodiversity and environmental health [4].

Therefore, in addition to the proportions of foods that can be included in the human
diet, there are other conditioning factors that can affect human health [5]. Thus, the
dietary contributions of bacteria [6], viruses [7], fungi [8,9], food additives [10], chemical
substances [11,12], or exosomes can exert important effects on human health [13]. Similarly,
lifestyle factors, such as meal timing, cuisine, and type of work, also have an important
effect on human health. It should not be forgotten that through nutrition, we can alleviate
or cure diseases that affect organs far away from the digestive system, as in the case of
nonfood allergies [14], respiratory viral infections [7], heart diseases [15], diseases of the
nervous system, and neurological disorders [16,17].

In view of this, the objective of this Special Issue was to provide an update of knowl-
edge on those environmental factors that play an essential role in human nutrition and,
therefore, in the health of individuals, especially about metabolic diseases. A total of nine
research articles and five reviews covering numerous topics of great interest and topicality
in human nutrition and dietetics were included. Articles investigating the influence of food
outlets, the workplace of schedules, and the intake of traditional Asian foods or functional
foods, including aspects related to epigenetics or metagenomics, were included. In addition,
the information published included different stages of life, such as infant nutrition, the pre-
vention of metabolic diseases in adults, and the prevention and monitoring of malnutrition
in the elderly population.

2. An Overview of the Published Articles

Zhou et al. (Contribution 1) present an interesting paper investigating malnutri-
tion rates and their relationship to the length and quality of hospital stay in a total of
5821 hospitalized adult patients. The effect of a nutrition intervention program carried out
by volunteers in China called Nutrition Day was evaluated in these patients. A malnutrition
rate of 22.8% was found, and the results showed that after the implementation of nutrition

Nutrients 2024, 16, 1733. https://doi.org/10.3390/nu16111733 https://www.mdpi.com/journal/nutrients1
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day, the diet and nutritional status of hospitalized patients improved, which had important
effects on the length and quality of hospital stay.

In another article, Zhang et al. (Contribution 2) assessed the home eating environment
of elderly people, analyzed its association with their body mass index (BMI), and provided
recommendations for improving the home eating environment for a total of 1764 elderly
people. The results showed that senior people living alone had a greater BMI than those
who did not live alone, and highlighted the impact of the home environment, living
conditions, and availability of canned food on the BMI of senior people.

Regarding the influence of food sales channels on human nutrition, two interest-
ing papers have been included in this Special Issue. On the one hand, Valenčič et al.
(Contribution 3) developed and tested a mobile application (called SnackTrack) to investi-
gate the association between physical and digital environments on snack choice, which
was tested by 188 users. The results showed that the time at which the snack was obtained
did not have a relevant effect on the health of the snacks chosen. In contrast, unhealthy
background images seemed to encourage the choice of healthier snacks, thus showing that
environmental cues have a strong influence on consumers’ food choices. In another article,
Needham et al. (Contribution 4) developed a new comprehensive method for ranking
food retail environments. This method was tested with the aim of assessing its influence
on obesity in a total of 47,245 users. The results obtained showed that increasing access
and availability to a diverse range of food outlets, particularly healthy foods, improves
consumer health.

Permatasari et al. (Contribution 5) investigated the relationship between the consump-
tion of a typical Asian food, edible bird’s nest (EBN), and the development of metabolic
diseases. This study involved three approaches: in silico, in vitro, and in vivo molec-
ular docking simulations in rats fed with cholesterol- and fat-rich diets. Interestingly,
in vivo studies revealed significant improvements in the lipid profile, blood glucose lev-
els, enzyme levels, and inflammatory biomarker levels in rats given a high-dose dietary
supplement of EBN. Additionally, dietary supplementation with high-dose EBN increased
peroxisome-proliferator-activated receptor-gamma coactivator and reduced β-hydroxy
β-methylglutaryl-CoA reductase. Based on these results, EBN may be a potential functional
food for people with metabolic syndrome (MS).

Zand et al. (Contribution 6) investigated the effect of the long-term exposure
(30 and 90 days) to a commonly used artificial food coloring agent (tartrazine) in mice. The
applied dose of tartrazine was termed the human equivalent dose for the acceptable daily
intake (ADI). After this intervention, the impact of tartrazine intake on the transcription
of epigenetic effectors, members of the DNA methyltransferase and histone deacetylase
families, was evaluated. The results revealed a significant upregulation of genes in the
analyzed organs in various patterns following tartrazine intake at the ADI.

Park and Liu (Contribution 7) examined the possible causal relationship between
noodle consumption and the risk of MS in adult populations from urban (58,701) and rural
(13,598) hospitals. In subjects with high noodle consumption, a higher caloric intake was
observed, with lower carbohydrate and higher fat, protein, and sodium intakes and lower
calcium, vitamin D, vitamin C, and flavonoid intakes. Together, these proportions indicate
lower diet quality. The glycemic index and glycemic load of daily meals were much greater
in the high noodle intake group than in the low noodle intake group. In conclusion, noodle
intake had a positive causal association with MS in Asian adults.

Nurkolis et al. (Contribution 8) investigated the potential effects of an aqueous extract
of Caulerpa racemosa (AEC) on markers of cardiometabolic syndrome and modulation of
the gut microbiome in mice fed a cholesterol- and fat-enriched diet. The administration
of high doses of AECs improved blood lipid and glucose profiles and reduced the levels
of several markers of endothelial dysfunction. In addition, a correlation between specific
gut microbiomes and biomarkers associated with cardiometabolic diseases was obtained.
In vitro assays revealed the antioxidant properties of AECs, while in vivo assay found that
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AEC intake contributed to the management of MS through the regulation of oxidative stress,
inflammation, and endothelial function and the modulation of the gut microbiota (GM).

To investigate the association between the GM and body weight, Sinisterra-Loaiza
et al. (Contribution 9) evaluated the dietary intake of 108 individuals with different weight
statuses and analyzed their GM profiles to determine their GM composition and func-
tionality, as well as their associations with BMI and diet. Correlation analysis revealed
that adequate nutritional recommendations for fiber were associated with increased abun-
dances of Prevotella copri, Faecalibacterium prausnitzii, Bacteroides caccae, and Roseburia faecis,
which, together, can be considered an improvement in the GM profile. Benefits were also
found at the GM level when subjects ingested amounts of monosaturated fatty acids within
current recommendations.

This Special Issue also included a total of five review articles which, like the experi-
mental articles, covered a wide variety of topics. Martino et al. (Contribution 10) reviewed
nutrient-driven epigenetic alterations induced by miRNAs derived from food absorbed into
the circulatory system that potentially contribute to the modulation of health and disease.
The results showed that the absorption of foods carrying exogenous miRNAs modifies
redox homeostasis and inflammatory conditions underlying pathological processes, such
as type 2 diabetes mellitus (T2D), insulin resistance, MS, and cancer.

Padhani et al. (Contribution 11) reviewed five studies covering 3387 participants
that evaluated the effectiveness of specially formulated foods (SFFs) compared to non-
food-based approaches for managing malnutrition in children >6 months old. The main
conclusion of the review is that SFFs may be a useful tool that can be beneficial for children
with moderate wasting, which occurs on a frequent basis in humanitarian contexts.

López-Santamarina et al. (Contribution 12) reviewed the effects of the work envi-
ronment on the composition and functionality of workers’ GM, focusing especially on
unconventional work schedules and environments. They also analyzed whether probiotic
supplements, through modulation of the GM, can moderate the effects of sleep disturbances
on the immune system, as well as restore the dysbiosis caused by unusual work schedules.
The results showed that rotating shift work is associated with an increased risk of various
metabolic diseases, such as obesity, MS, and T2D. In addition, sleep disturbances induce
both physiological and psychological stress responses and alter the healthy functioning of
the GM, thus triggering an inflammatory state.

Nelson and Stice (Contribution 13) reviewed neural vulnerability factors that increase
the risk of unhealthy weight gain. In conclusion, their review found potential to create novel,
comprehensive, multicomponent intervention approaches that address all components
of the contextualized neural vulnerability model of obesity. Understanding unique risk
pathways may also create opportunities to personalize prevention efforts by identifying
combinations of risk factors and tailoring intervention components to the unique needs of
the individual.

Finally, Ezzatpour et al. (Contribution 14) reviewed the potential effect and influence
of the gut virome, which interacts with the bacterial microbiota. The effectiveness, applica-
bility, and potential of virome-rectification-based therapies for different diseases, including
metabolic diseases, were also investigated. As the main conclusion of this review, stool
metagenomic investigations should include the identification of bacteria and phages, as
well as their correlation networks, to better understand gut microbiota activity in metabolic
disease progression.

Author Contributions: Writing—original draft preparation, A.d.C.M.P.; writing—review and editing,
J.M.M.L. All authors have read and agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Malnutrition is a common and serious issue that worsens patient outcomes. The effects
of dietary provision on the clinical outcomes of patients of different nutritional status needs to be
verified. This study aimed to identify dietary provision in patients with eaten quantities of meal
consumption and investigate the effects of dietary provision and different nutritional statuses defined
by the GLIM criteria on clinical outcomes based on data from the nutritionDay surveys in China. A
total of 5821 adult in-patients from 2010 to 2020 were included in this study’s descriptive and Cox
regression analyses. Rehabilitation and home discharge of 30-day outcomes were considered a good
outcome. The prevalence of malnutrition defined by the GLIM criteria was 22.8%. On nutritionDay,
51.8% of all patients received dietary provisions, including hospital food and a special diet. In
multivariable models adjusting for other variables, the patients receiving dietary provision had a
nearly 1.5 higher chance of a good 30-day outcome than those who did not. Malnourished patients
receiving dietary provision had a 1.58 (95% CI [1.36–1.83], p < 0.001) higher chance of having a good
30-day outcome and had a shortened length of hospital stay after nutritionDay (median: 7 days, 95%
CI [6–8]) compared to those not receiving dietary provision (median: 11 days, 95% CI [10–13]). These
results highlight the potential impacts of the dietary provision and nutritional status of in-patients on
follow-up outcomes and provide knowledge on implementing targeted nutrition care.

Keywords: dietary provision; GLIM criteria; hospitalized patients; nutritionDay; nutritional status

1. Introduction

Hospital malnutrition has been gaining attention due to its increased incidence. Mal-
nutrition may be related to in-patients’ disease stage, economic situation, or other health
problems [1–3]. China has participated in the nutritionDay initiative to fight malnutrition
in hospital settings since 2010 [4]. nutritionDay is an annual single-day, multinational,
cross-sectional audit with 30-day follow-up outcomes [5,6]. With the inspirational global
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call to action and increasing awareness of malnutrition, the voluntary participation of
hospitals in nutritionDay has been expanding. The Chinese nutritionDay Working Group
has been established for 10 years and concentrates on real-world studies of in-patients’
nutritional status and nutrition intake.

The early identification of malnutrition, followed by timely and appropriate inter-
vention, can significantly improve clinical outcomes and benefit in-patients [1,7,8]. To
promote the global use of standardized diagnostic criteria, the Global Leadership Initiative
on Malnutrition (GLIM) developed a two-step approach of risk screening and diagnostic
assessment to identify malnutrition [9]. The GLIM considered reduced food intake as one
of the etiologic criteria for malnutrition. In addition, nutrition intake, including dietary
provision and artificial nutrition, is more complicated during nutrition management.

On the one hand, dietary provision is the basis of medical interventions focusing on
patients’ daily lives [10]. As reported in previous studies, dietary sources of omega-3 fatty
acids were recommended instead of supplements in patients with ulcerative colitis [11];
plant-based diets were associated with decreased risk of metabolic syndrome [12,13]; a
higher frequency of maternal Mediterranean-style diet was associated with a lower likeli-
hood of neurodevelopmental disabilities in offspring [14]. On the other hand, artificial nu-
trition should be properly provided to supplement daily metabolic nutrition requirements,
particularly in malnourished patients with inadequate dietary intakes [15,16]. However,
previous studies on China nutritionDay surveys in single years have highlighted an inappro-
priate level of nutritional therapy and indicated that patients who needed artificial nutrition
were associated with a prolonged length of hospital stay (LOS) [4,17]. Therefore, more
attention should be paid to whether adequate food or diet is available in daily nutritional
care, especially in malnourished patients. Although the meal consumption of in-patients
on nutritionDay was revealed to be negatively associated with mortality [18], evidence on
the effect of dietary provision with meal intake is limited [5,18]. Moreover, the effects of
dietary provision and different nutritional status on clinical outcomes remain unknown.

Therefore, based on data from the nutritionDay surveys in China, the present study
aimed to (1) identify dietary provision in patients with different quantities of meal consump-
tion and (2) investigate the effects of dietary provision and different nutritional statuses
defined by the GLIM criteria on clinical outcomes.

2. Materials and Methods

2.1. Study Population

By the end of 2020, 20 Chinese tertiary referral hospitals had participated in the
multicenter nutritionDay study. In-hospital patients (excluding patients in the ICU) were
prospectively registered for the survey day every November. Patients were excluded if
they were under 18 years of age or had missing information on age or the majority of items;
participating departments with less than 80% of 30-day outcome records were also excluded
(Figure 1). The nutritionDay project was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of
the Medical University of Vienna (EK407/2005). In accordance with national regulations,
this study was also approved by the Ethics Committee of the Jinling Hospital (a Chinese
host hospital) and amended annually (approval code 2022DZKY-067-01; date of approval
22 June 2022). All patients provided signed informed consent and were informed of their
right to refuse to participate before the survey.
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Figure 1. Flowchart describing the selection of study subjects (2010–2020 nutritionDay in China).

2.2. Data Collection

Patient nutritional status and clinical outcomes from 2010 to 2020 were obtained
from the nutritionDay dataset of China. Data were collected separately through standard-
ized questionnaires from the nutritionDay website https://www.nutritionday.org/en/-35-
.languages/languages.html (accessed on 2 February 2024) for each survey year, categorized
into three parts. Part 1 reflected the general situation of the hospital and unit. Part 2
described the patients’ characteristics, the clinical information, and the outcome recorded
by clinical staff. Part 3 consisted of medical history, nutrition intake, and health status
from the patient’s perspective. Patients reported their mobility, weight change, food intake
history, and meal consumption on nutritionDay, while hospital staff (including caregivers
and health care professionals) reported on patient demographics, nutritional provision,
and 30-day clinical outcomes. In the present study, nutritional provision was classified
as dietary provision (regular hospital food, fortified/enriched hospital food, and special
diet), non-dietary provision (protein/energy supplement, enteral nutrition, and parenteral
nutrition), as well as multi-form of food and artificial nutrition.

2.3. Nutritional Status Evaluation

Nutritional risk and malnutrition were evaluated through questions regarding weight
loss, disease condition, and dietary intake in the nutritionDay questionnaires. Risk screen-
ing was assessed using the Malnutrition Universal Screening Tool (MUST) [19], which
has been extended to hospital settings because of its validity, as supported by previous
studies [20–22]. The MUST score (Supplementary Table S1a) was calculated based on the
patient’s BMI, weight loss, and acute disease effects. A total MUST score of ≥1 is defined
as nutritionally at-risk.

Nutritional status was evaluated according to the GLIM criteria [9] for malnutrition.
The GLIM system relies on the presence of nutritional risk as the basis for diagnosing
malnutrition, including the presence of at least one phenotype (unintentional weight
loss, low BMI, or reduced muscle mass) and one etiologic criterion (reduced food in-
take/assimilation or disease burden/inflammatory condition). In this study, the phenotypic
criteria were derived from the patient’s weight loss and BMI, and the etiologic criteria
were assessed from information about food intake in the week before admission or on the
survey day and diagnosis at admission or presence of chronic disease-related comorbidities
(Supplementary Table S1b) [23].
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2.4. Outcomes

The 30-day outcomes were dichotomized as good or poor according to the outcome
codes in the nutritionDay survey. Rehabilitation and home discharge were considered
a good outcome, and the remaining outcomes, including still in the hospital, transfer to
another hospital, transfer to long-term care, and death, were considered poor outcomes.
The LOS before and after the nutritionDay were calculated for each patient. The clinical
outcome parameters in this study mainly focused on the good 30-day outcome.

2.5. Statistical Analysis

Patient characteristics were analyzed using descriptive statistics. Continuous variables
not normally distributed were expressed as a median with interquartile range (IQR), while
categorical variables were expressed as counts and percentages. We used the Wilcoxon
rank sum test, Chi-square test, or Fisher’s exact tests to compare differences between
different groups divided by clinical outcomes or nutritional status where appropriate
(Supplementary Tables S2 and S4). Among these, significant variables with p < 0.05
and the variables of sex and surgical status [18] were further analyzed to evaluate their
association with good 30-day outcomes using Cox regression analysis individually. If
significant (p < 0.05), these variables were included in three multivariable Cox regression
models of dietary provision and malnutrition diagnosis associated with a good 30-day
outcome. Model I was used to identify the association between dietary provision and
good outcomes, adjusted for departments, survey year, hospital location, sex, BMI, weight
change within the last 3 months, major lesion types, comorbidity, food intake in the previous
week, eating on nutritionDay, previous ICU stay, mobility, self-rated health, surgical status,
LOS before nutritionDay, and number of drugs before admission. Model II was used to
identify the association between GLIM-defined malnutrition and good outcome, adjusted
for departments, survey year, hospital location, sex, previous ICU stay, mobility, self-rated
health, surgical status, LOS before nutritionDay, dietary provision, and the number of drugs
before admission. Model III was used to identify the association between malnutrition
diagnosis and dietary provision and good outcomes, adjusted for departments, survey year,
hospital location, sex, previous ICU stay, mobility, self-rated health, surgical status, LOS
before nutritionDay, and the number of drugs before admission. Cumulative incidence
curves of good 30-day outcomes were plotted for dietary provision and different nutritional
status categories defined by the GLIM criteria. Log-rank tests were used to compare the
differences between groups. These results were expressed as median or hazard ratios
(HR) with their 95% confidence intervals (CI). Statistical analyses were performed using R
version 4.2.1. Statistical significance was set at a p-value < 0.05.

3. Results

3.1. Demographic Characteristics of the Hospitalized Patients

As presented in Table 1, a total of 5821 in-patients from 20 hospitals within various
departments were analyzed in this study. Of the total subjects, 40.4% were female, the
median age was 58 years (IQR 45–67), and the median BMI was 22.8 kg/m2 (IQR 20.2–25.2).
Approximately 30.9% of all patients were surgical patients. Weight loss in the previous
three months was reported by 2246 patients (38.6%). Approximately 19.8% of all patients
reported less than half of normal food intake in the previous week. On nutritionDays,
dietary provision (in the form of food or diet) was given to 3015 in-patients (51.8%), the
majority of whom received hospital food (n = 2699, 46.4%). Screening identified 33.1% of
patients who are nutritionally at-risk according to the MUST (MUST score ≥ 1, n = 1924),
and malnutrition based on the GLIM criteria was diagnosed in 1328 patients (22.8%).
The median LOS after nutritionDay was 6 days (IQR 3.0–12.0). A good 30-day outcome,
including rehabilitation and home discharge, was recorded in 5093 (87.5%) patients.
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Table 1. Demographic data of hospitalized patients, n = 5821.

Median (IQR) or n (%)

Age, years, median (IQR) 58.0 (45.0–67.0)
Sex [female/male/unknown, n (%)] 2352 (40.4%)/3461 (59.5%)/8 (0.1%)

BMI, kg/m2, median (IQR) 22.8 (20.2–25.2)
BMI < 18.5 kg/m2, n (%) 710 (12.2%)
Surgical patients, n (%) 1797 (30.9%)

Weight loss within the last 3 months, n (%) 2246 (38.6%)
Less than half of normal food intake in the previous

week, n (%) 1152 (19.8%)

Dietary provision
[hospital food/special diet/both, n (%)]

3015 (51.8%)/
2699 (46.4%)/239 (4.1%)/77 (1.3%)

Full meal eaten on nutritionDay, n (%) 2173 (37.3%)
Full meal not eaten on nutritionDay, n (%) 3372 (57.9%)

Full meal not eaten due to not being allowed to eat, n (%) 968 (16.6%)
Full meal not eaten due to decreased appetite, n (%) 930 (16.0%)

At risk of malnutrition defined by MUST, MUST ≥ 1, n (%) 1924 (33.1%)
Malnutrition defined by GLIM, n (%) 1328 (22.8%)

LOS after nutritionDay, days, median (IQR) 6.0 (3.0–12.0)
Good 30-day outcome, n (%) 5093 (87.5%)

IQR, interquartile range; BMI, body mass index; LOS, length of stay in hospital; MUST, Malnutrition Universal
Screening Tool; GLIM, Global Leadership Initiative on Malnutrition.

3.2. Dietary Provision with Meal Consumption on nutritionDay

Notably, the percentage of patients receiving dietary provision and who consumed
a meal on nutritionDay were not equivalent: although 51.8% of all in-patients received
dietary provision, only 37.3% of patients finished their meals. The main reason for patients
eating less or nothing was that they were not allowed to eat (n = 968, 16.6%), followed by
decreased appetite (n = 930, 16.0%) (Table 1). Dietary provision, including hospital food
(46.4%), special diet (4.1%), and a combination of the two (1.3%), was the main source
of nutritional provision for patients, whereas patients without dietary provision mainly
received artificial nutrition (23.2%) and nothing else (3.3%). In patients who self-reported
eating a full meal, 71.0% received dietary provisions. However, in patients eating nothing
but who were allowed to eat, nearly 30% received no dietary provision, which increased to
70.3% in patients eating nothing due to not being allowed to eat (Table 2).

Table 2. Nutritional provision and meal consumption on nutritionDay.

Eating on
nutritionDay

n Type of Nutritional Provision (Row Percentages)

Food/Diet

Multi-form of
Food and
Artificial
Nutrition

No Food/Diet Unsure/
Missing

Hospital food
(regular and

fortified/enriched
hospital food)

Special
diet

Multi-form of
food and diet

Artificial
nutrition a Nothing

All 5821 46.4% 4.1% 1.3% 10.5% 23.2% 3.3% 11.2%
Eaten all 2173 64.5% 4.8% 1.7% 10.3% 8.2% 2.0% 8.4%

Eaten half 1176 56.5% 5.6% 1.9% 12.9% 12.3% 2.9% 7.8%
Eaten quarter 558 37.8% 6.1% 1.8% 17.2% 26.5% 2.0% 8.6%

Eaten nothing but
allowed to eat 721 36.9% 3.6% 1.0% 8.7% 25.2% 4.7% 19.8%

Eaten nothing due
to not being

allowed to eat
917 9.9% 0.5% 0% 5.1% 63.8% 6.5% 14.1%

Missing data 276 23.2% 1.1% 0% 11.6% 40.6% 2.9% 20.7%
a Artificial nutrition includes protein/energy supplements (e.g., ONS drinks), enteral nutrition, and parenteral nutrition.
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3.3. GLIM Diagnostic Flow Chart with Dietary Provision and Good 30-Day Outcome

A diagnostic flowchart of the GLIM criteria regarding dietary provision and good
30-day outcomes is presented in Figure 2. In terms of dietary provision, more than half of
the non-malnourished patients received food/diet, whereas 41.7% of the malnourished
patients did not receive dietary provisions. Furthermore, of the patients with GLIM-defined
malnutrition (n = 1328, 22.8%), 85.5% of the 455 patients with dietary provision had a good
outcome, whereas 72.2% of the 554 patients without dietary provision had a good outcome.
In contrast, in the 2249 non-malnourished patients with dietary provision, the frequency of
a good outcome increased to 91.9%.

Figure 2. GLIM diagnostic flowchart with dietary provision and good 30-day outcome. MUST,
Malnutrition Universal Screening Tool; GLIM, Global Leadership Initiative on Malnutrition.

3.4. Dietary Provision and Malnutrition Diagnosis Associated with Good 30-Day Outcome

Cox regression models were used to determine the association of dietary provision
and malnutrition diagnosis with a good 30-day outcome (Table 3). In the univariate
analysis shown in Supplementary Table S3, the HR for a good 30-day outcome was 1.55
(95% CI [1.45–1.66], p < 0.001) for patients with dietary provision, compared with patients
not receiving food/diet. Similar trends between patients with dietary provision and a
good 30-day outcome were also found in the multivariable analyses of model I (HR 1.47,
95% CI [1.35–1.60], p < 0.001) and model II (HR 1.49, 95% CI [1.38–1.61], p < 0.001). Model
II revealed a negative relationship between malnutrition defined by the GLIM criteria
(HR 0.83, 95% CI [0.77–0.89], p < 0.001) and a good 30-day outcome. However, when
malnutrition combined with dietary provision was included in model III, it was found that
compared with malnourished patients without dietary provision, malnourished patients
receiving food/diet (HR 1.58, 95% CI [1.36–1.83], p < 0.001), malnourished patients receiving
multi-form of food and artificial nutrition (HR 1.34, 95% CI [1.11–1.63], p = 0.003), and
non-malnourished patients receiving food/diet (HR 1.86, 95% CI [1.64–2.11], p < 0.001)
were significantly associated with increased good 30-day outcomes.
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Table 3. Cox regression models of dietary provision and malnutrition diagnosis associated with good
30-day outcomes.

Model I
Model II

(Including GLIM)

Model III
(Including Malnutrition

Diagnosis with
Dietary Provision)

Variable Category HR [95% CI] HR [95% CI] HR [95% CI]

Dietary provision No food/diet Reference Reference
Food/diet 1.47 [1.35–1.60] *** 1.49 [1.38–1.61] ***

Multi-form of food and
artificial nutrition 1.26 [1.13–1.41] *** 1.29 [1.16–1.43] ***

Unsure or missing 1.43 [1.28–1.60] *** 1.44 [1.29–1.61] ***

Malnutrition
defined by GLIM No Reference

Yes 0.83 [0.77–0.89] ***
Undefined 0.97 [0.88–1.08]

Malnutrition
diagnosis with

dietary provision

Malnutrition without
food/diet Reference

Malnutrition with food/diet 1.58 [1.36–1.83] ***
Malnutrition with multi-form
of food and artificial nutrition 1.34 [1.11–1.63] **

Non-malnutrition without
food/diet 1.29 [1.13–1.46] ***

Non-malnutrition with
food/diet 1.86 [1.64–2.11] ***

Non-malnutrition with
multi-form of food and

artificial nutrition
1.56 [1.33–1.81] ***

Model I: Multivariable analysis with individual variables included in nutritionDay questionnaires. Model II:
GLIM added to multivariable analysis without defined variables, including BMI, age, weight change within the
last 3 months, major lesion types, food intake in the previous week, eaten on nutritionDay, and comorbidity.
Model III: Malnutrition diagnosis with a dietary provision added to the multivariable analysis. All data are
presented as HR and 95% CI. ** p < 0.01, *** p < 0.001. HR, hazard ratio; CI, confidence interval; LOS, length of
stay in hospital; GLIM, Global Leadership Initiative on Malnutrition.

3.5. Cumulative Incidence of Good Outcome within 30 Days after nutritionDay

The good 30-day outcomes in patients with different nutritional status and dietary
provisions are visualized using cumulative incidence curves in Figure 3. Patients with
malnutrition defined using the GLIM criteria had a median LOS of 8 days after nutrition-
Day, whereas non-malnourished patients had a median LOS of 6 days after nutritionDay
(p < 0.001). Similar correlations can be observed for the association between dietary provi-
sion and good 30-day outcomes. Moreover, malnourished patients provided with food/diet
had a significantly shortened median LOS after nutritionDay compared with those not
receiving food/diet (7 days vs. 11 days, p < 0.001). Likewise, non-malnourished patients
receiving food/diet also had a significantly shortened median LOS after nutritionDay
compared with those not receiving dietary provision (5 days vs. 7 days, p < 0.001).
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(a) Patients assessed by the GLIM criteria (b) Dietary provision in patients 

LOS after nutritionDay: median (95% CI)  

Malnourished patients vs. Non-malnourished patients: 8 days (8–9) 
vs. 6 days (6–6), p < 0.001. 

LOS after nutritionDay: median (95% CI) 

Patients without food/diet vs. Patients with food/diet: 8 days (8–9) vs. 6 
days (5–6), p < 0.001. 

(c) Dietary provision in malnourished patients (d) Dietary provision in non-malnourished patients 

  
LOS after nutritionDay: median (95% CI)  

Malnourished patients without food/diet vs. Malnourished patients 
with food/diet: 11 days (10–13) vs. 7 days (6–8), p < 0.001. 

LOS after nutritionDay: median (95% CI) 

Non-malnourished patients without food/diet vs. Non-malnourished 
patients with food/diet: 7 days (7–8) vs. 5 days (5–6), p < 0.001. 

Figure 3. Cumulative incidence of good outcomes within 30 days after nutritionDay in patients with
different nutritional status and dietary provision. Missing data were excluded. Differences in the
median LOS after nutritionDay between groups were tested using the log-rank test. Shaded areas
indicate 95% CI. LOS, length of stay in hospital; GLIM, Global Leadership Initiative on Malnutrition;
CI, confidence interval.

4. Discussion

To our knowledge, this is the first study to focus on the 30-day outcomes of in-
patients in association with dietary provision and nutritional status as defined by the
GLIM criteria. The results showed that more than half of the patients participating in the
Chinese 2010–2020 nutritionDay cohort received dietary provision, especially in patients
who reported full meal consumption on nutritionDay. In the multivariable models adjusted
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for other variables, dietary provision was associated with increased good 30-day outcomes
compared to non-dietary provision, even in malnourished patients.

4.1. Dietary Provision with Meal Consumption on nutritionDay

In total, 62.3% of the patients in the Chinese cohort received dietary provisions with
any oral diet on nutritionDay compared with 80.9% and 74% in the analyses of Polish
results [24] and European data [5], respectively. Moreover, 58% of the patients in Chinese
hospitals did not finish their meals, compared with 55% in European hospitals [24]. How-
ever, 16.6% of patients who reported eating less in this sample were not allowed to eat, in
contrast to 5% of such patients in the European data [24].

The more patients that are allowed to eat and the more dietary provisions administered
by hospital staff, the greater number of patients who might at least have some food intake.
Among the patients who consumed their full meal on nutritionDay, about 71.0% received
dietary provision from hospital food and a special diet, similar to the rate of 75.7% reported
in the U.S. [18], but lower than that reported in European hospitals at 84% [5]. The higher
rate of dietary provision in Europe might be associated with sustainable nutrition policies
and practices [25–27].

Sustainable diets in nutrition policies are reflective of orientation and focus, engage-
ment styles, and modes of leadership [25]. Dietary provision during clinical nutrition
management requires careful collaboration across departments and good governance of
evidence [28] regarding comparable surveillance data on key indicators and their determi-
nants [26,27]. Evidence-based nutrition policy and approaches to evidence-based practice
require the cooperation of nutrition researchers, policymakers, and practitioners to build a
flexible scientific framework for dietary provision and monitor dietary intake systems [29].

A cross-sectional study of dietary intakes conducted by Bannerman indicated the
need for greater monitoring of patient food consumption [30]. As meal consumption on
nutritionDay is considered one of the etiologic criteria in the GLIM criteria assessed from
the nutritionDay survey [23], the frequency of dietary provision and clinical outcomes
in relation to different nutritional statuses defined by the GLIM criteria are of concern in
this study.

4.2. GLIM Diagnostic Flow Chart with Dietary Provision and Good 30-Day Outcome

Nutritional statuses of the 2010–2020 nutritionDay China cohort were systematically
evaluated using the GLIM criteria. In the first stage of the malnutrition diagnostic scheme,
we found that at least one of every three hospitalized patients was nutritionally at-risk,
similar to previous studies in Brazil (32.8%) [31] and Vietnam (30.1%) [32], using the MUST
as the risk screening tool. More than 20% of in-patients were defined as malnourished
using the GLIM criteria, consistent with a cross-sectional study in elderly in-patients [33]
and a reanalysis of a published prospective observational study [34]. However, the lowest
frequency of good 30-day outcomes among the clusters of patients was observed in mal-
nourished patients not receiving dietary provision, drawing attention to the association of
dietary provision and malnutrition diagnosis with good 30-day outcomes.

4.3. Dietary Provision and Malnutrition Diagnosis Associated with Good 30-Day Outcome

The positive relationship between dietary provision and good 30-day outcomes was
consistent in the univariate and multivariable analyses. In the multivariable models
adjusting for other variables, patients receiving dietary provision had a nearly 1.5 times
higher chance of obtaining a good 30-day outcome compared with those not receiving
dietary provision. Dietary provision may, therefore, promote improved clinical outcomes.
Moreover, compared with malnourished patients without dietary provision, malnourished
and non-malnourished patients receiving dietary provision had a nearly 1.6 to 1.9 higher
chance of achieving a good 30-day outcome, highlighting the potential impacts of dietary
provision on in-patients. Notably, observational studies such as the nutritionDay surveys
mainly show an association between dietary provision and good 30-day outcomes because
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some unmeasured factors, such as muscle mass and specific laboratory results [35–37],
may have improved the prognosis of less severely ill patients who could receive dietary
provision. Due to the potential prevention and treatment of dietary interventions on chronic
diseases [11–14], hospital staff should take into account the impact of nutrition provision
throughout medical care [38,39] on a good prognosis. This consideration could probably
affect the nutritional choices of in-patients [40], who could be encouraged to eat meals
with dietary provisions during hospitalization [41,42], especially among patients who are
allowed to eat.

4.4. Cumulative Incidence of Good Outcome within 30 Days after nutritionDay

In terms of good outcomes, the non-malnourished patients had a significantly short-
ened median LOS after nutritionDay of 2 days compared with the malnourished patients;
a similar trend was observed between the patients receiving and not receiving dietary
provision. However, when combined with nutritional status and dietary provision, the
malnourished patients receiving dietary provision had a significantly shortened median
LOS after nutritionDay of 4 days compared to those not receiving dietary provision. Ad-
ditionally, the non-malnourished patients receiving dietary provision had a median LOS
after nutritionDay of 5 days, which was significantly shorter than the non-malnourished
patients not receiving dietary provision. These findings reveal the importance of dietary
provision during hospital stays. Tailored dietary provision needs to be delivered precisely
while evaluating the nutritional status of in-patients to obtain better clinical outcomes [43].
Hospital staff should keep this in mind and carry it out flexibly as part of the nutrition
management process for patients [44], even though they are malnourished with poor meal
intake [45]. Specifically, the nutrition education framework should be created for patients,
and the availability of a dietary provision practice platform for healthcare professionals
should be increased in a benchmarking program designed for nutrition care [46,47].

4.5. Strengths and Limitations

The strengths of this study were that it validated the assessment of malnutrition
according to the GLIM criteria using a large number of in-patients from the first decade of
nutritionDay surveys in China and determined a relationship between dietary provision
and clinical outcomes that can be compared to findings from other studies. However,
several limitations in this study need to be noted. Firstly, observational data cannot
determine a causal relationship between dietary provision and clinical outcome in a cross-
sectional study. Secondly, the evaluations of nutritional status and intervention were based
on self-reported data from a single-day cross-snapshot survey and are, therefore, prone to
measurement errors due to a lack of periodic monitoring using objective measures, such
as muscle mass and laboratory data. Thirdly, this study included participating hospitals
that tend to be concerned about nutrition care, which might have introduced selection bias.
Fourth, the LOS after nutritionDay in this study was calculated and analyzed instead of
total LOS due to its length bias [6]. Fifth, we dichotomized the 30-day outcomes instead
of one of the specific outcomes in the nutritionDay survey. Additionally, the 30-day
clinical outcomes were limited. Further research on patients’ nutritional status would be
worthwhile, including more body composition information and biochemical evaluations
with long-term follow-up.

5. Conclusions

The results from nutritionDay surveys conducted in China from 2010 to 2020 provide
evidence on dietary provision and GLIM-defined malnutrition associated with the 30-day
clinical outcomes of in-patients. The results indicate a higher dietary provision in patients
who consumed a full meal on nutritionDay. Importantly, dietary provision was associated
with increased good 30-day outcomes compared to non-dietary provision, even in patients
defined as malnourished according to the GLIM criteria. These results highlight the
potential impacts of the dietary provision and nutritional status of in-patients on follow-up
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outcomes. Further nutrition care campaigns targeting specific dietary interventions are
needed to translate this knowledge into action.
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Abstract: Objective: The objective of this study was to evaluate the home food environment of
the elderly in Beijing and analyze its association with the body mass index (BMI) of the elderly,
as well as to provide recommendations for improving the home food environment for the elderly.
Methods: This study was conducted in Beijing, China, in 2019. The participants were 1764 elderly
individuals aged 65 to 80, recruited from 12 communities through a multistage stratified random
sampling method. The study involved the use of questionnaire surveys to gather data on participants’
demographics, the availability of various foods in their households, and their living conditions.
Socioeconomic status (SES) was evaluated based on their educational level, occupation, and income
level. Height and weight measurements were taken to calculate BMI. We conducted both univariate
analysis and multiple linear regression analysis to evaluate the relationship between the home food
environment and BMI. Results: A total of 1800 questionnaires were distributed, of which 1775 were
retrieved, resulting in a questionnaire recovery rate of 98.6%. Among these, 1764 questionnaires
were deemed valid, corresponding to a questionnaire validity rate of 99.4%. The participants had
a mean age of 69.7 ± 4.3 years old, over 40% of whom were overweight or obese. In terms of
low-energy/high-nutrient-density foods, the most readily available items were fresh vegetables
(95.6%), followed by coarse grains (94.1%), fresh fruits (90.4%), and dairy products (83.6%). Among
high-energy/low-nutrient-density foods, preserved foods were the most available (51.9%), followed
by salted snacks (40.6%), sugary beverages (28.2%), and fried foods (9.4%). Approximately 7.3% of
participants lived alone. Elderly individuals with higher SES had a lower BMI compared to those
with medium to low SES (25.9 vs. 26.5, 25.9 vs. 26.4, p < 0.05). Those living alone had a higher BMI
than those who did not (27.2 vs. 26.2, p = 0.001). After controlling for potential confounding variables,
older adults with high SES exhibited a BMI reduction of 0.356 kg/m2 (p = 0.001), whereas those living
alone exhibited an increase in BMI of 1.155 kg/m2 (p < 0.001). The presence of preserved foods at
home was linked to a BMI increase of 0.442 kg/m2 (p = 0.008). Conclusion: This study underscores
the significant impact of family SES, living conditions, and the availability of preserved foods on the
BMI of elderly individuals.

Keywords: home food environment; body mass index; BMI; older adults

1. Introduction

The world is experiencing a rapid aging phenomenon compared to the past. China
transitioned into an aging society in 2000 and currently hosts the largest population of
older adults (aged 60 and above) worldwide [1]. The population of individuals aged 65 and
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above in China had reached 210 million by the end of 2022, accounting for 13.5% of the total
population [2]. As the population ages, China has undergone a significant epidemiological
shift from infectious diseases to non-communicable diseases (NCDs). Overweight and
obesity are closely linked to increased morbidity from NCDs and cardiovascular disease
mortality [3]. In recent decades, Chinese residents have undergone a dietary transition
characterized by a move towards a diet rich in fats and energy but low in fiber [4]. Con-
currently, the issues of overweight and obesity have come to the forefront. Based on the
“Report on the Nutrition and Chronic Disease Status of Chinese Residents (2020)”, the rate
of overweight individuals aged 60 and above increased from 31.9% in 2012 to 36.6% in
2018, and the obesity rate rose from 11.6% to 13.6% [5].

The occurrence and development of obesity are influenced by various factors, includ-
ing genetic factors, dietary factors, environmental factors, etc. Among these factors, the
food environment, as one of the significant influencing factors of obesity, has received
increasing attention [6,7]. An ecological framework that illustrates the food environment
encompasses individual-level factors, the social environment, the physical surroundings,
and macro-level factors [8]. Given that people primarily store and consume food at home,
numerous factors within the home food environment have been correlated with dietary
behaviors and weight status. Globally, significant evidence has highlighted the associa-
tions between the home food environment and body mass index (BMI). However, there
is currently no unified concept of the home food environment [9]. Richard R. divides
the home food environment into three dimensions: political and economic environments,
sociocultural environments, and built and natural environments [10]. As per the AN-
GELO framework, the obesogenic home environment comprises four dimensions: physical,
economic, political, and sociocultural dimensions [11].

Researchers have extensively focused on the physical environment in the home,
namely, the availability of food as the primary aspect of the home food environment [12].
While many of these investigations have centered on children, a few have concentrated on
adults [12–15]. A study conducted among American adults revealed that a more diverse
availability of fruits and vegetables was linked to lower odds of overweight/obesity [12].
Emery reported that homes of obese individuals had a lower availability of healthy food
options in comparison to homes of non-obese individuals [13]. Gorin’s research sim-
ilarly revealed that overweight adults had a reduced presence of low-fat snacks and
fruits/vegetables but an increased presence of high-fat snacks compared to those with
normal weight [14]. In the case of overweight and obese women, the quantity of unhealthy
foods within the household was linked to the percentage of calories derived from fat [15].
Home food availability can serve as an effective target for interventions aimed at addressing
overweight and obesity.

Socioeconomic status (SES) also has an influence on obesity. A meta-analysis primarily
derived from studies conducted in developed countries revealed a correlation between
SES and obesity in the female population [16]. In countries with low and middle incomes,
individuals with higher SES are more likely to experience obesity [17]. Notably, none of
the studies mentioned above were centered on the Chinese population. An investigation
targeting Chinese children suggested a potential positive correlation between high SES and
childhood obesity [18]. Furthermore, numerous other facets of the home food environment
exhibit associations with obesity, including family size and structure, family members
dining together, and household dining rules [8,19]. However, there is limited research
focusing on these factors.

Currently, most studies in this area are centered on developed countries, with limited
studies conducted in China. The distinctive social and cultural context in China may exert
different effects on the correlation between the home food environment and the prevalence
of overweight and obesity, highlighting the need for more China-specific research to bridge
this knowledge gap. The influence of the home food environment may vary significantly
based on the dietary habits of specific subgroups. Given the reduced mobility of older
adults, their dietary habits and weight status might be more heavily influenced by their
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home food environment. While most studies have concentrated on children, research
on older adults in this regard is notably scarce. Given the increasingly pressing aging
demographic in China, prioritizing the health status of elderly individuals is of paramount
importance. The incompleteness of current findings, along with the absence of Chinese-
specific and older-adult-focused evidence, underscores the necessity for additional research.

In this study, we aimed to comprehensively characterize the home food environment
across three dimensions and analyze its association with BMI in the elderly population.
Ultimately, our goal was to provide insights and recommendations for the enhancement of
the home food environment, thereby improving the health of the elderly.

2. Materials and Methods

2.1. Study Design

Our study employed a cross-sectional design, encompassing both urban and suburban
areas of Beijing, China.

2.2. Participants

The participants were from a 2019 cross-sectional survey that focused on the dietary
behaviors and factors influencing older adults. The recruitment of participants took place
across 12 communities spanning 3 districts in Beijing. A total of 1800 questionnaires were
distributed, with participant numbers ranging from 117 to 181 individuals per community.
Participants included in the analysis met the criteria of providing complete information
on age and gender, in addition to undergoing accurate height and weight measurements.
Among these, 1775 were retrieved, resulting in a questionnaire recovery rate of 98.6%.
In total, 1764 questionnaires were deemed valid, yielding a questionnaire efficiency rate
of 99.4%.

Inclusion criteria for the study encompassed individuals who were between 65 and
80 years old, retired from employment, residing within a single community for at least two
years, and functionally independent. Individuals unable to consume food normally and
those with cognitive impairment were excluded from the study.

2.3. Sample
2.3.1. Sampling Method

We utilized a multistage stratified random sampling approach. Initially, the survey
targeted three districts: Haidian, Shunyi, and Miyun. These districts were selected to repre-
sent varying economic statuses and geographical locations within Beijing. Haidian District,
positioned in close proximity to Beijing’s city center, exhibited the highest level of economic
development, succeeded by Shunyi District and, finally, Miyun District. Subsequently,
in each district, one urban street and one suburban street were chosen. Following this,
two communities within each selected street were identified for study inclusion. Finally, a
random selection of older adults residing in each of the chosen communities participated
in the survey.

2.3.2. Sample Size Calculation

For sample size calculation, we utilized the obesity rate among older adults in
China from previous studies [20,21]. The sample size was determined using the formula
N = Z1−α/2

2 p(1 − p)/e2, where we set α = 0.05, Z1−α/2 = 1.96, and e = 0.03. The parameter
p denotes the estimated obesity rate among the elderly population in China, which is 0.15.

Considering that we investigated three districts and accounting for a 10% anticipated
dropout rate, the determined final sample size for validity was 1800 elderly participants.

2.4. Ethical Review

The study protocol underwent a thorough review and received approval from the
Peking University Biomedical Ethics Committee (approval code: IRB00001052-17112).
Adherence to the principles outlined in the Declaration of Helsinki was ensured throughout
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the study. Prior to their participation, all participants were furnished with an informed
consent form, and their voluntary commitment to engage in the study was obtained through
the act of signing the document. Subsequently, the researchers securely retained the written
informed consent from each participant.

2.5. Measurements
2.5.1. Participants’ Basic Information

Participant information was gathered via questionnaires, encompassing fundamental
details including address; gender; age; educational level; marital status; income; living
conditions; occupation; and habits related to exercise, smoking, and drinking. Please refer
to Supplementary S1 for the specific content of the questionnaire. The questionnaire was
completed individually, with the investigator and each participant filling it out in person.

The economic status of the community was determined based on the address partici-
pants filled out in the questionnaire and by querying the Beijing Statistical Zoning Code
and Urban Rural Classification Code (2018 Edition) [22]. In this document, all communities
in Beijing are coded. The code 111 represents urban areas, 112 represents suburban areas,
and 200 represents rural areas. In this study, all communities originated from urban and
suburban areas.

2.5.2. Home Food Availability

The questionnaire employed to assess home food availability was derived from a
previously published tool [23] and modified based on the results of expert consultation.
In this study, a list of eight food items was provided and categorized into two groups
based on their nutritional value and caloric density [19]. Among these, four are low-
energy/high-nutrient-density foods, which are recommended for sufficient intake in the
Dietary Guidelines for Chinese Residents, namely fresh fruits, fresh vegetables, dairy
products, and coarse grains; while the other four are high-energy/low-nutrient-density
foods, which should be consumed less or avoided, namely salted snacks, sugary beverages,
preserved foods, and fried foods. See Table 1 for details of each food item.

Table 1. Food items used to asses home food availability.

Food Item Concept and Examples

Fresh fruits Natural, fresh, unprocessed fruits, such as apples, bananas, strawberries,
watermelons, oranges, etc.

Fresh vegetables Natural, fresh, unprocessed vegetables, such as leafy vegetables, fresh beans,
rhizomes, melons, eggplant fruits, bacteria, algae, etc.

Dairy products A variety of dairy products, such as fresh milk, cheese, yogurt, butter, cream, etc.

Coarse grains Whole grains or cereals that have not been refined, including brown rice, quinoa,
barley, oats, millet, buckwheat, etc.

Salted snacks
A category of foods that are typically savory in taste and contain added salt or
salt-based flavorings, including potato chips, pretzels, popcorn, crackers, meat
snacks like beef jerky, etc.

Sugary beverages Drinks sweetened with various forms of sugar or sweeteners, including sodas,
fruit juices, energy drinks, sweetened teas, flavored coffees, etc.

Preserved foods Foods typically made by preservation with sugar or salt, including pickled
vegetables, salted fish, salted eggs, salted meat, etc.

Fried foods Various foods that are cooked by being submerged in hot oil or fat, such as French
fries, fried chicken, tempura, onion rings, etc.

To evaluate home food availability, participants were asked, “How frequently are the
following food items available in your home?” Participants provided responses using a five-
point scale, selecting from options including “always”, “most of the time”, “sometimes”,
“occasionally”, or “never”. These response frequencies were further categorized into two
groups: “high availability”, encompassing “always” and “most of the time”, and “low
availability”, including “sometimes”, “occasionally”, and “never” [23].
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2.5.3. Food Intake Information

The participants’ food intake information was collected through a questionnaire. This
questionnaire has been applied in many previous studies and proven effective [24–26]. In
the questionnaire, the participants were asked to answer the following question: “Have
you eaten this kind of food in the past three days?”. The food classification was based on
the balanced diet pagoda of Chinese residents: cereals, vegetables, fruits, animal meat,
fish and shrimp, eggs, milk and dairy products, beans and soy products, and oil and fat.
Foods outside these 9 categories, such as carbonated beverages, alcoholic beverages, coffee,
candy, etc., were not included in the survey. We only investigated whether the participants
had eaten these foods and did not consider the frequency and amount of food intake. The
answer options were classified as “yes” or “no”. For the 9 types of food we investigated,
if the answer was “yes”, 1 point was assigned; if the answer was “no”, 0 points were
assigned. The scores of the 9 food categories were summed to obtain the total DDS score.
The minimum score was 0, and the maximum score was 9.

2.5.4. Home Socioeconomic Status (SES)

In this study, we adopted the Programme for International Student Assessment (PISA,
2009) as a reference and integrated methods outlined in the published literature [27–29] to
compute the SES of older individuals within their home environments. The specific steps
are described as follows.

The initial step involved gathering data on the educational level, occupation, and
income level of the elderly via a questionnaire survey. Subsequently, values were assigned
to these data points. Educational level was graded in accordance with the criteria used
by PISA, with, for instance, 6 points assigned to primary school and 9 points for junior
high school. To determine occupation, we considered that the occupational classification
within the International Socio Economic Status Occupational Classification Index (ISEI), as
used by PISA, was not applicable to China. Consequently, we employed the occupational
reputation index developed by Chinese scholar Li Chunling. This index encompasses a total
of 161 occupations, each assigned a score ranging from 10.4 to 90 points [30]. Household
per capita income in RMB was categorized into discrete points, with “below RMB 2000”
earning 2 points, “RMB 2000~3499” earning 3.5 points, “RMB 3500~4999” earning 5 points,
“5000~6499” earning 6.5 points, “6500~9999” earning 10 points, and “over RMB 10,000”
earning 12 points.

The second step was to address missing values within the three variables. The follow-
ing principle was used to handle missing data: if two or more variable values were missing
within a sample, that sample was classified as missing data. In cases where only one
variable value was missing, we utilized the available values of the remaining two variables
to conduct regression estimation for the missing variable and subsequently replaced the
missing value.

The third step involved calculating the SES score. After transforming the three men-
tioned variables into standardized scores, we utilized principal component analysis to
calculate the SES through the application of the following formula: SES = (β1 × Z Edu-
cational level + β2 × Z Occupation + β3 × Z Income level)/εƒ. In this equation, β1, β2,
and β3 represent factor loads, while εƒ denotes the characteristic root of the first factor.
Participants’ total scores spanned from −2.89 to 2.98. Higher SES scores reflect a higher
objective socioeconomic status of participants’ families.

In this study, home SES was categorized into three groups based on SES scores: low,
medium, and high.
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2.5.5. Physical Measurement

The investigators received prior training. They conducted height and weight measure-
ments using standardized procedures and uniform instruments (RGZ-160; Suheng, Jiangsu,
China). Each participant was measured twice. Heights were recorded to the nearest 0.1 cm,
and weights were recorded to the nearest 0.1 kg.

For height measurement [31], participants assumed a barefoot, erect posture on the
altimeter’s floor, ensuring contact of their heel, sacrum, and shoulder blades with the
altimeter’s base. With the head held upright and eyes looking straight ahead, the upper
edge of the tragus and the lower edge of the orbit were aligned horizontally.

For weight measurement [31], participants wore as little clothing as possible and
assumed a natural stance at the center of the scale. Data were read once participants
achieved a stable stance.

2.6. Variables
2.6.1. Body Mass Index

After determining the mean height and weight, the BMI was calculated and expressed
in kg/m2 to describe the characteristics of the sample. According to The Dietary Guidelines
for Chinese Residents (2022) [32], we defined a BMI below 20.0 as underweight, the range
from 20.0 to 26.9 as normal weight, and a BMI above 27.0 as overweight or obese.

2.6.2. Home Food Environment Variables

Living conditions were grouped into “living alone” and “not living alone”. Socioe-
conomic status (SES) was classified into three categories: “high”, “medium”, and “low”.
Family food availability encompassed a total of eight food items, each classified as binary,
indicating “high availability” or “low availability”.

2.6.3. Confounders

Confounding variables in our study were identified through a comprehensive liter-
ature review and expert discussions. These included individual-level sociodemographic
characteristics, such as age, gender, and marital status. Additional behavioral factors were
also considered, such as exercise frequency, smoking and drinking habits, dietary diversity
score (DDS), and the economic status of the communities.

2.7. Statistical Methods

SPSS Statistics 20.0 (IBM Corp., Armonk, NY, USA) was used for statistical analyses.
Descriptive statistics were employed to examine participant and home food environment
characteristics. Measurement data are reported as mean and standard deviation, whereas
enumeration data are represented in terms of frequency and percentage.

We conducted a univariate analysis of BMI to compare the BMI of older adults with
different characteristics. We also used multiple linear regression analysis to investigate
the correlation between each home food environment variable and BMI. Model 1 included
solely the home food environment variables, while Model 2 incorporated confounders
including demographic characteristics, neighborhood socioeconomic level, and behavioral
factors. A significance level of p < 0.05 was considered statistically significant.

3. Results

3.1. Participant Characteristics

This sample was from the same study as our previously published article. As de-
scribed in our previous article, a total of 1800 questionnaires were distributed, of which
1775 were retrieved, resulting in a questionnaire recovery rate of 98.6%. Among these,
1764 questionnaires were deemed valid, corresponding to a questionnaire validity rate of
99.4%. Among the participants (n = 1764), the average age was 69.7 ± 4.32 years old, and
the male-to-female ratio was approximately 1 to 1.4. The mean BMI was 26.3 ± 3.50 kg/m2,
with over 40% of elderly individuals being overweight or obese. Participants were approx-
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imately evenly distributed between urban and suburban areas. Only 17% of the elderly
population reported smoking habits, and 24.7% consumed alcohol once a week or more. For
a more detailed overview of the participants’ basic information, please refer to Table 2 [33].

Table 2. Participant characteristics (n, %) [33].

Item Classification n %

BMI (kg/m2) Underweight: below 20.0 45 2.6
Normal: 20–26.9 950 53.8

Overweight and obese: 27.0 and above 769 43.6
Gender Male 730 41.4

Female 1034 58.6
Age 65–69 983 55.7

70–74 483 27.4
75–79 298 16.9

Marital status Unmarried 3 0.2
Married 1482 84.0

Widowed 260 14.7
Separated or divorced 19 1.1

Educational level
Higher education 190 10.8

Secondary education 1 923 52.3
≤Primary education 651 36.9

Income level (RMB) 2

≤2000 409 23.2
2000–3500 652 37.0
3500–5000 376 21.3

5000–10,000 223 12.6
≥10,000 24 1.4
Missing 80 4.5

Neighborhood socioeconomic
level

Urban 899 51.0
Suburban 865 49.0

Frequency of exercise Never 198 11.2
1–2 times per week 55 3.1
3–4 times per week 83 4.7
5–6 times per week 35 2.0

Every day 1387 78.6
Missing 6 0.3

Smoking No 3 1464 83.0
Yes 300 17.0

Drinking Once a week or more 436 24.7
Less than once a week 1325 75.1

missing 3 0.2
1 Including junior high school, senior high school, and various specialized secondary schools. 2 Per capita monthly
income of households in RMB. 3 “No” indicates never smoking or having quit smoking.

3.2. Home Food Availability

Among the four low-energy/high-nutrient-density foods, the highest to lowest avail-
ability was fresh vegetables (1686, 95.6%), coarse grains (1660, 94.1%), fresh fruits (1594,
90.4%), and dairy products (1475, 83.6%). Among the four high-energy/low-nutrient-
density foods, the availability, ranked from highest to lowest, was preserved foods (915,
51.9%), salted snacks (717, 40.6%), sugary beverages (498, 28.2%), and fried foods (165,
9.4%) (see Figure 1).
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Figure 1. The proportion of high and low food availability of different food items in the home.

3.3. Living Conditions

Among all participants, 7.3% lived alone (see Figure 2).

Figure 2. Proportion of older adults with different living conditions.

3.4. Univariate Analysis of BMI

The results of univariate analysis of BMI are presented in Table 3. The BMI of older
adults varied with SES. Subsequent pairwise comparisons revealed that elderly individuals
with high SES had lower BMI compared to those with medium to low SES (25.9 vs. 26.5,
25.9 vs. 26.4, p < 0.05). Older adults living alone exhibited higher BMI values compared
to those not living alone (27.2 vs. 26.2, p = 0.001). No significant differences in BMI were
observed among elderly individuals with either high or low availability of various foods in
their homes (p > 0.05).
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Table 3. Univariate analysis of BMI.

Variables Group n BMI t/F p

SES High 588 25.9 ± 3.4 5.403 0.005
Medium 588 26.5 ± 3.5
Low 588 26.4 ± 3.6

Living condition Living alone 128 27.2 ± 3.8 −3.237 0.001
Not living alone 1636 26.2 ± 3.5

Availability of fresh fruits High 1594 26.3 ± 3.5 −1.738 0.082
Low 170 25.8 ± 3.6

Availability of fresh vegetables High 1686 26.2 ± 3.5 1.392 0.164
Low 78 26.8 ± 3.7

Availability of dairy products High 1475 26.2 ± 3.5 1.019 0.308
Low 289 26.5 ± 3.4

Availability of coarse grains High 1660 26.3 ± 3.5 −0.960 0.337
Low 104 26.0 ± 3.3

Availability of salted snacks High 717 26.2 ± 3.5 1.080 0.280
Low 1047 26.4 ± 3.5

Availability of sugary beverages High 498 26.2 ± 3.5 0.446 0.656
Low 1266 26.3 ± 3.5

Availability of preserved foods High 915 26.4 ± 3.4 −1.772 0.076
Low 849 26.1 ± 3.6

Availability of fried foods High 165 26.5 ± 3.7 −0.783 0.433
Low 1599 26.2 ± 3.5

3.5. Association between Home Food Environment and BMI

After adjusting for potential confounding factors, our analysis revealed several note-
worthy correlations. Specifically, we observed a negative correlation between family SES
and BMI. Older adults with higher SES had a reduced BMI of 0.356 kg/m2 (p = 0.001)
when compared to those with lower SES. Furthermore, living condition emerged as a key
contributor, as older adults living alone experienced an elevation in BMI of 1.155 kg/m2

(p < 0.001) compared to their counterparts who did not live alone. Additionally, we found
that the availability of preserved foods was positively associated with BMI, indicating that
older adults with higher availability of preserved foods experienced an increase in BMI of
0.442 kg/m2 (p = 0.008) (see Table 4 for more details).

Table 4. Association between home food environment and BMI.

Variable
Model 1 1 Model 2 2

β SE p β SE p

SES −0.280 0.104 0.007 −0.356 0.108 0.001
Living condition 1.053 0.321 0.001 1.155 0.319 <0.001

Fresh fruits 0.865 0.297 0.004 -
Fresh vegetables −0.902 0.417 0.031 -
Dairy products - -
Coarse grains - -
Salted snacks - -

Sugary beverages - -
Preserved foods - 0.442 0.166 0.008

Fried foods - -

Note. SE: standard error. 1 Model 1 represents the unadjusted model, including solely the home food environment
variables. 2 Model 2 is adjusted for age, exercise frequency, smoking habits, and neighborhood socioeconomic
level. Covariates are not displayed in the table for conciseness.

4. Discussion

The home serves as the paramount food environment, as the majority of food storage,
preparation, and consumption occurs within its confines. Our findings indicate that diverse
factors of the home food environment might be linked to BMI among elderly individuals.
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According to our results, higher availability of preserved foods within the home was
associated with a higher BMI among older adults. In many regions of China, preserved
foods constitute an integral part of family diets, including items like preserved vegetables,
preserved meat, and preserved fish. Existing research evidence has suggested that frequent
consumption of preserved foods may be linked to various health issues, such as overweight,
obesity, hypertension, fatty liver, primary liver cancer, and upper gastrointestinal cancer [34–36].
A study involving civil servants aged 30 to 50 also identified frequent consumption of
preserved foods as a risk factor for overweight and obesity, while regular intake of fresh
vegetables was found to be a protective factor against these conditions [37]. Preserved
foods are typically characterized by their high salt content, and older adults may also
consume more grains when partaking in such foods, potentially leading to excessive energy
intake and an increase in BMI. Consequently, it is advisable to reduce the availability of
preserved foods in the home, placing a stronger emphasis on consuming fresh vegetables,
meat, and other fresh food items. However, it is worth noting that in this study, preserved
foods were not further categorized into subtypes like preserved meat, preserved vegetables,
or other preserved foods. Further research is warranted to determine which specific types
of preserved foods have a significant impact on BMI.

In this study, a high SES within the household was found to be associated with lower
BMI among the elderly. This finding aligns with previous research conducted in developed
countries [16] but contrasts with results observed in low-income countries [17]. It is
noteworthy that this investigation was conducted in Beijing, the capital of China, which is
known for its elevated economic status. To establish a more comprehensive understanding,
future research should encompass diverse regions within China. Interestingly, this outcome
contradicts prior findings in Chinese children [18], highlighting the potential variability
in the influence of SES on BMI across different population groups. This underscores the
need for more targeted research specifically focusing on the elderly to better elucidate
these dynamics.

Our study revealed that living alone is a contributing factor to increased BMI in older
adults—a finding consistent with prior research. In a study involving older Japanese
adults, the adjusted prevalence ratios for obesity (BMI ≥ 30.0 kg/m2) indicated that
men who exclusively dined alone had a ratio of 1.34 (1.01–1.78) if they lived alone and
1.17 (0.84–1.64) if they lived with others [38]. Additionally, a retrospective cohort study
conducted among university students identified living alone as a significant predictor
of weight gain and overweight/obesity [39]. Moreover, research involving children and
adolescents revealed that those participating in family meals at a frequency of at least
three times per week had an increased likelihood of maintaining a normal weight, with
a corresponding 12% decrease in the odds of overweight [40]. Individuals living alone
face fewer opportunities to dine with others. While intervening in older adults’ living
conditions can be challenging, encouraging communal eating rather than solitary dining is
a feasible behavioral intervention. Community kitchen tables and food delivery services
at the community level can serve as potential solutions. The Chinese government has
made commendable efforts to date to establish such facilities and services. However,
there remain shortcomings, including limited service variety, suboptimal service quality,
constraints in terms of site scale, and suboptimal site layouts [41–43]. It should be noted
that in this study, the sample size for individuals living alone was relatively small (7.30%),
which may have introduced a certain degree of bias. Moreover, the small sample size
may have affected the representativeness and generalizability of the results. Specifically,
for the population living alone, this limitation in terms of sample size could have led to
an overestimation or underestimation of the impact on BMI. Therefore, future research
should include a larger number of individuals living alone to validate our findings and to
more accurately investigate the relationship between living alone and BMI. Additionally,
given the potential bias introduced by the small sample size, we should exercise caution in
drawing conclusions.
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Our study contributes valuable insights to the growing body of evidence regarding
the possible impact of the home food environment among Chinese older adults. Although
our study found that SES and the availability of preserved foods have only a slight impact
on BMI, these findings are still meaningful. First, research has shown that even minor
weight loss, particularly for individuals who are overweight or obese, can reduce the risk
of chronic diseases such as cardiovascular disease and diabetes [44,45]. Second, the current
results provide an indication of potential trends, laying a foundation for future health
education and intervention measures. This research highlights specific target groups for
future health education and interventions, notably individuals living alone and those with
lower SES. Enhancing food availability within the homes of the elderly, with a particular
emphasis on addressing the presence of preserved foods, should be a priority. Achievement
of this goal can be facilitated through educational efforts targeting not only the elderly
themselves but also their families and peers; the government can play a pivotal role in
addressing this issue by implementing a range of measures. These measures may include
improving community kitchen facilities and delivery services; reducing the prices of foods
characterized by low energy and high nutrient density, such as fresh vegetables and fruits
and dairy products; and providing food vouchers for older adults, among other strategies.
The combined implementation of these measures can enhance the home food environment
for the elderly, ultimately contributing to better health outcomes in this demographic.
Additionally, this study offers directions for future research. Future studies should use
standardized research tools and methods to examine the home food environment, delving
deeper into the differences in food environments across different countries and their impact
on BMI and associated health risks.

Our study boasts several notable strengths across various aspects, including innova-
tion, variable measurements, sampling method, and statistical analysis [46]. (1) Insofar
as we know, this is a pioneering exploration investigating the correlation between the
home food environment and BMI among elderly individuals within the Chinese context.
Our research not only contributes empirical evidence on this association but also lays a
scientific foundation for policymakers in China. (2) Within the scope of this research, we
comprehensively considered various dimensions of the home food environment, encom-
passing physical, economic, and social aspects. (3) In our study, we employed standardized
procedures to measure participants’ height and weight directly, enhancing the accuracy
of BMI calculations compared to relying on self-reported data. (4) We imposed no restric-
tions on participants with existing health conditions or obesity, mitigating the potential
for selection bias in our sample. (5) Employing a multistage stratified random sampling
method, our study effectively addressed neighborhood self-selection bias. (6) Our statistical
model includes a wide array of potential confounding factors, encompassing demographic
characteristics such as age, gender, and marital status, as well as neighborhood socioeco-
nomic status and behavioral attributes like drinking, smoking, and exercise frequency. This
comprehensive approach enhances the robustness of our findings.

Several limitations are inherent in our study. To begin with, the geographical scope
was confined solely to the city of Beijing. Therefore, the findings may not be entirely
representative of China as a whole. Despite implementing a multistage stratified random
sampling method that encompassed diverse economic strata and geographic locations
within Beijing, the study predominantly reflects the conditions specific to this city. Given
that Beijing is characterized by a high level of economic development in China, our findings
may not be applicable to the broader Chinese context. Thus, it is essential to replicate our
findings in other regions, especially in cities with varying economic statuses. Secondly,
due to the constrained number of questions in our questionnaire, we included only eight
food items in our assessment. Four types of low-energy/high-nutrient-density foods are
recommended for adequate intake in the Dietary Guidelines for Chinese Residents, while
four types of high-energy/low-nutrient-density foods are advised to be consumed less
or avoided. In this study, we used categories rather than individual foods. Although
this made the food list less detailed, it also ensured that that important foods were not
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missed. Thirdly, in the complex home environment, we included indicators from only three
dimensions: availability of eight food categories, living conditions, and socioeconomic
status (SES). Future research should aim for a more comprehensive assessment by including
additional relevant factors. Moreover, there is a need for the development of authoritative
home food environment questionnaires tailored to different populations. Lastly, like many
studies in this field, our research employed a cross-sectional approach. Therefore, it is
important to emphasize that causal inferences should not be drawn from our findings.

5. Conclusions

Our study suggests that socioeconomic status (SES), living conditions, and the avail-
ability of preserved foods at home may potentially impact the BMI of older adults. However,
the complexity of this relationship necessitates a cautious and detailed approach in any
potential intervention measures or policy recommendations. Further research is advised
to build upon these preliminary findings, guiding effective and contextually appropriate
strategies to support the health of the elderly.
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Abstract: Research into the link between food environments and health is scarce. Research in this
field has progressed, and new comprehensive methods (i.e., incorporating all food retail outlets)
for classifying food retail environments have been developed and are yet to be examined alongside
measures of obesity. In this study, we examine the association and temporal trends between the food
environment and BMI of a repeated cross-sectional sample of the adult population between 2008
and 2016. Methods: Food retail data for 264 postal areas of Greater Melbourne was collected for the
years 2008, 2012, 2014, and 2016, and a container-based approach was used to estimate accessibility
to supermarkets, healthy and unhealthy outlets. Data on BMI for postal areas was obtained from
the Victorian Population Health Survey (n = 47,245). We estimated the association between the food
environment and BMI using linear mixed models. Results indicated that BMI increased as accessibility
to healthy outlets decreased by up to −0.69 kg/m2 (95%CI: −0.95, −0.44). BMI was lower with
high and moderate access to supermarkets compared to low access by −0.33 kg/m2 (−0.63, −0.04)
and −0.32 kg/m2 (−0.56, −0.07), and with high access to unhealthy outlets compared to low access
(−0.38 kg/m2: −0.64, −0.12) and moderate access (−0.54 kg/m2: −0.78, −0.30). Conclusion: Our
results show that increasing access and availability to a diverse range of food outlets, particularly
healthy food outlets, should be an important consideration for efforts to support good health. This
research provides evidence that Australia needs to follow suit with other countries that have adopted
policies giving local governments the power to encourage healthier food environments.

Keywords: food environment; public health nutrition; BMI; obesity; food retail

1. Introduction

The World Health Organization’s (WHO) Global Action Plan for the Prevention and
Control of Noncommunicable Diseases 2023–2030 has a target of halting the rise in the
prevalence of people with overweight and obesity by 2030 [1]. To achieve this, the plan
highlights the importance of strengthening the capacity of populations to make healthier
choices through providing supportive environments [1]. The food environment has the
potential to support healthier choices through different elements, including food access and
availability, promotion, labelling, and price [2–5]. The food retail environment (FRE), which
refers to the accessibility and availability of food retail outlets (i.e., where and what foods
can be obtained, respectively) within neighbourhoods, is a key focus for obesity prevention
efforts as they have the potential for sustained community-level impact [3–5].

The inclusion of policies that support promoting a healthier FRE is one approach
that would assist decision makers in planning healthier urban environments that support
healthy choices [2]. Guided by recommendations from the National Institute for Health
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and Care Excellence [6,7], Public Health England has included within the planning system
powers for local authorities to restrict planning permission for takeaways and other food
retail outlets in specific areas (i.e., near schools or in areas of deprivation and high obesity
prevalence) [8]. Using these planning powers, local authorities in North England have been
successful in decreasing the density of unhealthy food outlets (i.e., hot food takeaways) [9].
In Australia, little success has been achieved at the policy level to regulate the healthiness of
FRE. Commercial pressures and the absence of strong context-specific evidence to support
the need for policy are two barriers to FRE policy development [5].

Lack of investment in nutrition research in Australia may also explain some of the
evidence gaps in the link between FRE, diet, and health [10]. A systematic review of studies
examining the FRE in Australia identified only 13 of 60 studies (published between 2008 and
2019) that examined the association between the FRE and the prevalence of obesity [11–13].
The majority of studies take a narrow view, examining the FRE cross-sectionally and using
only measures of supermarkets or fast-food outlets to represent the FRE [11]. Research in
this field has progressed, and new comprehensive methods (i.e., incorporating all food
retail outlets) for classifying FRE have been developed and are yet to be examined alongside
measures of obesity [14].

The review also brought to the forefront the lack of longitudinal studies examining the
FRE alongside health measures [11]. Despite evidence of rapid change in the FRE over time
in Australia [15], of five Australian longitudinal studies examining the association between
healthy weight and the FRE, only one used time-sensitive measures of the FRE, examining
only the top 10 fast-food chains in association with BMI [16]. The remaining four used a
single measure of the FRE alongside longitudinal obesity-related measures [17–20]. Studies
that use measures of both obesity and the FRE over time have the potential to add value to
the research by demonstrating whether relationships remain consistent over time [11,21].

Therefore, this study sought to:

1. Examine the association between the FRE at the postal code level and the BMI of a
repeated cross-sectional sample of the adult population residing in those postal codes
at four time points (2008, 2012, 2014, and 2016);

2. Examine temporal trends at four time points over eight years in BMI across measures
of the FRE.

2. Materials and Methods

2.1. Design

This is a secondary analysis of data from a repeated cross-sectional sample of the
Victorian population and an audit of food outlets, both collected in 2008, 2012, 2014, and
2016. BMI data were obtained from the Victorian Population Health Survey (VPHS) [22].
The Victorian Department of Health’s Human Research Ethics Committee granted ethics
approval for the VPHS [23]. The lead author’s institution granted an ethics exemption for
the present study.

2.2. Study Region

The setting of the study is Greater Melbourne (Melbourne), Australia. Melbourne is
the capital city of Victoria and has experienced rapid population and urban growth at a rate
greater than any other Australian city [24,25]. Between 2008 and 2016, Greater Melbourne’s
population increased from 3.9 million to 4.9 million [24,25]. In 2016, 49% of the population
was male and 51% was female [25]. Children (aged 0–14 years) made up 18.3% of the
population, and people aged over 65 years made up 14%, with the median age of people
being 36 years [25]. The study area included 264 postcodes.

2.3. Victorian Population Health Survey

The VPHS is an annual cross-sectional telephone interview survey [23]. The VPHS
collects self-reported data on demographics, health status, behaviours, and risk factors [26].
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We used the 2008, 2011–2012, 2014, and 2017 expanded surveys, each including approxi-
mately 34,000 participants across Victoria [27].

2.4. Participants

The VPHS collects unidentified individual-level data on the health status of a random
sample of adults aged 18 years or more [28] using computer-assisted telephone interviews
(CATI) with sampling via random digit dialling [27]. The sample is stratified by local
government area (LGA), with a target of 426 interviews per LGA [29]. All data are self-
reported and stored within the CATI system [28]. The sampling frame has changed over
time to accommodate the increasing proportion of the population that does not have a
landline telephone (i.e., mobile-phone-only households) [23]. In 2008, 2012, and 2014, the
sampling frame only included landline numbers, whereas from 2015 onwards, a dual-
frame sampling design was utilised with randomly generated samples of both landline
and mobile phone numbers. Using this design, a larger proportion of persons likely to be
mobile-only users can be included in the survey [23].

Participants who lived in one of the 264 (excluding the CBD) residential postcodes
located in Melbourne in 2008, 2012, 2014, and 2017 were included in the study sample
(n = 47,245). The central business district (postcode 3000) was excluded as food outlet data
for this area was not collected.

2.5. Exposure Variables—Food Retail Environment
2.5.1. Data Collection and Definition of Measures

Food outlet data (food outlet name, type, and address) were extracted retrospectively
from hard copy business directories (Yellow and White Pages) for the years 2008, 2012,
2014, and 2016 to align with the available expanded population health data from the
VPHS. A copy of the Yellow Pages was not available for the year 2017. As such, food
outlet data from 2016 was used to represent food retail environment exposure variables
for 2017 VPHS participants (referred to as 2016 data from hereon). Melbourne’s central
business district has a very large number of food outlets, predominantly servicing workers
and visitors, and therefore was not collected [30]. The methods used to classify food
outlets have been described elsewhere [15]. In short, we adapted an Australian [31]
food outlet classification tool to classify outlets into one of 17 types [15] and allocated
a score representing healthiness using a 21-point scoring system ranging between −10
(least healthy) and +10 (most healthy) (Supplementary Table S1) [15,31]. Outlets were
classified as (1) healthy (healthiness score: +5 to +10), including supermarkets, fruiterers
and greengrocers, butchers, fish and poultry shops, and salad/sandwich/sushi bars; (2) less
healthy (healthiness score: −4 to +4), including cafes and restaurants (independent and
franchise), bakers, and delis; and (3) unhealthy (healthiness score: −10 to −5), including
fast-food outlets, independent takeaways, pubs, general stores, and specialty extra.

2.5.2. Geographical Area Level Definition

The addresses of the food outlets were mapped against the 2016 postal area (POA)
boundaries of the Australian Bureau of Statistics (ABS) [32]. Food outlet exposure mea-
sures (outlets per km2 and relative healthy food availability) were then calculated for the
264 postal areas that were entirely within Melbourne. In this study, the POA is considered
the ‘activity space’ in which the majority of food retail exposure and purchasing occurs [33].

2.5.3. Food Retail Environment Measures of Accessibility and Availability

We used the most common approach, referred to as the ‘container-based method’ or
‘statistical index approach’, to estimate food outlet accessibility [34,35]. In this method, the
number of food retail outlets within a geographic unit is summarised (e.g., the number and
total area of density within a specific geographic unit) [35]. The approach was selected due
to its suitability for comparison across regions and over time [34]. Using this method, the
FRE of each POA was characterised using four food retail accessibility measures (FRAMs)
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and a measure of relative healthy food availability (RHFA) [3,18]. FRAMS represent
accessibility defined as the number of food outlets within a POA (the container) per km2 for:
(1) supermarkets; (2) healthy; (3) less healthy; and (4) unhealthy outlets [14]. Supermarkets
were considered independently given that they account for the bulk of food retail purchases
(68% in 2019) in Australia [36]. Each FRAM measure was then categorised into three levels
(Table 1). Less healthy outlets and RHFA were used to inform typology (outlined below),
but their association with BMI was not assessed, as less healthy outlets are not considered
highly influential on health in the Australian literature [11], and RHFA alone does not
reflect the potential accessibility of outlets [37]. RHFA was calculated as the number of food
outlets classified as supermarkets, and fruiterers and greengrocers (as a proxy for healthy
food outlets) relative to the number of supermarkets, greengrocers plus fast-food franchise
and independent takeaway outlets (considered a proxy for unhealthy outlets) [3,18]. The
RHFA was categorised into four levels [18] (Table 1). The FRE of POAs was also classified
into nine typologies based on the FRAM measures and RHFA, following the approach
described by Needham et al. [14]. For POAs with zero food outlets, the FRAMS for the
Statistical Area 2 (i.e., suburbs and residential districts) in which the POA was located was
used to calculate ‘Typology’ [38,39].

Table 1. Classification of food retail environment accessibility measures.

Measures Classification

Relative healthy food
availability (RHFA)

Proportion healthy food
resources

Availability

No food retail *
≤25% Low

>25 to-≤50% Moderate
>50% High

Food retail accessibility
measures (FRAMs)

Count per km2 Access

Healthy, less healthy, unhealthy <1 Low
≥1 to <2 Moderate

≥2 High

Supermarkets <0.625 Low
0.625 to <1.25 Moderate

≥1.25 High

Food environment typology ** FRAMs *** RHFA Typology

Low ≤25% Low access—Low % healthy
Low >25% to ≤50% Low access—Moderate % healthy
Low >50% Low access—High % healthy

Moderate ≤25% Moderate access—Low % healthy
Moderate >25% to ≤50% Moderate access—Moderate % healthy
Moderate >50% Moderate access—High % healthy

High ≤25% High access—Low % healthy
High >25% to ≤50% High access—Moderate % healthy
High >50% High access—High % healthy

RHFA represents the percentage (%) of the food environment that is composed of healthy (supermarkets and
greengrocers) food outlets within each postal area boundary. * Postal areas with no food retail outlets were
classified into one of the RHFA categories using a measure of a larger geographical unit (Statistical Area 2).
** Food environment typology measures drawn from Needham et al.’s [14] cluster analysis of the food environment
data; these measures represent potential typology classifications that could be found in the data at the POA level.
*** Using a combination of FRAMs overall accessibility was defined as: ‘Low’ if all FRAMs were ‘Low’; ‘Moderate’
where ≥1 FRAMs were ‘Moderate’; and ‘High’ were ≥1 FRAM were ‘High’.

2.6. Outcome Measure and Potential Confounders

The outcome measure was BMI (weight (kg)/height2 (m2)) determined from VPHS
participant self-reported height and weight. Several potential confounders (age, gender,
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education, annual household income, and employment status) of the relationship between
FRE and BMI were considered based on previous literature [11] (Table 2). The variable
‘length of time the participant had lived in the current neighbourhood/area/council/local
government area (LGA)’ (categorical) was used as a proxy for duration of exposure to the
local FRE.

Table 2. Characteristics of the Greater Melbourne population sample from the Victorian Population
Health Survey (2008, 2011–2012, 2014, and 2017).

Year

Characteristics Categories
2008

(n = 12,526)
2012

(n = 11,246)
2014

(n = 11,760)
2017

(n = 11,713)

Age (%) 18–30 12.9 9.0 5.6 15.3
31–40 17.6 14.2 10.2 15.1
41–50 19.9 20.3 17.0 15.4
51–60 18.7 21.2 20.8 17.4
61–70 16.5 19.4 23.7 19.6
71+ 14.4 16.0 22.8 17.2

Gender (%) Male 39.8 40.5 41.9 47.1
Female 60.2 59.6 58.1 52.9

Education (%)
Primary school/some-high

school/other 27.2 21.9 20.7 14.8

Completed High
school/TAFE */trade 37.1 39.3 39.9 36.2

Tertiary 35.7 38.9 39.4 49.0

Household income (%) <$20,000 13.2 11.1 9.8 4.4
≥$20 to <40,000 17.1 15.3 17.0 16.4
≥$40 to <60,000 12.9 12.0 12.0 11.6
≥$60 to <80,000 11.6 9.7 8.8 9.3
≥$80 to <100,000 8.1 9.5 8.3 8.6

≥$100,000+ 19.8 25.3 18.3 32.8
Unknown/not reported 17.4 17.1 25.8 17.0

Employment status (%) Employed ** 55.6 56.1 49.2 58.0
Unemployed 3.1 3.4 3.3 3.7
Home duties 8.8 6.5 5.0 4.4

Student 3.3 3.1 2.4 3.8
Retired 25.7 28.2 37.0 26.8

Unable to work 3.4 2.6 2.7 2.7
Other 0.3 0.1 0.5 0.7

Length of time lived in (%)
neighbourhood/area/council/

local government area.

<5 years 27.3 17.4 17.3 32.2
5–10 years 18.2 17.9 15.9 14.7
10+ years 54.5 64.8 66.8 53.2

BMI mean
(standard deviation)

26.0 (5.3) 26.5 (5.3) 26.6 (5.2) 26.5 (5.4)

BMI = body mass index. * TAFE: technical and further education—courses in technical and vocational subjects.
** Regarding employment status, ‘employed’ reflects participants that were either employed, self-employed, or
reported ‘other-working’.

2.7. Statistical Analysis

Participants were assigned the FRE exposure measures calculated based on their
residential POA in the corresponding calendar year. Linear mixed models were fitted to
estimate the mean BMI of participants across exposure levels and study years. All models
included the year (categorical), the exposure measure (categorical), the interaction exposure
by year, and the potential confounders as fixed effects. The models also included POA as a
random effect. Where the interaction exposure by time was non-significant, Sidak-adjusted
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pairwise comparisons were reported between levels of each factor (exposure and year).
Stata version 15.0 was used for all statistical analyses.

3. Results

3.1. Food Environment Characteristics

Supermarket and healthy outlet accessibility was low for most POAs and decreased
over time. Almost half of the POAs had high access to unhealthy and less healthy outlets
in 2008, increasing across the study period. Of the nine potential typologies, seven were
identified across POAs. The two more frequent typologies were High access—Low %
healthy and Low Access—Low % healthy. Across study years, forty-three POAs had zero
food outlets in at least one of the years (2008: N = 38, 2012: N = 37, 2014: N = 31, 2016:
N = 31). Twenty-one SA2′s housed the forty-three POAs with zero food retail.

Supplementary Table S2 presents the proportion of POAs that are within each food
retail classification. Supplementary Table S3 presents the descriptive statistics for each FRE
typology. Supplementary Table S4 presents the proportion of participants within each FRE
measure classification.

3.2. Sample Characteristics

The four waves of the VPHS included 52,498 participants residing in Melbourne. Cases
were excluded due to missing data for height (n = 1585), weight (n = 3070), education
(n = 368), employment status (n = 134), or length lived in the local area (n = 44). A further
52 participants were excluded due to implausible height or weight measures, or where
BMI was extreme (BMI ≥ 70). The final analysis sample included 47,245 participants.
Characteristics of the sample are provided in Table 2.

3.3. Relationship between BMI and Food Retail Environment Measures

The mean BMI profile across the study period was the same for different levels of FRE
measures (Figure 1). Sidak-adjusted pairwise comparisons (p < 0.05) between exposure
levels and between years are reported in Figure 1a–d and Supplementary Tables S5 and S6.
There was a significant difference in mean BMI across levels of accessibility to healthy food
outlets, with BMI progressively increasing as accessibility to healthy outlets decreased
(Figure 1a). BMI was lower in areas with high access to healthy food outlets compared
to low access (−0.68 kg/m2, 95%CI: −0.94, −0.43) and moderate access (−0.34 kg/m2;
−0.60, −0.80); BMI was also lower in areas with moderate access compared to low access
(−0.34 kg/m2; −0.57, −0.12). BMI was lower for people living in POAs with high and
moderate access to supermarkets when compared to low access by −0.32 kg/m2 (−0.64,
−0.12) and 0.33 kg/m2 (−0.63, −0.04) (Figure 1b). BMI was lower in POAs with high access
to unhealthy outlets compared to low access (−0.38 kg/m2; −0.64, −0.12) and moderate
access (−0.54 kg/m2; −0.78, −0.30) (Figure 1c).

The mean BMI was significantly different across FRE typologies (Figure 1.d). BMI was
lower in POAs classified High access–Moderate % healthy (−0.73 kg/m2; −1.08, −0.39) and
High access–Low % healthy (−0.84 kg/m2; −1.2, −0.47) when compared to Low access–
Low % healthy. Mean BMI was also lower in High access–Low % healthy (−0.73 kg/m2;
−1.2, −0.27) and Moderate % healthy (−0.63 kg/m2; −1.08, −0.19) when compared to Low
access–Moderate % healthy. This was also the case when High access–Moderate % healthy
(−0.57 kg/m2; −0.94, −0.2) and High access–High % healthy (−0.67 kg/m2; −1.05, −0.29)
were compared to Moderate access—Low % healthy.
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Figure 1. (a–d). Mean body mass index over the period 2008–2016 across postal areas grouped
by food environment exposure variables. Mean BMI estimates and 95% confidence intervals were
obtained under linear mixed models including postal area as a random effect, and the food environ-
ment measure (healthy, supermarkets, unhealthy food outlets, and combined measure of all outlets
‘Typology’), year, interaction food environment measure by year adjusted by age, gender, education,
employment status, household income, and length of time lived in the local area. Only pairwise
comparisons where p ≤ 0.05 are reported. * Food environment typology reflects postcodes grouped
by similarities across relative healthy food availability (RHFA); and food retail accessibility measures
to supermarkets, healthy, less healthy, and unhealthy food outlets per km2. RHFA: represents the
proportion (%) of the food environment that is composed of supermarkets and greengrocers (as a
proxy for healthy food) from the sum of supermarkets, greengrocers, independent takeaway, and
fast-food franchise outlets within each postal area boundary. Body mass index (BMI) = weight
(kg)/height2 (m2)).
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3.4. Temporal Trends in BMI

The mean BMI of participants increased across all measures of the food retail en-
vironment over the study period by as much as 0.73 kg/m2 (0.51, 0.95) (Figure 1a–d,
Supplementary Tables S5 and S6).

4. Discussion

This study provides the first evidence of a temporal relationship between self-reported
BMI and the FRE. A lower BMI was consistently associated with higher access to super-
markets, healthy and unhealthy outlets over the 8-year study period. Using the combined
measure ‘typology’ demonstrated that over half of the postal areas had less than 25%
healthy outlets and that access tended to be similar (i.e., where access was high, it was high
for all outlets). Findings suggest that having more than 50% healthy outlets in low-access
POAs and more than 25% healthy outlets in moderate-access POAs may play some role in
facilitating the healthier weight of residents.

Our findings are consistent with earlier studies reporting a relationship between a
lower adult BMI and access to healthy outlets in Sydney, Australia [18]. In this study, a
higher BMI was associated with FRE, where unhealthy outlets made up more than 25%
of all outlets (healthy and unhealthy outlets) within 1.6 and 3.2 km from home [18]. For
children in Perth (Australia), decreasing BMI with increasing access to healthy outlets was
also reported, with every additional healthy outlet within an 800 m and 3 km buffer from
home corresponding with a reduction in risk of being overweight or obese by 19% and 2%,
respectively [40]. Our findings are also supported by earlier evidence that suggests good
access to supermarkets is associated with a lower BMI for adults, significant within 2 km
from home [41].

An inverse relationship between access to unhealthy outlets and BMI is also reflected
in earlier studies examining dietary behaviours among women, with results indicating
women reporting that they never consume fast food had a higher density and variety of
fast food near home in Melbourne (measured as proximity and density within 3 km) [42].
In this 2010 study, access to both fast-food and healthy outlets was highly correlated, and
increased fruit and vegetable consumption was also associated with increased access to
supermarkets and greengrocers [42]. Another earlier Australian study reported an inverse
relationship between the density of fast food near home (2 km) and healthy weight (BMI)
in both children and their male parent [43]. The finding that greater access to unhealthy
food is associated with a lower BMI should be interpreted with caution. Not least because,
evidence from other studies reports a positive association between unhealthy food access,
consumption, and unhealthy weight [19,44,45].

An explanatory pathway as to why there is a relationship with a lower BMI where
healthy and unhealthy food outlets are more plentiful is that residents have fewer bar-
riers to accessing healthier food and a lower time–cost associated with purchasing food,
resulting in more time available for food preparation and a decreased reliance on un-
healthy convenience foods [46,47]. This is supported by qualitative studies that suggest
those with poor access to food retail develop adaptive shopping behaviours, purchasing
food in bulk and selecting products with a longer shelf life (i.e., fewer fresh items, more
non-perishable/frozen items), with car ownership and food insecurity further found to
accentuate these adaptive behaviours [47,48].

These findings highlight a need to further unpack the drivers of consumption patterns
and healthy weight from within the complex FRE using measures, like that used in our
study, that take into consideration the full breadth of food outlet types to examine the
potential confounding factors at play within the FRE.

4.1. Strengths

This is the first repeated cross-sectional study examining the relationship between
BMI and comprehensive longitudinal measures of the FRE alongside BMI. Our findings are
strengthened by removing potentially confounding variables, adjusting for socioeconomic
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differentials, and using a large, comprehensive, and representative sample. Despite some
reported discrepancies, correlations between self-reported and measured height and weight
were strong in adults (aged ≥ 45) [49].

4.2. Limitations

The duel-frame sampling design introduced in 2015 may have caused some variability
in sample selection over the study period [28]. While the VPHS aims to capture a representa-
tive sample of the population from each LGA, the differential self-selection of those willing
to participate in the survey cannot be ruled out. As a consequence, the samples may not
have been representative of the broader population, which may limit the generalizability of
the findings. We were also unable to account for other dynamic factors that could influence
BMI trends, such as population shifts in dietary preferences, economic conditions, or public
health campaigns that may have occurred over the study period. Self-reported height is
often overreported, and self-reported weight is often underreported, leading to an overall,
but likely uniform, underestimation of BMI [49]. De-identification of the VPHS data meant
that the geocoded location of each participant household was not available, and as such,
only broad measures of accessibility to food outlets (count per km2) within each POA could
be calculated. Our measure of access assumes food resources and people are evenly spread
across POAs; it is likely that food resources cluster around residential areas within POAs
and not all residents have the same accessibility. The use of POA in this sample and in
geographical research broadly can be subject to a modifiable areal unit problem [50], where
the size and shape of different areas can change the picture that the data conveys [50].
Finally, this study does not take into account FRE outside of the residential POA, such as at
work, school, or in transit, nor does it include other potential confounders such as physical
activity levels and available physical activity infrastructure or other neighbourhood char-
acteristics, or participants’ health conditions, which may also influence BMI [51]. While
the findings from this study do not imply causation, the comprehensive measures used in
the study at the residential POA level provide for a more accurate representation of FRE
exposure than reported in earlier studies, and the consistency of results at multiple time
points suggests there may be a relationship between population-level estimations of the
FRE and BMI.

4.3. Implications for Population Health Policy and Research

This study is of international significance to countries experiencing rapid population
growth and urban expansion, providing insight into the higher mean BMI of residents
in areas with lower accessibility to a diverse range of food outlets. Future research on
longitudinal health and anthropometric (i.e., weight and height) data from a large-scale
sample of the population, alongside comprehensive repeated measures of the FRE such
as in this study, would provide stronger evidence of the link between the FRE and health.
However, given the relationship between healthier BMI and high access to healthier food
retail outlets, the findings provide a rationale for policies that aim towards the development
of compact cities to support health and encourage increasing accessibility to healthier
(healthy and less healthy) food outlets over unhealthy outlets. For policy and planning to
gain traction, ‘health’ needs to be included as a consideration within planning legislation, a
central issue raised in an earlier study (December 2016 and August 2017), which undertook
interviews with government, non-government, and private stakeholders in Melbourne [52].
Evidence, along with international progress, supports incorporating standards into urban
planning guidelines that seek to encourage access to healthy outlets within 1 km of most
homes [53]. Where this is not economically viable, facilitating transport opportunities to
existing healthy food resources and investing in diverse healthy food retail opportunities
(e.g., healthy food delivery services or greengrocer pop-up stores) for residents, particularly
those without vehicle access, needs to be explored [48]. Results also suggest that having
unhealthy outlets make up no more than 25% of outlets in moderate-access areas and
no more than 50% in low-access areas may mitigate the effects of lower accessibility to
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food retail overall. Future research would benefit from understanding how individuals
interact with their FRE, their decision making around the use of one food retailer over
others, their purchasing patterns, and how this translates to actual dietary intake [5,40].
Finally, reliable longitudinal FRE data (i.e., routine monitoring) examining all food outlets
within neighbourhoods is needed; this will provide for further linkage opportunities with
population health data, which will support future research and decision making [11].

5. Conclusions

A consistent relationship exists between self-reported BMI and healthier FRE charac-
teristics. Our results show that increasing access and availability to a diverse range of food
outlets, particularly healthy food outlets, should be an important consideration for efforts
to support the evolution of healthy weight environments. This research provides evidence
that Australia needs to follow suit with other countries that have adopted policies that give
local governments the power to encourage healthier FRE. To further understand what the
moderators and mediators of healthy weight are from within the FRE, further exploration
into the lived experience of the FRE across geographic and socioeconomic differentials over
time is required.
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Abstract: Metabolic dysfunction, which includes intra-abdominal adiposity, glucose intolerance,
insulin resistance, dyslipidemia, and hypertension, manifests into metabolic syndrome and related
diseases. Therefore, the discovery of new therapies in the fight against metabolic syndrome is very
challenging. This study aims to reveal the existence of an edible bird nest (EBN) as a functional food
candidate that may be a new alternative in fighting metabolic syndrome. The study included three
approaches: in silico molecular docking simulation, in vitro, and in vivo in rats fed on cholesterol-
and fat-enriched diets. Four terpenoids of Bakuchiol, Curculigosaponin A, Dehydrolindestrenolide,
and 1-methyl-3-(1-methyl-ethyl)-benzene in EBN have been identified through LCMS/MS-QTOF. In
molecular docking simulations, Bakuchiol and Dehydrolindestrenolide are considered very potent
because they have higher inhibitory power on the four receptors (iNOS, ROS1 kinase, FTO, and
lipase) than standard drugs. In vitro tests also provide insight into the antioxidant, antidiabetic, and
antiobesity activities of EBN, which is quite feasible due to the smaller EC50 value of EBN compared
to standard drugs. Interestingly, in vivo studies also showed significant improvements (p < 0.05)
in the lipid profile, blood glucose, enzymatic levels, and inflammatory biomarkers in rats given
high-dose dietary supplementation of EBN. More interestingly, high-dose dietary supplementation of
EBN upregulates PGC-1α and downregulates HMG-CoA reductase. Comprehensively, it has been
revealed that EBN can be novel functional foods for combating metabolic syndrome.
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1. Introduction

Metabolic syndrome is a cluster of interrelated risk factors that reflect overnutrition,
sedentary lifestyles, and resultant excess adiposity [1]. It is characterized by a combination
of risk factors encompassing obesity, high blood sugar levels, insulin resistance, elevated
blood pressure, and non-HDL cholesterol [2,3]. It has been widely accepted that metabolic
syndrome significantly increases the likelihood of developing cardiovascular diseases
and diabetes mellitus [4]. About one-third of adults in the US have been reported to
suffer from metabolic syndrome [2]. Concerning obesity as a risk factor for metabolic
syndrome, the World Health Organization (WHO) stated that there were 650 million adults,
340 million adolescents, and 39 million children who were obese [5]. Today, obesity is
not even considered a disease of affluence anymore, according to a global survey, since
its prevalence has doubled in 73 countries and increased in other countries in the last
quarter decade, most of which were countries with low socio-economic index [6]. Since
environmental factors play an essential role in the development of metabolic syndrome,
adopting a healthy lifestyle is paramount to preventing its prevalence [7]. Therefore, eating
in a healthy manner could be adopted to support a healthy lifestyle that would prevent
metabolic syndrome, such as by consuming functional food.

Previously, the use of functional foods has been suggested as a potential therapeutic
option for treating metabolic syndrome, in particular with regard to its relation to obesity [8].
Edible bird nest (EBN), a renowned Asian delicacy derived from the saliva of swiftlets,
has been consumed in many parts of the world for its nutritional and medical values [9],
thus suggesting it to be a functional food. EBN is mainly produced in Southeast Asian
countries (mainly Indonesia, Thailand, and Malaysia) and has been culturally regarded
as a high-grade, expensive health food [10]. The nutritional content of EBN dry matter is
mainly constituted of protein (>50%), followed by carbohydrates (40–45%) and ash (5%)
with very little fat (<0.5%) [11]. Peptides are the most important protein components in
EBN, with the total essential amino acids appreciably greater than in other foods known
as sources of protein, such as eggs and milk [12]. Sialic acid is the major component of
carbohydrates in EBN (10%) besides mannose, glucosamine, galactosamine, galactose, and
fucose [13]. Studies focusing on metabolites such as terpenoids and their biological activity
from EBN are limited to date and need further exploration.

Several scientific studies have been conducted to explore the potential of EBN for
health promotion. Bioactive peptides and glycoproteins present in EBN are often consid-
ered to be the main compounds contributing to the health benefits of EBN [14]. Several
recognized health properties of EBN include anti-influenza virus, immunomodulatory,
antioxidant, anti-inflammatory, and anti-aging. In addition, EBN has been reported to
improve neurodegenerative and cardiovascular diseases [9]. With regard to metabolic
syndrome, EBN has been reported to prevent insulin resistance induced by a high-fat diet
in rats [15] and ameliorate atherosclerosis in hypercholesterolemic mice [16]. Hydrolyzed
bird nests had the potential to regulate pancreatic B-cell function and insulin signaling in
diabetic mice [17].

These nutritional characteristics make EBN an intriguing subject for scientific explo-
ration and potential therapeutic applications. Further research is warranted to elucidate
the specific bioactive components and mechanisms underlying the potential health benefits
associated with the consumption of EBN. The present study aimed to investigate the effects
of EBN consumption on cholesterol- and fat-enriched diet animal models. The focus was
emphasized on the lipid profile, blood glucose, enzymatic metabolic, and inflammatory
biomarkers; more specifically, to complement the current evidence-based EBN, this study
also looked at modulatory effects on peroxisome proliferator-activated receptor-gamma
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coactivator-1 alpha (PGC-1α) and HMG-CoA reductase. The PGC-1α pathway regulates
cellular metabolism, energy homeostasis, and aging [18]. Dysregulation of this pathway
is implicated in metabolic disorders and age-related diseases [18]. HMG-CoA reductase,
as an enzyme regulating the rate of cholesterol biosynthesis, and HMG-CoA reductase
inhibitors still need to be explored further to fight metabolic syndrome [18]. By knowing
the modulation, there will be a new insight into the evidence base of EBN health benefits.

In addition, the characterization of chemical constituents in EBN and their biological
activities were also analyzed using computational molecular docking on the selected
receptors. In vitro antioxidant, antidiabetic, and antiobesity activities were also reported in
this study to complement the current EBN literature. Understanding the full potential of
EBN as a functional food may provide valuable insights into its role in managing metabolic
syndrome and improving overall health outcomes.

2. Materials and Methods

2.1. Edible Bird Nest

EBN was obtained by our research team from wallet bird farmers in Pasuruan Regency,
East Java, Indonesia, as formally confirmed. The EBN obtained had gone through a cleaning
process by certified farmers and was ready to eat. EBN did not go through any extraction
process because it aims to see the benefits if consumed as usual (consumption of EBN by
the community without any extraction treatment), as the researchers wanted to study the
impact directly, which is similar to consumption habits by consumers. Because of their
edible and resistant nature, EBN samples were stored in aluminum foil at room temperature
before further laboratory tests.

2.2. Metabolites Screening by LCMS/MS-QTOF Analysis

EBN samples were sent to SIG Laboratory (ISO 17025:2017 Accredited LP-184-IDN,
Bogor, West Java) for liquid chromatography analysis of mass spectrometry-quadrupole—
time of flight (LCMS/MS-QTOF) with a GIS certificate number of LHP. VI.2023.051606162.
LCMS/MS-QTOF analysis is performed according to Qiao et al. [19]. The sample prepa-
ration involves weighing 1 g of the sample into a 10 mL volumetric flask. Next, suitable
methanol or solvent was added and sonicated for 30 min. The mixture was concen-
trated with suitable methanol or solvent and homogenized. The mixture was then filtered
through a GHP/PTFE 0.22-μm membrane filter and injected into the UPLC system. The
instrumental measurement conditions were set as follows: LC Column = C18, Column
Temperature = 40 ◦C, Autosampler Temperature = 15 ◦C, Injection Volume = 10 μL, Mo-
bile Phase = A = 0.1% formic acid in acetonitrile, B = 0.1% formic acid in water, and Flow
Rate = 0.6 mL/min, Gradient. MS Settings used were as follows: Mode of Operation = Tof
MSE, Ionization = ESI (−)/ESI (+), and Acquisition Range = 50–1200 Da.

Screening for active compounds in natural products is carried out using LCMS/MS-
QTOF with UNIFI software (version 1.6), which contains a library of mass spectra of
active compounds from the Waters database. The UNIFI software (version 1.6) allows the
identification of mass spectra of compounds in the sample, which are then matched with
the mass spectra in the library.

2.3. In Silico Molecular Docking Analysis

The research was conducted on an ASUS Vivobook M413ia—Ek502t laptop with a
2.3 GHz AMD Ryzen 5 4500u processor, 8 GB DDR4 memory, and 512 GB SSD M.2 storage.
This laptop was equipped with ChemDraw Ultra 12.0, AutoDock tools (version 4.2), and
BIOVIA Discovery software (version 20.1), as well as the Windows 10 Home operating
system and the AutoDock tools (version 4.2). In addition, the researchers utilized the
Protein Data Bank and PubChem structure databases. The study′s protocols for molecular
coupling simulation were based on previously established methodologies [20].

From the EBN profiles, specific compounds were identified for the test ligands. These
compounds were created in 2D with ChemDraw Ultra 12.0, converted to 3D, and optimized
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using the MM2 algorithm. The focus of the investigation was on four Protein Data Bank-
obtained target proteins: human inducible nitric oxide synthase (PDB ID: 3E7G), human
reactive oxygen species 1 kinase (PDB ID: 3ZBF), human pancreatic lipase (PDB ID: 1LPB),
and fat mass and obesity-associated protein (PDB ID: 3LFM).

To validate the process of molecular docking, redocking was performed. Using precise
grid coordinates, AutoDock tools (version 4.2) were used to position the original ligand
back into the target binding site. After redocking, the ligand′s position was evaluated, and
it was required to have a root-mean-square deviation (RMSD) of less than 2.0. Grid and
docking parameter adjustments were made based on the results of the docking validation.
The final conformation structure of each docking was stored as a *dlg file, and Discovery
Studio 2016 was used to analyze the interaction between the ligands and receptors.

2.4. Antioxidant Activity by ABTS and DPPH Radical Scavenging Activity Assays

Following the methodology described in prior investigations [21,22], the scavenging
activity of 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS+; Sigma-Aldrich,
Saint Louis, MO, USA) was determined. To produce the ABTS working solution, 7 mM
ABTS, and 2.4 mM potassium persulfate were combined in equal proportions and incubated
for 14 h at 22 ◦C in a dark container. The mixture was then diluted to produce a new
working solution with an absorbance of 0.706% at 734 nm. Various concentrations of EBN
preparations (50, 100, 150, 200, and 250 μg/mL) were diluted with 1 mL of the ABTS
working solution for the ABTS scavenging assay. After a 7-min incubation period, each
sample′s absorbance at 734 nm was measured. In this investigation, the positive control
was Trolox. The procedures detailed in previous investigations were followed [18,21,22].

The 2,2-diphenyl-1-picrylhydrazyl radical-scavenging activity (DPPH) test was per-
formed. Different concentrations of EBN preparations (50, 100, 150, 200, and 250 μg/mL)
were added to containers containing 3 mL of DPPH reagent. After 30 min of incubation
at ambient temperature, the absorbance of each sample was measured at 517 nm. This
assay utilized glutathione (GSH; Sigma-Aldrich, 354102) as the positive control. To assure
accurate and reliable results, each sample was subjected to triplicate analysis (n = 3) for both
the ABTS and DPPH assays. As determined by the experimental procedure, the inhibition
of DPPH and ABTS was calculated using the corresponding formula. Inhibition of DPPH
and ABTS was determined according to the following formula:

Inhibition Activity (%) =
A0 − A1

A0
× 100%

where A0 = absorbance of blank; and A1 = absorbance of standard or sample.
The half-maximal effective concentration ratio (EC50) with Trolox for the ABTS test

and glutathione for the DPPH assay, the radical-scavenging capacity of EBN (Edible Birds
Nest), was expressed. EC50 stands for the sample concentration at which the initial radical
concentration is reduced by 50%. In other words, the sample′s capacity to scavenge free
radicals is represented by the EC50 value, with lower values indicating greater antioxi-
dant activity. To compare the radical-scavenging capacities of EBN against well-known
antioxidants, tronx and glutathione were employed as reference molecules.

2.5. In Vitro Antidiabetic Assay via α-Glucosidase and α-Amylase Inhibition

The researchers performed two different inhibitory activity tests on the EBN samples,
as per methodologies described in previous literature [23,24]. The α-amylase inhibition
activity of EBN samples was measured based on the previous literature [18,25]. For the
α-glucosidase inhibition test, a phosphate buffer solution with a volume of 50 mL (pH 6.9)
containing the enzyme was prepared. The enzyme concentration in the solution was
1.52 UI/mL. Maltose and sucrose solutions were added to the mixture, followed by the
addition of EBN samples at various concentrations (ranging from 50 μg/mL to 250 μg/mL).
Each sample was then mixed and incubated at 37 ◦C for 20 min. The enzyme was later
inactivated by heating the tubes at 100 ◦C for 2 min. Acarbose was used as a positive control
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in this experiment. Regarding the α-amylase inhibition activity, diluted EBN samples were
incubated at five different concentrations (ranging from 50 μg/mL to 250 μg/mL) along
with NaCl (0.006 M), sodium phosphate buffer (pH 6.9), and porcine pancreatic amylase
(0.5 mg/mL). Afterward, each mixture was combined with 500 μL of 1% starch solution
and incubated at 25 ◦C for 10 min. Following this, 3,5-dinitro salicylic acid was added to
complete the reaction, and the mixture was incubated at 100 ◦C for 5 min. After cooling at
22 ◦C, the absorbance of each sample was measured at 540 nm after dilution with distilled
water. Acarbose served as the positive control in this case as well.

2.6. In Vitro Antiobesity Evaluation via Lipase Inhibition Assay

The inhibitory data was obtained using the previously described equation [23,24].
Initially, crude pig pancreatic lipase (PPL, 1 mg/mL) was dissolved in a 50 mM phosphate
buffer (pH 7) prior to centrifugation at 12,000 g to remove insoluble components. In order
to create an enzyme stock (0.1 mg/mL), the supernatant was diluted 10 times with a buffer.
Based on prior research [26], a 96-well microplate containing 100 μL of EBN samples was
combined with 20 L of 10 mM p-nitrophenyl butyrate (pNPB) in a buffer and incubated at
37 degrees Celsius (C) for 10 min. Orlistat (C29H53NO5, PubChem CID: 3034010), a well-
known PPL or lipase inhibitor, was used as a comparison drug. At 405 nm, measurements
were taken using a DR-200Bc ELISA microplate reader. Using the yield of the reaction
rate of 1 mol of p-nitrophenol (4-nitrophenol, C6H5NO3) per minute at 37 degrees Celsius
(C), the unit of activity was calculated. To determine the lipase inhibition activity, the
PPL activity in the test mixture was decreased by a predetermined amount. To assure the
validity of the study′s findings, each sample was verified three times (n = 3) or in triplicate.

Inhibition o f Lipase Activity (%) = 100 − B − Bc
A − Ac

× 100%

where A = Activity without inhibitor; B = Activity with inhibitor; Ac = Negative control (−)
without inhibitor; Bc = Negative control (−) with inhibitor.

2.7. In Vivo Study Design on Rats Fed on Cholesterol- and Fat-Enriched Diet
2.7.1. Animal Handling and Ethical Approval

Forty male Rattus norvegicus (Rattus norvegicus) rats weighing 204.03 ± 3.68 g were
used in the in vivo investigation. The rats came from the Animal Model Farm in Yo-
gyakarta, Indonesia, and were acclimated for 10 days in a controlled environment (27 ◦C,
50–60% relative humidity, balanced light–dark cycle), with access to regular animal feed
and water from PT Citra Ina Feedmill. The study protocol gained ethical approval from
the International Register of Preclinical Trial Animal Studies Protocols (preclinicaltri-
als.eu; https://preclinicaltrials.eu, accessed on 22 March 2023) with registration num-
ber PCTE0000371 and complied with the Guidelines for Reporting In Vivo Experiments
(ARRIVE).

2.7.2. Study Design of Treatments

The rats were randomly separated into four treatment groups following the acclimation
phase. Groups C and D were also fed CFED diets and water ad libitum but with daily
supplements of 22.5 (low dose/LD) and 45 (high dose/HD) mg/kg body weight (BW) of
EBN, respectively. Group A received a normal diet and water ad libitum. Group B was fed
a cholesterol- and fat-enriched (CFED) diet with ad libitum water. The oral EBN doses were
given by a professional and administered by oral gavage. Throughout the study, the daily
intake of food and water was observed, and there were no changes between the control
and experimental groups in this respect.
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2.7.3. Feed or Pellet Composition and CFED Production

The typical pellets are purchased from Rat Bio® in Jakarta, Indonesia, and have the
following composition percentages: 12% moisture, 20% protein, 4% fat, 14% calcium, 1%
fiber, 0.7% phosphorus, 11.5% total ash, 0.3% vitamin C, and 0.1% vitamin E. According to
the recommendations of the manufacturer, these pellets were properly stored in a cool, dry
location away from direct sunlight.

A technique based on earlier research [26,27] was used to develop the CFED diet. The
procedure involves adding certain additives to the dry, standard pellets. These additions
comprised 2% powdered cholesterol, 2% maize oil, 20% animal fat, and 1% cholic acid.
After homogenizing the mixture, 1 L of distilled water was used to break the mixture pellets
into smaller pieces. The pellets were initially dried sterile at ambient temperature before
being kept at 4 ◦C to reduce oxidation. The CFED diet is composed of the following: carbs
make up 43.6% of the diet, protein makes up 12.4%, fiber makes up 4.7%, fat makes up
3.2%, cholesterol makes up 2%, cholic acid makes up 1%, animal fat makes up 20%, total
ash makes up 4%, maize oil makes up 2%, and the rest is moisture.

2.7.4. Biomedical Analysis of Collected Blood Samples

Blood samples were taken six weeks after the rats received interventional feeding.
The animals were fasted overnight and given ketamine as anesthesia prior to the blood
collection. Blood was extracted from the venous sinus and put in an unanticoagulated, dry,
and sterile tube. The blood was then left to coagulate at room temperature. The serum
was collected after 20 min of centrifugation at 3000 rpm. The COBAS Integra® 400 Plus
Analyzer (Roche Diagnostics, Basel, Switzerland) was used to conduct biomedical studies
of several parameters. Low-density lipoprotein (LDL), triglycerides (TG), high-density
lipoprotein (HDL), total cholesterol (TC), and blood glucose (BG) levels were among them.
Blood was also drawn from the cardiac tissue in order to evaluate other biomarkers. Using
the SOD Assay Kit from Sigma-Aldrich, the superoxide dismutase (SOD) enzyme activity
was assessed. The Mouse Pancreatic Lipase ELISA Kit (Merck KGaA, Darmstadt, Germany)
was used to assess blood lipase levels, and the Mouse Pancreatic Amylase ELISA Kit to
measure serum amylase levels. Using particular ELISA kits, the levels of the inflammatory
biomarkers PGC-1 (peroxisome proliferator-activated receptor-gamma coactivator-1 alpha),
TNF-alpha (tumor necrosis factor-alpha), and IL-10 (interleukin 10) were measured. PGC-1,
TNF-alpha, and IL-10 were evaluated using kits from Sunlong Biotech Co., Ltd. (Zhejiang,
China), PGC-1 Mouse ELISA Kit from Abcam, and Mouse Tumor Necrosis Factor-alpha
(TNF-alpha) Kit from Sunlong Biotech Co., Ltd. (Zhejiang, China). Additionally, during the
investigation, the body weights of the rats were determined using digital scales.

2.8. Data Analysis and Management

Numerous statistical techniques were used in the data analysis and management area
to evaluate the experimental outcomes both in vitro and in vivo. The unpaired t-test was
utilized to establish the statistical significance of the in vitro investigations, which included
antioxidant inhibition of ABTS and DPPH, as well as inhibitory actions for lipase, -amylase,
and -glucosidase. In order to ensure reproducibility, these tests were carried out in triplicate.
Nonlinear regression methods were utilized to construct each EC50 dataset, which helped
determine the sample concentration that resulted in a 50% reduction in the starting radical
concentration. Several factors for in vivo data processing were investigated. Multivariate
analysis of variance (ANOVA) was used to examine the lipid profile (LDL, HDL, TG, TC,
and BG), inflammatory biomarkers (IL-10, TNF, and PGC-1), and enzymatic tests (SOD
cardio, serum lipase, and serum amylase). This made it possible to look at several variables′
connections at once. Pairwise t-tests (or dependent t-tests) were used to determine whether
there were any significant differences in body weights (g) within each group between the
starting and finishing points. Additionally, a one-way ANOVA was used to find differences
between each secondary parameter, including the beginning, final, and daily weight gain
(g/day) for each group, water intake (mL), food intake (g), the food efficiency ratio (FER),
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and water consumption. With a 95% level of confidence, all reported data were given as
mean values with a standard error of the mean (SEM). Data analysis on MacBook laptops
was done using GraphPad Prism 9.4.1 software.

3. Results

3.1. Terpenoids Observed in EBN

The analysis of compounds in natural products is very important for the basic char-
acterization of potential components in them. In this study, four terpenoid compounds
(Bakuchiol, Curculigosaponin A, Dehydrolindestrenolide, and 1-methyl-3-(1-methyl-ethyl)-
benzene) have been observed in EBN through LCMS/MS-QTOF analysis, and the data are
presented in Table 1, which have met the criteria: Mass error ≤ 5 ppm; Isotope match MZ
RMS PPM ≤ 6 ppm; Isotope match MZ RMS % ≤ 10%; Intensity/Response ≥ 300; and
Fragment match ≥ 1 mass fragment. Chromatogram mass spectrum data can be viewed in
Supplementary Materials File S1.

Table 1. Confirmed terpenoids component in EBN via LCMS/MS-QTOF analysis.

Component Name Formula
Observed
RT (min)

Mass
Error
(ppm)

Total
Fragments

Found

Isotope
Match Mz
RMS PPM

Isotope Match
Intensity y

RMS Percent
Response Adducts

Bakuchiol C18H24O 16.82 0.7 2 0.90 2.93 817 +H

Curculigosaponin A C36H60O9 17.19 −3.9 19 4.47 2.13 26866 +H

Dehydrolindestrenolide C15H16O2 16.67 −1.4 17 3.32 3.19 1272 +H

1-Methyl-3-(1-methyl-
ethyl)-benzene C11H16 16.72 −1.4 12 1.58 2.41 1493 +H

The four compounds observed in EBN (Table 1) were continued preparation for in
silico molecular docking tests.

3.2. In Silico Molecular Docking Simulation in Selected Receptors

The observed metabolites, Bakuchiol, Curculigosaponin A, Dehydrolindestrenolide,
and 1-methyl-3-(1-methyl-ethyl)-benzene were then followed by in silico or molecular
docking studies on selected receptors for antioxidants and obesity. The molecular docking
assay focuses on specific receptors such as human inducible nitric oxide synthase (iNOS),
human pancreatic lipase, human reactive oxygen species (ROS) 1 kinase, and fat mass
and obesity-associated (FTO) proteins. All these receptors were continued with molecular
docking validation tests and obtained an assessment accuracy value of less than 2 Å which
indicates they are successfully validated; the data are shown in Table 2.

Table 2. Validation of molecular docking simulation.

No. Drug Target PDBID Docking Site (x;y;z)
Docking

Area (x;y;z)
RMSD

(Å)
ΔG

(kcal/mol)

Numb in
Cluster
(/100)

Judgment
(<2 Å)

1 iNOS 3E7G 55.022, 21.817,
78.677, 40 × 40 × 40 1.789 −6.67 98 Valid

2 ROS1 kinase 3ZBF 42.521, 19.649, 3.987, 40 × 40 × 40 1.216 −7.83 90 Valid

3 Human pancreatic
lipase 1LPB −0.423, 16.723,

26.546, 42 × 40 × 40 1.499 −4.13 26 Valid

4
Fat mass and

obesity-associated
(FTO) protein

3LFM 29.043, −6.644,
−29.329, 42 × 42 × 42 0.715 −6.29 90 Valid

Protein data bank–PDB, Root mean square deviation–RMSD.

After being successfully declared valid, molecular docking simulations were carried
out between ligands or identified compounds from EBN against selected receptors, and
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molecular docking value data, or ΔG (kcal/mol), is presented in Table 3. Based on Table 3,
molecular docking results show that the four terpenoids of EBN have higher ΔG values
than standard control drugs (orlistat) in terms of antiobesity potential (potential inhibiting
FTO protein and human lipase enzymes). Interestingly, Curculigosaponin A has inhibitory
activity against three of the four selected receptors and has a higher value than standard
drugs as controls, especially being more potent in inhibiting iNOS than S-ibuprofen. More
interestingly, Bakuchiol and Dehydrolindestrenolide are considered very potential candi-
dates for antioxidant and antiobesity-related metabolic syndrome because they have higher
inhibitory power at all four receptors than standard drugs as controls, including the ROS1
kinase receptor. This proves molecularly that the compound components in EBN have the
potential to have antioxidant and antiobesity properties in an in silico molecular docking
simulation.

Table 3. Molecular docking parameter of identified terpenoid compounds of two EBNs.

No. Substance
Number in Cluster (/100) ΔG (kcal/mol) Ki

3E7G 3ZBF 1LPB 3LFM 3E7G 3ZBF 1LPB 3LFM 3E7G 3ZBF 1LPB 3LFM

Control

1 S-ibuprofen 33 −4.73 128.28 μM
2 Trolox 100 −5.36 85.58 uM
3 Orlistat 6 5 −2.38 −3.71 5.22 mM 212.83 uM
1 Bakuchiol 74 66 68 89 −5.85 −6.12 −5.94 −6.80 19.90 uM 9.04 uM 11.59 uM 6.14 uM
2 Curculigosaponin A 52 20 23 34 −5.53 −4.70 −6.51 −5.36 15.85 uM 26.89 uM 386.01 nM 10.51 uM
3 Dehydrolindestrenolide 100 100 100 100 −7.34 −6.95 −6.74 −7.04 4.14 uM 7.85 uM 11.38 uM 6.85 uM

4 1-methyl-3-(1-methyl-ethyl)-
benzene 100 100 96 77 −4.47 −4.74 −4.47 −4.75 515.43 uM 329.80 uM 525.40 uM 268.68 uM

Visualization of the interaction of amino acids from the active compound EBN against
iNOS, ROS1 kinase, FTO, and lipase can be seen in Supplementary File S2. Indeed, in silico
studies above have observed the potential of EBN against selected receptors. However,
further studies of in vitro biological activity are needed to validate these results. In vitro
studies in this study have also been conducted and reported in the sections below.

3.3. In Vitro Study Reveals the Antioxidants, Antidiabetic, and Antiobesity Potential of EBN

The results of the in vitro study presented in Figure 1 are in line with the results of
in silico tests described in the previous section, indicating that EBN indeed has potential
as a promising antioxidant, antidiabetic, and antiobesity compound. Judging from the
EC50 value in the antioxidant activity test via ABTS inhibition activity with a value of
77.62 μg/mL, which is smaller than Trolox (78.74 μg/mL), a control, this shows that EBN is
more potent in free radical scavenging than Trolox (EC50 EBN < EC50 Trolox). Furthermore,
the EC50 value of EBN in α-amylase inhibition activity also shows similar things to the
ABTS, EC50 EBN < EC50 Acarbose or control tests (Figure 1). Interestingly, the EC50 EBN in
lipase inhibition activity has a value of 59.30 μg/mL, which is more potent in antiobesity
candidates than orlistat or control, which has a greater EC50 value (61.36 μg/mL). Overall,
these in vitro tests are consistent with in silico tests that reveal the health effects of EBN in
terms of metabolic syndrome.

To provide comprehensive knowledge of the health benefits of EBN, especially as
a functional food candidate that can fight metabolic syndrome, in vivo tests on animal
models were also conducted and reported in this study.
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Figure 1. In vitro antioxidants, antidiabetic and antiobesity activities of EBN. (A) EC50 antioxidants
via ABTS and DPPH inhibition activity. (B) EC50 antidiabetic via α-glucosidase and α-amylase
inhibition activity. (C) EC50 antiobesity via lipase inhibition activity.

3.4. In Vivo Study Reveals Attenuation Metabolic Syndrome by EBN Supplementation

Data characteristics of experimental rats (R. norvegicus), including body weight (BW),
feed, water intake, and FER, are presented in Table 4. It is clear that the initial BW of all
groups is the same, and there is no significant difference. The BW, food intake, and water
intake of experimental rats were calculated daily and obtained values that did not differ
significantly in each group during treatment. However, interestingly, it was clear that
the CFED diet had significantly higher final BW values than both the normal and EBN
treatment groups. Furthermore, the group fed the diet with a second dose of EBN had
significantly lower final BW values than CFED and even the normal group (p < 0.05). The
group with a high dose of EBN supplementation had the lowest final BW score of the other
groups.
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Table 4. Body weight, feed, water intake, and FER characteristics of experimental rats (R. norvegicus).

Group Normal CFED
CFED + Low

Dose EBN
CFED + High

Dose EBN
p **

Initial BW (g) 203.62 ± 2.99 203.11 ± 2.80 204.19 ± 4.32 205.20 ± 4.53 0.2805
Final BW (g) 244.63 ± 3.19 277.09 ± 6.70 235.48 ± 3.23 230.10 ± 2.01 <0.0001

p * <0.000001 <0.000001 <0.000001 <0.000001
Weight gain (g/day) 0.89 ± 0.08 1.61 ± 0.17 0.68 ± 0.08 0.55 ± 0.10 0.8004

Food intake (g) 4.79 ± 0.47 4.89 ± 0.50 4.94 ± 0.69 5.05 ± 0.87 0.9960
Water intake (mL) 5.44 ± 0.63 5.37 ± 0.83 5.26 ± 0.79 5.01 ± 0.61 0.9822

FER (%) 18.74 ± 2.09 33.01 ± 3.15 13.96 ± 2.22 11.39 ± 3.84 0.0004

* Dependent or paired t-test CI 95% (0.05). ** ANOVA CI 95% (0.05). Food Efficiency Ratio (FER) was calculated
by dividing body weight (BW) gain by food intake.

Improvements in lipid and blood glucose profiles were also observed in the CFED
group given EBN supplementation at both doses; the data are presented in Figure 2. In
general, high LDL, TG, TC, and BG values and low HDL levels were observed significantly
in the CFED group when compared to the normal control group. Both doses of EBN were
significantly observed to upregulate levels of HDL and downregulate levels of LDL, TG, TC,
and BG. Interestingly, high-dose EBN supplementation was significantly better at reducing
levels of LDL, TG, TC, and BG and HDL enhancement when compared to normal and
low-dose EBN controls. Overall, high-dose EBN supplementation led to the modulation of
both lipid profiles and blood glucose in CFED rats. This is possible because there are two
terpenoids, namely Bakuchiol and Dehydrolindestrenolide, which in in silico molecular
docking can inhibit lipase and FTO protein (Table 3).

Figure 2. Improvements in lipid profile and blood glucose were observed in experimental rats.
**** p < 0.0001, *** p = 0.0004, ** p = 0.0011, and ns p > 0.05.

In addition to improvements in lipid profiles and blood glucose (Figure 2), improve-
ments in the metabolic enzymes HMG-CoA reductase, lipase, and α-amylase were observed
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in experimental rats supplemented with EBN, and the data can be seen in Figure 3. In
general, CFED-only rats had significantly higher levels of HMG-CoA reductase, lipase,
and α-amylase when compared to both the normal and EBN intervention groups. Again,
it was found that HD of EBN led to improvements in the metabolic enzymes HMG-CoA
reductase, lipase, and α-amylase, although both doses of EBN also had a good effect on
decreasing these enzymes. Interestingly, serum aspartate transaminase (AST) and alanine
transaminase (ALT) were observed within normal limits, and there were no significant
differences across treatment groups. This can be a marker of less toxicity for EBN as a
candidate for functional food that is already widely consumed by humans.

Figure 3. Improvements in metabolic syndrome-related enzymatic levels observed in experimental
rats. **** p < 0.0001, ** p = 0.0036, and ns p > 0.05.

CFED rats supplemented with both doses of EBN had significant improvements in
inflammatory biomarkers, including peroxisome proliferator-activated receptor-γ coacti-
vator 1-α Levels (PGC-1α), tumor necrosis factor-alpha (TNF-α), interleukin 10 (IL-10),
and superoxide dismutase (SOD) serum levels and can be seen in Figure 4. In addition,
it generally appears that the CFED group did have high levels of TNF-α and levels of
PGC-1α, IL-10, and SOD that were significantly lower than the normal diet group and the
EBN intervention group. HD of EBN continues to lead the way in upregulating levels of
PGC-1α, IL-10, and SOD and downregulating TNF-α. This comprehensively shows that
EBN, in addition to improving lipid profiles, blood glucose, and metabolic enzymes, can
also help modulate inflammatory biomarkers, making it a functional food candidate that
also has the potential as an anti-inflammatory related to metabolic syndrome.

56



Nutrients 2023, 15, 3886

Figure 4. Improvements of metabolic syndrome-related inflammatory biomarkers observed in
experimental rats. **** p < 0.0001, *** p = 0.0008, and ** p = 0.0024.

4. Discussion

Edible bird nest (EBN) is consumed in many parts of the world and has been developed
into several processed foods; some markets even claim that it is healthy for the body.
However, unfortunately, these claims are still poorly supported by evidence-based medicine.
In particular, studies of the characterization of metabolite components such as terpenoids
and in silico molecular docking analysis of receptors that cause non-communicable diseases
such as metabolic syndromes are limited. Furthermore, in vitro and animal model studies
regarding the supplementation of EBN are urgently needed to complement the current
evidence of its health benefits, especially in fighting metabolic syndrome, and this is the
urgency of current research.

Metabolic syndrome is closely related to the incidence of oxidative stress and several
related diseases such as obesity and diabetes (Figure 5) [28]. In people with metabolic
syndrome, iNOS levels are found to be higher, and this correlates with the incidence of
oxidative stress [29]. In addition, lowering and inhibiting ROS1 kinase, FTO protein, and
lipase can reduce the incidence of metabolic syndrome in obese people, and inhibiting these
receptors can also be an anti-aging approach [20,30,31]. In this current study, four kinds of
terpenoid compounds in EBN have been identified, and molecular docking simulations
show activity in inhibiting iNOS, ROS1 kinase, FTO protein, and lipase, which has never
been reported in similar studies before. Even two of the four compounds observed clearly
showed the potential of EBN in inhibiting iNOS receptors, ROS1 kinase, FTO protein,
and lipase higher than the control drugs, namely Bakuchiol and Dehydrolindestrenolide.
Bakuchiol has been shown to have pharmacological effects, including as an antioxidant,
reducing blood glucose and triglycerides, and anti-inflammatory effects [32]. Interestingly,
our study complements previous findings that have explored Dehydrolindestrenolide
as a new cancer-fighting sesquiterpene [33]. EBN is more complete with the content of
Curculigosaponin A, which has been shown by some studies to be a therapeutic alternative
in obesity-related metabolic syndrome [34]. Interestingly, the results of this study can
provide insight into the pharmaceutical industry to develop and synthesize the observed
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Bakuchiol and Dehydrolindestrenolide from EBN to be used as further treatments for
metabolic syndrome. A systematic review has further analyzed the nutritional bioactive
compounds of EBN, but only focused on bioactive glycopeptides [35]. In addition, the
latest study also recently focused on protein profiling of EBN [36]. Therefore, most recent
EBN studies have focused on protein profiles and included bioactive peptides. Our study
presents the latest findings that provide information on the content of terpenoids in EBN
and their molecular activity computationally or in in silico.

Figure 5. Biomechanism of EBN as novel functional foods in combating metabolic syndrome.
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In in vitro studies, the EBN antioxidants in our study complement previous studies.
Oxidative stress, which is the result of an imbalance in the homeostasis of the reduction-
oxidation reaction between prooxidants and antioxidants, is a major player in the pathogen-
esis of many diseases such as metabolic, inflammatory, degenerative, and cardio-vascular
(Figure 5) [37]. To counteract these pathological mechanisms, exogenous antioxidants are
needed that will act interactively and synergistically with endogenous antioxidant de-
fense systems to maintain the homeostasis of reduction-oxidation (redox) reactions [37]. A
meta-analysis and systematic review study of randomized clinical controls showed that an-
tioxidant supplementation is essential for the improvement of metabolic disorders in obese
patients [38]. The role of pancreatic lipase inhibitors in lipid metabolism is very important
in reducing hyperlipidemia, especially in obese patients with metabolic syndrome [39].
Lipase inhibitors from natural ingredients are very important to explore further, like this
EBN, which has a higher ability to inhibit lipase than control or orlistat drugs (Figure 1).
People with obesity relatively have a higher risk of developing type 2 diabetes [40], and α-
amylase inhibitors from natural ingredients are an alternative therapy. In addition, in vitro
antidiabetic EBN showed higher potential in inhibiting α-amylase compared to acarbose as
a drug or control (Figure 1). Our study complements previous findings showing that EBN
has been shown to fight hyperglycemia and oxidative stress [41].

In metabolic syndrome, which is also characterized by inflammation, PGC-1α dysreg-
ulation modifies the metabolic properties of tissues by altering mitochondrial function and
inducing ROS accumulation (Figure 5) [42]. Hence the importance of maintaining PGC-1α
levels and increasing them, for balance and control of mitochondrial DNA replication and
cellular oxidative metabolism [43]. Rats supplemented with high doses of EBN were found
to have higher levels of PGC-1α than other groups, and this upregulation is an important
key role of EBN in modulating metabolic syndrome. In addition, it is important to find new
HMG-CoA reductase inhibitors as new alternatives to fight metabolic syndrome because
HMG-CoA reductase inhibitors can reduce TC, LDL, and TG concentrations and increase
HDL concentrations with various potentials [44,45]. EBN has been clearly significant in
modulating or downregulating metabolic enzymes such as HMG-CoA reductase, lipase,
and α-amylase serum, decreased blood glucose suppression, lipid profile, and weight
loss in EBN-treated rats. The decrease in LDL, TG, TC, and BG is strongly suspected to
contribute to the reduction of fat stores and free fatty acids in many organs and/or tissues,
which can be seen from the resulting weight loss [46]. Metabolic syndrome is also charac-
terized by an increase in oxidative stress which contributes to impaired inflammation [47];
thankfully, EBN in silico, in vitro, and in vivo can be anti-inflammatory. In this in vivo
study, HD of EBN continues to lead in upregulating levels of PGC-1α, IL-10, SOD, and
downregulation of TNF-α; which will reduce the complications of metabolic syndrome
(Figure 5). Several studies of other natural ingredients also support the potential for im-
provement of metabolic syndrome, such as green algae (Caulerpa racemosa) extract [18,24,27]
and Clitoria ternatea Kombucha [20,22], which have an improving effect on lipid profiles
and inflammation. However, if we compare C. racemosa extract and C. ternatea with EBN,
EBN is the one that is easier to consume and prepare (considering that there are already
many on the market).

This study managed to comprehensively uncover the remedial effects of fighting
metabolic syndrome through integrated studies in silico, in vitro, and in vivo, which have
never been reported before. This study is the first study to successfully identify terpenoid
components in EBN and analyze their molecular activity against selected receptors for
metabolic syndrome computationally in silico. This in vivo study was also the first to
successfully explore the modulation of PGC-1α and HMG-CoA reductase by EBN. However,
this research is only at the stage of animal models, which certainly cannot represent the
results in human clinical trials. Therefore, further human clinical trials with doses derived
from this reported in vivo study are needed. In addition, limited funding has resulted
in researchers not being able to conduct fecal microbiota analyses that other studies are
expected to do in the future to complement current knowledge about EBN. Furthermore,
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EBN is a complex mixture of various components that may vary depending on the origin,
processing, and storage of the product; therefore, further research focusing on the basic
characterization of EBN from all islands in Indonesia complements current knowledge.

5. Conclusions

Something new and comprehensive related to the health benefits of edible bird nests
(EBN) has been reported in this study, especially in the fight against metabolic syndrome. A
total of four terpenoids contained in EBN were successfully identified, and two of the four
compounds (Bakuchiol and Dehydrolindestrenolide) had great activity in inhibiting iNOS,
ROS1 kinase, FTO, and lipase via in silico molecular docking simulation. Interestingly,
in vitro studies validated the observed effects of in silico studies and provided insight
into antioxidants, antidiabetic, and antiobesity of EBN, which is certainly associated with
metabolic syndrome. More interestingly, in vivo tests revealed that improvements in lipid
profiles, blood glucose, inflammatory biomarkers, and also enzymatic levels were obtained
in rats supplied by EBN with high doses. Finally, this study has revealed the potential
of EBN as a new functional food candidate against metabolic syndrome, and of course,
clinical trials in humans are needed to see further efficacy.

6. Patents

The preparation method and formulation of edible bird nest as novel functional foods
in combating metabolic syndrome resulting from the work reported in this study have
been registered as a patent in Indonesia (Fahrul Nurkolis is the patent holder of the EBN
Formulation).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu15183886/s1, Supplementary File S1: Chromatogram data from
observed compounds in EBN; Supplementary File S2: Visualization of the amino acid interactions of
the active compound EBN on iNOS, ROS1 kinase, FTO, and lipase.
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Abstract: Different research studies have identified specific groups or certain dietary compounds
as the onset and progression of obesity and suggested that gut microbiota is a mediator between
these compounds and the inflammation associated with pathology. In this study, the objective was to
evaluate the dietary intake of 108 overweight (OW), obese (OB), and normal-weight (NW) individuals
and to analyze their gut microbiota profile to determine changes and associations with Body Mass
Index (BMI) and diet. When individuals were compared by BMI, significant differences in fiber and
monounsaturated fatty acids (MUFAs) intake were observed, showing higher adequacy for the NW
group. The analysis of gut microbiota showed statistical differences for 18 ASVs; Anaerostipes and
Faecalibacterium decreased in the OW/OB group, whereas the genus Oscillospira increased; the genus
was also found in the LEFSe analysis as a biomarker for OW/OB. Roseburia faecis was found in a
significantly higher proportion of NW individuals and identified as a biomarker for the NW group.
Correlation analysis showed that adequation to nutritional recommendation for fiber indicated a
higher abundance of Prevotella copri, linearly correlated with F. prausnitzii, Bacteroides caccae, and
R. faecis. The same correlation was found for the adequation for MUFAs, with these bacteria being
more abundant when the intake was adjusted to or below the recommendations.

Keywords: gut microbiota; obesity; fiber; monounsaturated fatty acids; BMI

1. Introduction

Western societies have undergone a process that involves major qualitative and quan-
titative changes in dietary habits. Thus, traditional diets have been replaced by diets
characterized by a higher energy load and a decrease in fiber and complex carbohydrates.
These changes, in addition to behavioral changes such as less physical activity, have resulted
in an increase in worldwide overweight and obesity rates [1]. Obesity is the abnormal
or excessive accumulation of fat that can be detrimental to health. It is of multifactorial
origin, resulting from pathological processes and deriving from an interrelation between
numerous factors [2,3].

According to the European Health Survey in Spain 2020, about 16% of the Spanish
population suffers from obesity, while 37.60% of the population is overweight [4]. Other
recent monitoring work revealed that Galicia is one of the regions of Spain in which there
are higher rates of obesity in adults, reaching 26.7% [5]. Additionally, a study reported that
during the COVID-19 confinement, 44% of participants indicated an increase in their body
weight, with an average increase of 2.8 kg [6]. Thus, it is probably true that the current
overweight rate of Galician people could now be higher than those in the cited reports [4,5].

Several authors have pointed out that the dietary habits of Galician people do not fol-
low the same patterns as in the rest of Spain. However, together with the north of Portugal,
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they are included in the dietary model known as the Atlantic Diet [7,8]. Knowledge of the
dietary patterns of the population is essential to understanding the potential impact of the
strategies implemented to prevent the increase in obesity rates [9].

One approach to treating obesity in recent years involves the study of the gut mi-
crobiota, the results of which in both mice and humans describe remarkable differences
between the gut microbiota of obese (OB) and normal-weight (NW) subjects. When there
is an excess of body fat, colonic concentrations of Firmicutes increase by more than 50%,
while those of Bacteroides decrease correlatively compared to NW subjects [10]. The com-
position of the gut microbiota of obese individuals is characterized by a decrease in genera
such as Akkermansia, Alistipes, Faecalibacterium, and Oscillibacter [11,12] and an increase in
Staphylococcus and Clostridium [13–16].

In addition, dietary patterns are considered modulators of the gut microbiota; for
example, excessive fat consumption induces an imbalance in the gut microbiota, leading
to gut barrier dysfunction, increased host body weight, and low-grade inflammation
of adipose tissue [17]. A high-protein diet, on the other hand, increases the growth of
bile-tolerant bacterial species (Alistipes, Bilophila, and Bacteroides) and decreases bacteria
that hydrolyze disaccharides or polysaccharides into simple carbohydrates (Roseburia,
Eubacterium rectale, and Ruminococcus bromii) [18].

Although there is available evidence about the differences in gut microbiota composi-
tion in both overweight or obese and normal-weight individuals, there is scarce information
about potential biomarkers associated with certain dietary compounds. Thus, the hypoth-
esis of the present study is that dietary intake, especially specific dietary components, is
associated with different gut microbiota compositions in both overweight or obese and
normal-weight subjects. Therefore, the aim of this study was to differentiate the gut micro-
biota of overweight (OW) and OB subjects from that of NW subjects, in a sample of Galician
people, compare the results with previous studies to establish potential biomarkers and
determine its association with dietary components potentially diminished or increased in
each group under study.

2. Materials and Methods

2.1. Population and Sample Size

This cross-sectional study is part of an international project about the search for novel
biomarkers in diabetes and obesity in Iberian-America (CyTED project 918PTE0540). The
study population for the present analysis included 108 individuals, ranging in age from
40 to 70 years, with habitual residence in Galicia (a northwest region of Spain). The sample
size was estimated based on previous studies [19–21]. The participants were informed of
the objectives of the study, and informed consent was obtained from each volunteer to
participate in the study, and all data obtained were handled according to Spanish Law
3/2018 on personal data protection. This consent detailed the conditions of the research,
highlighting the voluntary nature of participation, the possibility of withdrawing from the
study even with the acceptance of the consent, and the anonymous treatment of the data
for research purposes only.

The following inclusion criteria were used: age between 40 and 70 years; absence of
diagnosed pathologies, not having undergone medical treatment with hormones, corticoids,
or having recently consumed any of the following substances: proton pump inhibitors,
amphetamines, alpha-adrenergic drugs, alpha-blockers, beta-blockers, opiates, calcium-
antagonists, neuroleptics, tricyclic antidepressants, phenothiazines, central nervous system
stimulants (cocaine, etc.); not having consumed any supplement containing probiotics or
prebiotics during the previous 2 months; in the case of women, not being pregnant

Ethical approval for this study was obtained from The Regional Ethics Committee for
Clinical Research (Galician Health Service, SERGAS, n◦ 2018/270) in compliance with the
Declaration of Helsinki of 1964 regarding privacy, confidentiality, and informed consent.
All experiments were carried out in accordance with approved guidelines and regulations.
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2.2. Anthropometric Measures

Anthropometric measurements were obtained. Weight was determined using an InBody
127 digital scale (InBody, Tokyo, Japan). Height was measured with a portable stadiometer
(ADE MZ10042; Hamburg, Germany), with the subject upright and in balance, without
bending the knees. Subsequently, the Body Mass Index (BMI) was calculated using the
Quetelet formula: BMI = weight (kg)/[height (m)]2. According to the classification ranges
proposed by the Spanish Obesity Society [22], three volunteers were grouped in groups
according to their BMI: 18–24.9 kg/m2 for NW, 25–29.9 kg/m2 for OW, and ≥30 OB kg/m2.

2.3. Dietary Information

A 72 h dietary record was completed by the volunteers for 3 days (2 workdays and
1 weekend day). The volunteers were given instructions on how to record their dietary intake.
They were also asked to provide information on the portions of food consumed, the ingredients
and techniques used in cooking, and the type and quantity of beverages consumed.

The mean daily energy and nutrient intake of each volunteer were calculated using the
open software “diet calculator”, available on the website of the Endocrinology and Clinical
Nutrition Research Centre [23], which is based on Spanish foods. Data obtained from the
software were compared to the nutritional objectives for the Spanish adult population
published by the Spanish Society of Community Nutrition (SENC, 24) to determine their
nutritional adequacy. The data obtained were compared by sex and by BMI of volunteers.

Data about micronutrient (minerals and vitamins) intake were compared to Reference
Dietary Intakes (RDI) established by the Spanish Federation of Nutrition, Food and Dietetics
Societies [24]. The data obtained were compared by sex and BMI of the volunteers.

2.4. Fecal Sample Collection and DNA Extraction

Volunteers received detailed instructions to collect fecal samples and were provided
with a sterile container that should deliver to the laboratory along with the 72 h dietary
record. Samples should have been delivered within two hours after defecation or, in the
case of not being able to do it, they should have been immediately frozen at −20 ◦C after
deposition and delivery to the laboratory where they were conserved frozen until treated
for analysis.

DNA from fecal samples was extracted using the Dneasy Powersoil kit (Qiagen®,
Hilden, Germany) following the manufacturer’s instructions. Extracted DNA was then
quantified using a Qubit™ 4 fluorometer (Invitrogen, Thermo Fisher Scientific, Carlsbad,
CA, USA) and the Qubit kit 1X dsDNA High Sensitivity (Thermo Fisher Scientific, Inc.,
Karlsruhe, Germany). After quantification, DNA samples were frozen and stored at −20
◦C until further analysis.

2.5. 16S rRNA Amplicon Sequencing

For 16S rRNA amplicon sequencing, 2 μL of DNA extracted from each sample was used
to construct the libraries, and the Ion GeneStudioTM S5 System (Life Technologies, Carlsbad,
CA, USA) was used. For this purpose, the 16S hypervariable regions were amplified with
two sets of primers, v2–4–8 and v3–6, 7–9, and the libraries were prepared by using the Ion
16STM Metagenomics Kit (Life Technologies) and the Ion XpressTM Plus Fragment Library
Kit (Life Technologies). Libraries containing equal amounts of PCR products pooled with a
barcode were prepared by using the Ion XpressTM Barcode Adapters Kit (Life Technologies).
Then, these libraries were quantified by using the Ion Universal Library Quantitation Kit
(Life Technologies). Next, 10 pM of each library was pooled and loaded on an Ion One-
Touch™ 2 System (Life Technologies), which automatically performs template preparation
and enrichment. Template-positive ion sphere particles were enriched with Dynabeads™
MyOne™ Streptavidin C1 magnetic beads (Invitrogen, Carlsbad, CA, USA) by using an Ion
One Touch ES instrument. Finally, an Ion 520 TM chip (Life Technologies) was loaded with
the samples on an Ion GeneStudioTM S5 System sequencer using the Ion 520™ & Ion 530™
Loading Reagents supplied in the OT2-Kit (Life Technologies).
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2.6. Statistical and Bioinformatic Analysis

Student’s t-test for independent samples was used to compare qualitative variables
between different groups (sex or BMI). The X2 test with Yates’s correction was used to
compare frequencies. In all cases, the obtained differences were considered statistically
significant if the p value was less than 0.05.

A two-way ANOVA was used to determine significative differences for time and
substrates as the two covariates in the general linear model using Tukey’s analysis. For
significant differences (p < 0.05) a one-way ANOVA was conducted for each substrate
comparing 0, 5, 10, and 24 h. Similarly, each substrate was compared using two-way
ANOVA; results were significant when p < 0.05. The software SPSS® v.27 for Windows
(SPSS Inc., Chicago, IL, USA) was used for these analyses.

For the analysis of 16S rRNA amplicon sequencing, the raw sequencing reads were
obtained from the Torrent Suite software (v. 5.12.2.) as fastq files. The fastq files were
processed with QIIME 2 software v. 2022.11 [25]. To produce amplicon sequence variants
(ASVs), the DADA2 method was used for quality filtration (Q score ≥ 30), trimming,
denoising, and dereplication. Samples with features (taxa) with a total abundance (summed
across all samples) of <10 were removed. Taxonomy was assigned to ASVs by using the
q2-feature-classifier classify-sklearn naïve Bayes taxonomy classifier, which was compared
to the Greengenes 13_8 99% operational taxonomic unit (OTU) reference sequences.

STAMP software (v 2.1.3) for the “Statistical Analysis of Taxonomic and Functional
Profiles” [26] was used to determine statistical differences in the obtained ASVs at the
species level. Kruskal–Wallis H test with post hoc Tukey–Kramer test was employed.

The OTUs with taxonomic information, obtained in QIIME2, were used together with
a metadata file, in text format, for their analyses in the free platform Microbiome Analyst,
“a comprehensive statistical, functional and integrative analysis of microbiome data” [27].
alpha- and beta- diversity, correlation, and LEfSe analysis were carried out.

3. Results

3.1. Nutritional Analysis and Adequation to the Objectives and the Recommended Daily Intakes for
the Spanish Population

A total of 108 subjects completed a 72 h dietary recall, and their anthropometric
measurements were obtained. Of these, 67 (62%) were women and 41 (38%) were men. The
average age of the subjects was 51.0 ± 8.0 years, and the average kilocalorie intake was
2344.0 ± 556.9 kcal/day. Comparing this energy intake by sex, a significantly higher intake
(p = 0.04) was observed for men (2502.6 ± 538.3) than for women (2247.0 ± 537.0). Data
obtained for macronutrients and other parameters are shown in Table 1.

As it can be observed, the average total carbohydrate intake in terms of % of energy is
deficient, 88.1% of the individuals do not achieve the recommendations. The same occurs
for fiber intake (84.3% of individuals are in deficit). Regarding the lipid profile, 89.6%
of the participants are above the objectives, which indicates a diet rich in fat, especially
in saturated fat since 88% of the volunteers showed to possess a consumption above the
recommendations. For protein, it is necessary to indicate that this macronutrient does
not appear in the recommendations for the Spanish population, since its determination is
depending on the other two macronutrients. The percent for protein usually recommended
is 10–15% of total energy. The data obtained for the participants of this study indicated
an adequation of 38.9% and an excess of 61.1%.

For simple sugar, only 13 individuals showed to have a consumption below a 10%,
being an average intake of 18.1 ± 7.4%. Regarding fruit and vegetable consumption, the
average intake of fruit and vegetables was 1.8 ± 1.5 servings, which is <50% of the recom-
mended five daily servings; only 4.6% of the population surveyed had the recommended
intake, while 94.4% did not meet the recommendations. Regarding other parameters such
as alcohol consumption, most of the volunteers showed to be below the recommendation
of 1 and 2 Standard Drink Units (SDUs) of alcoholic beverages, for women and men,
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respectively. Regarding water consumption, 45.4% of the participants did not reach the
recommendations for water consumption.

Table 1. Participants’ diet quality in terms of a caloric lipid profile: adequacy to nutritional objectives
for the Spanish population (n = 108). Results are expressed as the average ± standard deviation. Diet
adequacy is expressed as the number of individuals meeting the nutritional goals and in brackets is
expressed as percent.

DIET ADEQUACY

CALORIC PROFILE
NUTRITIONAL

OBJECTIVES
VALUES OF

PARTICIPANTS’ DIET
DÉFICIT ADEQUATE EXCESS

Carbohydrates (% Energy) 50–55 38.9 ± 7.8 96 (88.1%) 11 (10.1%) 1 (0.9%)
Fiber (g/1000 kcal) >14 11.7 ± 7.7 91 (84.3%) 15 (13.9%) 2 (1.9%)
Lipids (% Energy) 30–35 41.8 ± 8.0 7 (6.4%) 15 (13.9%) 86 (79.6%)

LIPID PROFILE

SFA (% Energy) ≤7–8 12.0 ± 3.2 - 13 (0.0%) 95 (88%)
MUFA (% Energy) 20 20.8 ± 16.1 36 (33.3%) 45 (41.7%) 27 (25.0%)
PUFA (% Energy) 5 5.9 ± 3.6 39 (38.0%) 23 (21.2%) 62 (57.4%)
Cholesterol (mg) <300 347.0 ± 138.6 0 (0.0%) 46 (42.6%) 62 (57.4%)

OTHERS

Water (mL) 2000 2063.3 ± 627.9 49 (45.4%) 59 (54.6%) 0 (0.0%)
Fruits and vegetables 5 portions 1.8 ± 1.5 102 (94.4%) 5 (4.6%) 1 (0.9%)
Sugar (% Energy) 6–10 18.1 ± 7.4 - 13 (12.0%) 95 (88.0%)

Alcohol (g) ≤1 SDU women
≤2 SDU men 10.84 ± 44.43 - 100 (92.6%) 8 (7.4%)

SFA: Saturated Fatty Acids; MFA: Monounsaturated Fatty Acids; PUFA: Polyunsaturated Fatty Acids; SDU:
Standard Drink Unit.

When the data obtained were compared by sex (Table S1), there were some significant
differences in dietary patterns between men and women.

Thus, in general, women accomplish more nutritional objectives than men. On average,
men have a higher intake of protein, a lower consumption of carbohydrates, and a higher
consumption of fat than women. Regarding the lipid profile, statistical differences were
found for SFA, where women, once again, showed to better accomplish the nutritional
objectives for the Spanish population.

Comparing intake data according to BMI (Table 2), no statistical differences were
found among NW, OW, and OB subjects for all parameters investigated with the exception
of total energy, fiber, and MUFAs, for which statistical differences were found. In the case
of fiber, a better adequation (32.5%) was observed for NW individuals than for OW/OB
(15.2 and 14.3, respectively). For MUFAs, only 14.3% of the OB volunteers accomplish the
objectives, whereas for the OW and NW groups, the accomplishment was higher, 36.4 and
25%, respectively. For total energy, 2284.0 ± 658.6 kcal/day were obtained for the NW
group, whereas for the OW and OB group, the total energy obtained was 2221.3 ± 497.2 and
2498.4 ± 459.1 kcal/day, respectively. A significantly higher caloric intake was obtained for
the OB group (p = 0.0356).

Regarding water, fruit, vegetables, and sugar, no statistical differences were observed
according to BMI. However, in general, the NW and the OW groups showed higher
adequacy for water and alcohol consumption. For sugar consumption, the worst adequacy
was obtained for the NW group, but these values included all the simple sugar consumed,
including that provided for fruits and not only the added simple sugar, and this is the
group consuming more fruits and vegetables.
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Table 2. Macronutrient intake for normal weight (NW), overweight (OW), or obese (OB) subjects,
and its adequation to the nutritional objectives for the Spanish population (n = 108). Caloric profile,
lipidic profile, and others are shown. Results are expressed with mean ± standard deviation. Diet
adequacy is expressed as the number of individuals meeting the nutritional goals and in brackets is
expressed as percent.

NW (n = 40) OW (n = 35) OB (n = 33)

CALORIC PROFILE
Nutritional
Objectives

Mean ± SD
Intake

Adequacy:
n (%)

Mean ± SD
Intake

Adequacy:
n (%)

Mean ± SD
Intake

Adequacy:
n (%)

p Value

Carbohydrates
(% Energy) 50–55% 40.3 ± 7.1 5 (12.5%) 37.4 ± 7.7 1 (3.0%) 38.8 ± 8.6 4(11.4%) 0.274

Lipids
(% Energy) 30–35% 40.6 ± 6.3 6 (15.0%) 43.6 ± 9.6 5 (15.2%) 41.9 ± 7.5 5 (14.3%) 0.280

Fiber
(g/1000 Kcal) >14 14.2 ± 9.5 13 (32.5%) 12.5 ± 10.14 4 (12.0%) 9.1 ± 2.9 5 (14.3%) 0.038

LIPID PROFILE

SFA
(% Energy) ≤7–8 11.8 ± 2.8 3 (7.5%) 11.9 ± 3.0 4 (12.1%) 15.5 ± 8.1 0 (0.0%) 0.559

MUFA
(% Energy) 20 20.3 ± 5.7 10 (25.0%) 19.4 ± 5.7 12 (36.4%) 6.5 ± 5.3 5 (14.3%) <0.001

PUFA
(% Energy) 5 5.8 ± 2.1 12 (30.0%) 6.5 ± 5.3 19 (57.6%) 5.4 ± 2.7 6 (17.4%) 0.874

Cholesterol (mg) <300 mg 340.3 ± 137.7 19 (47.5%) 348.0 ± 129.8 11 (33.0%) 354.1 ± 152.1 10 (28.6%) 0.915
OTHERS

Water (mL) 2000 mL 2305.36 ± 487.6 23 (57.5%) 2128.0 ± 682.2 20 (57.4%) 2098.1 ± 736.4 16 (48.5%) 0.751

Fruits and vegetables 5 portions 1.9 ± 1.5 3 (7.5%) 1.3 ± 1.4 1 (2.8%) 2.2 ± 1.5 1 (3.0%) 0.785

Sugar 6–10 20.0 ± 9.0 1 (2.5%) 19.0 ± 7.1 5 (14.3%) 16.0 ± 5.1 7 (21.2%) 0.632

Alcohol (g)
≤1 SDU
women

≤2 SDU men
3.8 ± 9.8 39 (97.5%) 4.0 ± 8.7 32 (97.0%) 3.9 ± 8.8 31 (88.6%) 0.298

SFA: Saturated Fatty Acids; MFA: Monounsaturated Fatty Acids; PUFA: Polyunsaturated Fatty Acids; SDU: Standard
Drink Unit.

Regarding the intake of micronutrients, a comparison between women and men can
be seen in Table S2. Significant differences were found between sexes for the intake of
thiamine, riboflavin, niacin, vitamin B6, vitamin E, phosphorus, and iron, with the average
daily intake being higher in men than in women for all the micronutrients. Regarding
adequacy, however, women possess a major percentage of adequacy than men.

When comparing micronutrient intake by BMI (Table 3), it was found that NW subjects
consumed higher amounts of some micronutrients such as iron, iodine, and ascorbic acid
than OW and OB patients, whereas tocopherol intake was significantly higher for OW
subjects and OB patients, and a higher intake of calciferol with respect to both NW and
OW subjects was observed. Compliance with intake with current recommendations was
higher in NW subjects than in OW subjects for calcium, iron, iodine, zinc, ascorbic acid,
and calciferol. Only in the case of magnesium were the highest compliance rates found in
OB subjects with respect to NW and OW patients.

Table 3. Micronutrient intake for normal weight (NW), overweight (OW), or obese (OB) subjects, and its
adequation to the Dietary Reference Intakes (DRI) for the Spanish population (n = 108). Diet adequacy is
expressed as the number of individuals meeting the DRI and in brackets is expressed as percent.

NW (n = 40) OW (n = 35) OB (n = 33)

Vitamins Average ± SD
Intake

Adequacy
n (%)

Average ± SD
Intake

Adequacy
n (%)

Average ± SD
Intake

Adequacy
n (%)

p Value

Thiamine (mg) 1.5 ± 0.8 32 (80.0%) 1.9 ± 0.9 31 (88.6%) 1.4 ± 0.3 29 (87.9%) 0.009
Riboflavin (mg) 1.7 ± 0.5 30 (75.0%) 2.1 ± 0.6 31 (88.6%) 1.7 ± 0.4 27 (81.9%) 0.007
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Table 3. Cont.

NW (n = 40) OW (n = 35) OB (n = 33)

Vitamins Average ± SD
Intake

Adequacy
n (%)

Average ± SD
Intake

Adequacy
n (%)

Average ± SD
Intake

Adequacy
n (%)

p Value

Niacin (mg) 30.5 ± 10.7 30 (75.0%) 40.4 ±14.5 16 (45.7%) 31.6 ± 7.7 25 (75.8%) 0.0005
Vitamin B6 (μg) 2.0 ± 0.8 35 (87.5%) 2.3 ± 1.1 33 (94.3%) 2.0 ± 0.6 30 (90.9%) 0.159
Folic acid (μg) 281.3 ± 126.3 13 (32.5%) 278.3 ± 105.2 10 (28.6%) 255.3 ± 74.6 8 (24.2%) 0.537
Vitamin B12 (μg) 6.1 ± 6.0 40 (100%) 6.4 ± 2.5 35 (100%) 5.6 ± 2.8 33 (100%) 0.697
Vitamin C (mg) 151.2 ± 87.7 35 (87.5%) 166.2 ± 79.6 33 (94.3%) 160.7 ± 68.5 33 (100%) 0.738
Vitamin A (μg) 798.4 ± 603.1 24 (60.0%) 750.5 ± 452.7 19 (54.3%) 745.0 ± 406.8 17 (51.5%) 0.868
Vitamin D (μg) 2.9 ± 3.2 8 (20.0%) 4.6 ± 6.0 11 (31.4%) 4.5 ± 6.5 11 (33.3%) 0.321
Vitamin E (mg) 8.3 ± 8.1 5 (12.5%) 7.8 ± 9.9 4 (11.4%) 5.9 ± 5.6 2 (6.1%) 0.416
Minerals

Calcium (mg) 719.8 ± 297.1 7 (17.5%) 841.2 ± 415.0 12 (34.3%) 792.9 ± 348.4 10 (30.3%) 0.331
Magnesium (mg) 325.7 ± 134.9 23 (57.5%) 368.9 ± 95.8 23 (65.7%) 308.8 ± 81.0 15 (45.5%) 0.063
Potassium (mg) 3086.7 ± 904.1 22 (55.0%) 4044.5 ± 1135.9 26 (74.3%) 3511.8 ± 745.6 24 (72.7%) 0.0001
Phosporus (mg) 1415.5 ± 500.5 38 (95.0%) 1716.9 ± 472.9 34 (97.1%) 1436.8 ± 380.6 32 (97.0%) 0.009
Iron (mg) 16.7 ± 9.0 23 (57.5%) 18.3 ± 5.8 29 (82.9%) 14.0 ± 2.8 21 (63.6%) 0.035
Iodine (μg) 184.4 ± 150.3 16 (40.0%) 347.5 ± 197.4 25 (71.4%) 292.5 ± 153.6 25 (75.8%) 0.0002
Zinc (mg) 24.4 ± 78.7 29 (72.5%) 14.1 ± 3.5 34 (97.1%) 10.8 ± 2.9 27 (81.8%) 0.0445
Sodium (mg) 2610.9 ± 677.5 6 (15.0%) 5609.5 ± 1219.7 0 (0.0%) 3877.1 ± 346.0 0 (0.0%) <0.0001

3.2. Analysis of the Gut Microbiota Composition
3.2.1. Alpha- and Beta-Diversity

A total of 95 fecal samples were collected from the volunteers. A first analysis between
groups (NW, OW, and OB) was carried out; however, no differences were obtained between
the OW and OB groups. Therefore, a second analysis conducted by grouping OW and
OB was developed. Although the BMI is the most extended method, in clinical practice,
to classify overweight and obesity in adults, it is not the most adequate to determine
the amount of body fat. In addition, the nutritional analysis has shown that, in terms of
adequacy, the individuals included in the NW group accomplish in higher proportion the
nutritional objectives and the DRI for the Spanish population than the OW and OB groups
(for example, the % of adequacy for the group of OW and OB is 0, whereas 15% of the
individuals in the NW group meet the RDI)

To investigate alpha-diversity, the Chao1 richness and Shannon diversity (richness
and abundance) indices were determined. No statistical differences were found between
the NW and OW/OB groups for Chao1 (ANOVA, p = 0.1953) nor for Shannon (p = 0.711).
For beta-diversity, calculated by Bray-Curtis, no statistical differences were found between
groups (F-value: 0.7111; R-squared: 0.0079266; p-value: 0.768) either. See Figure 1.

3.2.2. Relative Abundance of Bacteria

The relative frequency (Figure 2) at the phylum level (a) showed an increase in the
Bacteroidetes phlylum in the OW/OB (35.5%) group in comparison with the NW group
(33.2%), whereas the Firmicutes phylum decreased in the OW/OB group (53.3% vs. 56.3%)
as well as Actinobacteria (3.54 vs. 3.90%). At the genus level (Figure 1b), the main identified
bacteria were Bacteroides and Prevotella, contributing to the Bacteroidetes phylum, while
Blautia and Ruminoccocus formed the Firmicutes phylum, and Bifidobacterium contributes
to Actinobacteria phylum; in the Proteobacteria phylum, the main genus was Sutterella
and Succinivibrio. Finally, at the species level, 50 species were identified, with the main
identified ones being Prevotella copri, Bacteroides uniformis, Bifidobacterium adolescentis, and
Bifidobacterium longum, among others.
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Figure 1. (a) Shannon index and (b) Chao1 index (alpha-diversity), in red for normal-weight individuals
(NW) and, in blue for overweight/obese (OW/OB); (c) beta-diversity determined by principal coordinates
analysis (PCoA) based on the Bray-Curtis dissimilarity index; red NW group and blue OW/OB group.

(a)                       (b) 

Figure 2. Relative abundance of different bacterial phyla and genera. Bacterial composition (relative
abundance, %) was determined using 16S rRNA amplicon sequencing at the phylum (a) and genus
(b) levels. The x-axis shows the different groups evaluated (NW vs. OW/OB). Due to the large number
of reported bacteria, only the top 19 most abundant genera were included in the legend. NW: normal
weight; OW/OB, overweight/obese individuals.
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Regarding the statistical differences, the analysis using the software STAMP showed
statistical differences for 18 ASVs (see table in Supplementary Material). In Figure 3, it is
possible to see the box plots for three identified bacterial genera and 1 other species. In
the graphics, it can be observed as the genera Anaerostipes and Faecalibacterium decreased in
the OW/OB group whereas the genus Oscillospira increased. For the species, R. faecis, the
proportion of sequence obtained was statistically higher in NW individuals than in OW/OB.

Figure 3. Box plots obtained in the statistical analysis with STAMP for the genera Anaerostipes,
Faecalibacterium, Oscillospira, and the species R. faecis. Blue represents the NW group, and orange is
the OW/OB group.

3.2.3. Correlation Analysis: Microbiota-Fiber, Microbiota-MUFAs

Since statistical differences were found for fiber and MUFAs intake in the nutritional
analysis, a correlation analysis was carried out with these two factors to establish a linear rela-
tionship among the identified species. Individuals were, in this case, classified depending on
their adequation to the recommended intake, reaching or not reaching the recommendation
standards for an adequate, lower, or high consumption in the case of MUFAs. Figure 4a,b
show the obtained results. As can be seen in Figure 4a, P. copri was more abundant in
individuals achieving recommendations for fiber, and this species was positively correlated
with F. prausnizii, B. ovatus, B. caccae, B. uniformis, and R. faecis. A negative correlation was
found for B. adolescentis, Collinsella aerofaciens, Dorea formicigenerans, Parabacteroides distasonis,
Ruminococcus bromii, and B. longum. The bacteria positively correlated with fiber were those
more abundant in NW individuals (see Supplementary Material Figure S1).

Regarding MUFAs (Figure 4b), P. copri was more abundant in those individuals with
adequate consumption to recommendations, followed by individuals with low consump-
tion, and the lowest abundance was observed for those individuals with high consumption.
For this species, a positive correlation was observed with B. caccae, F. prausnitzii, R. faecis,
and B. ovatus.
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Figure 4. Correlation analysis. Figures show the obtained results for the correlation analysis between
identified bacterial species and (a) adequation to fiber intake in green, no adequation in red (b) MUFAS
consumption: above the recommendations(green), below the recommendation(red), and an adequate
consumption (purple). Red lines showed a positive correlation among bacterial species, whereas blue
lines showed a negative correlation.

3.2.4. LEfSe Analysis

The LEfSE analysis at the feature level for the determination of potential biomarkers
shows significant differences for 14 identified bacteria, which are shown in Figure 5. As
it can be observed, bacteria such as R. faecis or F. prausnitzii appear as biomarkers of
NW; this bacterium was previously associated with nutritional adequation to fiber and
MUFAs intake, whereas the genus Oscillospira was associated with OW/OB individuals
who showed a lower consumption of fiber.

Figure 5. LEfSe analysis at the feature level between the NW group (red) and the OW/OB group
(blue) (LDA score > 2). The LDA score (log10) for the most prevalent feature in the OW/OB group is
represented on a negative scale, and the LDA score for the most prevalent feature in the NW group is
represented on a positive scale.

73



Nutrients 2023, 15, 3418

4. Discussion

4.1. Nutritional Analysis

The results obtained from the nutritional analysis showed that the diet followed
by the participants of our study is characterized by an elevated consumption of protein
and fat, with a high intake of SFA and simple sugars and reduced carbohydrates and
fiber. Regarding energy intake, the European Food Safety Authority (EFSA), for its part,
recommends an intake of 2000 kcal/day for women and 2500 kcal/day for men [28]. In the
present study, the daily energy intake compared with the EFSA suggestions was higher
in women, while men adhered correctly to these recommendations. In 2007, a survey
on the eating habits of the Galician adult population was conducted with a sample of
3148 individuals [29]. The average intake in the urban sector (results that can be compared
with our population sample) for women was 2227 kcal/day. If a comparison is made with
the current data obtained in this work, there is only a difference of 20 kcal per day. The
opposite happens with men: subjects in this study consumed 75 kcal/day less than the
average obtained in the Galician population survey (2577 kcal/day).

Regarding the values for the intake of protein, the average was 16.6 ± 3.5%, which
in grams is equivalent to 97.4 ± 15.71 g, a value that exceeds the recommended dietary
allowance of 0.8 g/kg body weight/day [30], which for a person weighing about 70 kg
would mean an intake of approximately 56 g of protein. On the opposite side of the
spectrum to high protein intake is low carbohydrate intake. In 2010, the EFSA’s Technical
Commission on Dietetic Products, Nutrition, and Allergies proposed a range of 45–60%
as a reference for carbohydrate intake in the European Community [31]. In the case of
the Spanish population, the Spanish Society of Community Nutrition (SENC) established
nutritional objectives of 50–55% of total energy intake of 50–55% of the total energy [30].
Carbohydrates can be found in five types of food: milk and dairy products, cereals, legumes,
fruits, and vegetables [32], and their main function is to provide energy to the body; the
human body needs at least 100–150 g/day of this macronutrient to ensure the supply of
glucose to glucose-dependent organs and avoid ketosis. From a nutritional point of view,
carbohydrates can be divided into two categories. On the one hand, glycemic carbohydrates
are considered digested carbohydrates that are absorbed by the small human intestine.
On the other hand, dietary fibers are non-digestible carbohydrates that pass into the large
intestine [33]. In terms of their influence on the gut microbiome, fiber is considered a key
ancestral nutrient that preserves gut ecology, especially by regulating macronutrients and
host physiology. Bacterial fermentation of dietary fiber produces key metabolites such as
short-chain fatty acids, which are considered beneficial for the host’s health. In addition
to its already established properties for glycemic control, findings of gut microbiome
correlations with glucose homeostasis can be incorporated into clinical nutrition practice.
Targeted dietary fiber interventions on microbiome modulation can offer options to improve
glucose control and contribute to personalized nutritional practices [34,35].

In the results presented in this work, the average intake of carbohydrates of our
volunteers was de 38.9 ± 7.8% of total energy, which is 11% below the objectives for the
Spanish population.

In the case of dietary fiber, the adequacy values are very similar to those for carbohy-
drates; however, significant statistical differences were observed (p = 0.038). It was noted
that 84.3% of the volunteers had an intake below the recommendations and only 13.9% were
adequate for fiber intake. Dietary fiber has functions such as delaying gastric emptying and
maintaining satiety, which may aid in body weight control [35]. It is also associated with a
reduction in postprandial peak glucose and insulin, which is a point of interest for people
with type 2 diabetes or subjects with glucose intolerance [36]. In terms of BMI, the NW
participants in this study had a higher percentage of adequacy (32.5%) than the overweight
or obese volunteers (12.0% and 14.3%, respectively). Therefore, this result may indicate the
adequacy in fiber intake in participants with NW could be related to a reduction in appetite,
which may help the individual to eat less food at subsequent meals, thus balancing daily
energy intake [37]. Other studies carried out with the Spanish population, as the ANIBES
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developed in the year 2019 [38], reported similar results, showing a lower fiber intake of
12.7 ± 5.6 g/day.

Only 2 of the 108 individuals included in the study showed to be fiber intake higher
than 50 g/day. High fiber intake can reduce the bioavailability of minerals (iron, calcium,
magnesium, and zinc) because phytates, a component present in fiber, can form insoluble
compounds with these minerals and affect their absorption at the gastrointestinal level [39].
High fiber consumption is also related to gastrointestinal problems, as fiber can reach the
colon intact where it is fermented by the intestinal microbiota of the colon, producing
gas that can be accompanied by discomfort with abdominal distension [39]. In terms of
the type of bacteria use this fiber, the studies are contradictory. Thus, there are articles
reporting an increase in the Bacteroidetes phylum for a diet rich in insoluble fiber, an
increase in relative abundance for Proteobacteria for soluble fiber, and for some species of
the phylum Firmicutes [40]. Other studies indicate that in humans, it has been reported that
Bacteroidetes and Actinobacteria have a positive association with fat but a negative associ-
ation with fibers, whereas Firmicutes and Proteobacteria show the reverse association [41].
Thus, it seems clear that the metabolism of fiber by the bacteria depends on the type of fiber
(soluble and insoluble) and the chemical structure of the fiber (polymerization degree, type
of linkages, etc.), as well as the microbiota of the individual. As commented before, the
future will allow us to select adequate fiber to develop personalized nutritional practices.

These results, for protein, carbohydrate, and fiber intake, are coincident with previous
studies where population diet was analyzed. Thus, a study developed in Buenos Aires
(Argentina) [42] evaluated the food intake of 142 adults with an average age of 52 years old, the
value for protein intake, in grams, was 97 ± 44 g, 252 ± 117 g of carbohydrates (45% of total
energy), and only a 15% of participant achieved the recommendations for fiber. In this study,
49% of the participants showed to be an adequation for refined sugars; however, in the present
study, only 13% showed adequacy. In similar studies developed recently in Spain, our results
are coincident. Thus, Companys et al. [43] showed, in a study developed with 128 individuals,
an elevated protein intake (about 18% of total energy) and a reduced carbohydrate and fiber
intake (~38% of energy for carbohydrates and a fiber intake of 25 g/day).

Regarding total lipid intake, 79.6% of the surveyed population exceeded the maxi-
mum recommended intake, and only 13.9% accomplished the nutritional objectives of this
macronutrient. These data are coincident with the previous studies indicated above [42,43],
in which 38.8% and 41% of lipids in terms of total energy, for the two studies, respectively,
were reported for the participants.

Fat is one of the macronutrients of greatest interest in the diet, due to its specific
nutritional characteristics, as its contribution to the diet is more than twice as many calories
per gram (9 kcal/g) as that of carbohydrates or proteins [30]. An adequate intake of
total fat provides essential fatty acids and energy to facilitate the absorption of fat-soluble
vitamins [44]. A popular belief is that dietary cholesterol is the cause of increased blood
cholesterol levels. It is now known that this is not the case, although if consumed in excess,
dietary cholesterol can have a detrimental influence on human health [45]. It is worth
mentioning that excessive consumption of high-fat foods, accompanied by a sedentary
lifestyle, affects body weight and health. In fact, total lipid intake is directly related to BMI
and lipid profile; therefore, reducing intake, especially in people with excess body weight,
influences weight loss and total and c-LDL cholesterol levels [46].

The SENC recommends a daily intake of three pieces of fruit and two or more pieces
of vegetables, adapting to the traditional statement of five portions per day. Of total, 94.4%
of the participants surveyed had an intake lower than these recommendations, with an
average consumption of 1.8 units. In 2018, through the fruit and vegetable situation report
provided by the Spanish Nutrition Foundation, a daily intake of 1.5 pieces of fruit and
1.3 pieces of vegetables was found among the Spanish population [47]. Insufficient fruit
and vegetable intake is estimated to be the cause of about 14% of gastrointestinal cancer
deaths worldwide, 11% of deaths from ischaemic heart disease, and 90% of deaths from
cardiovascular accidents [48]. Scientific research in recent years has focused on the protec-
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tive role of fruits and vegetables due to their antioxidant potential and their high content of
vitamins C, E, and beta-carotene, and other carotenoids, as well as phytochemicals [48].

In general terms, the population studied presented a diet similar to the Western dietary
pattern [49]. High intakes of foods rich in fats and sugars reigned supreme, while low
intakes of carbohydrates including fiber were conspicuous by their absence. Within these
inadequacies, the NW group was those who best met the nutritional targets, compared to
the overweight and obese group.

Regarding the data obtained for the nutritional analysis taking into account the BMI,
in general, higher adequacy was observed for the NW group. The three groups analyzed
presented a similar average intake for nutrients with the exception of fiber (p <0.038) and
MUFAs (p < 0.001). The OW and OB groups showed to consume lower amounts of fiber
with outstanding minor adequacy. For MUFAs, the OB group showed lower intake.

Regarding micronutrients. Data obtained in the function of BMI showed that all
groups achieved the DRI for vitamin B12 and phosphorus. This can be attributed to the
high consumption of meat and fish in the diet of the region of Galicia, where the present
study was carried out. In addition, phosphorus is found in many ultra-processed foods,
which are abundant in a Western diet. Among the micronutrients for which the DRI was
not accomplished, vitamin E, folic acid, and calcium showed the lowest adequation. In
Spain, the ANIBES report [37] found that 78% of men and 82% of women do not meet
adequate vitamin E intake, which coincides with those found in the present work, i.e., 80.5%
of men and 95.5% of women did not reach the minimum intake of vitamin E. Folic acid
is a micronutrient found in fruits and vegetables, as well as in legumes and other foods
such as nuts. The volunteers in the present study reported inadequate intakes of fruit and
vegetables, so the low inadequacy could be due to low intakes of these foods.

The high consumption of sodium for the different BMI groups of the surveyed pop-
ulation is noteworthy. The OW and OB showed a 0% of adequation. In Spain, the DRI
established by the Spanish Federation of Nutrition, Food and Dietetic Societies (FESNAD)
is 1300 mg/day [25]. EFSA considers that an intake of less than 5 g/day (equivalent to
2000 mg Na) represents a healthy salt intake for the general population [50].

In 2010, the average sodium intake worldwide was 3950 mg/day [51]. The re-
sults of the ANIBES study in the Spanish population show that the daily intake was
1846 ± 686 mg/day in women and 2219 ± 876 mg/day in men [37]. The results of the
present study reveal a sodium intake that is well above the RDI, similar to the global aver-
age consumption mentioned above. In both women and men in the Galician population
surveyed, the average consumption is three times the RDI (3855.0 ± 1300.3 mg/day and
4156.8 ± 1779.4 mg/day, respectively).

High salt intake may contribute to increased blood pressure, which is one of the main
risk factors for cardiovascular disease [52].

4.2. Analysis of the Gut Microbiota Composition

Results for alpha- and beta- diversity did not show statistical differences among NW
and OW/OB groups, which is coincident with previous studies of dietary intake in lean
and obese individuals. In the study carried out with Filipino children [53], no statistical
differences were found for alpha- and beta- diversity. The study of Companys et al. [43] with
Spanish adults, however, found significant differences in the Chao1 index and beta-diversity.

Regarding the profile of intestinal microbiota for both groups, the studies carried out
to date have reported that the gut microbiota in obese individuals is different from that
of lean people in terms of the dominant phyla Bacteroidetes and Firmicutes [19,54,55]. In
this sense, different studies have indicated that when there is an excess of body fat, the
relative abundance of the phyla Firmicutes increased [10]. However, our data showed
the contrary since this phylum decreased in the OW/OB group. This can be due to the
diet since Firmicutes together with the Bacteroidetes phylum are responsible for com-
plex carbohydrate metabolism in the gut [56]. Since our individuals did not achieve the
nutritional recommendations for this macronutrient, especially the OW/OB group, the
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type of carbohydrates could be determinant for the ratio between this phylum and not
rely so much on the body fat. In addition, physical activity can also influence the Firmi-
cutes/Bacteroidetes ratio [57]. Since our OW/OB individuals do not achieve the OMS
recommendations of at least 75–150 min of vigorous-intensity aerobic physical activity or
an equivalent combination of moderate- and vigorous-intensity activity throughout the
week [58], the Firmicutes/Bacteroidetes ratio in this population should also be influenced
by this situation.

Although most of the studies indicated that the ratio Firmicutes/Bacteroidetes in-
creased in obesity, other studies are constituent with our data [59,60], and there are also
a few studies that did not find any correlation between gut microbiota composition and
variations in body weight. In addition, some authors indicate that the evidence does not
support a pivotal role for the proportion of Bacteroidetes and Firmicutes, at least at the
phylum level, in predisposition to increased body weight, but that diet is responsible to
decrease or increase this ratio [61].

Among the bacterial analyzed to obtain differences between the NW and the OW/OB
group, it should be pointed out that the results indicated a predominance of Faecalibacterium,
Anaerostipes, and R. faecis for the NW group and Oscillospira for the OW/OB group.

Faecalibacterium is a genus associated with a healthy status, since their species are
butyrate producers, taking special relevance to F. prausnitzii. Previous studies evaluating
intestinal microbiota in OB and NW individuals have reported a decrease in this bacteria in
the first one [62], which is one of the most reported lean-associated genera [63]

Anaerostipes, a genus belonging to the family Lachnospiraceae of the phylum Firmicutes,
was also found in significantly higher abundance in NW individuals. Previous studies have
shown that this genus was significantly overrepresented in subjects with low inflammatory
index [64] and increased in healthy controls when different pathologies have been evaluated
as, for example, major depressive disorder [65]. It has also been reported that Anaerostipes
may protect against colon cancer in humans as a butyric acid producer. In our study, this
genus was indicated more abundant in NW individuals.

R. faecis is also a species belonging to the family Lachnospiraceae. The genus Roseburia con-
sists of obligate Gram-positive anaerobic bacteria that are slightly curved, rod-shaped, and
motile by means of multiple subterminal flagella. It includes five species: Roseburia intestinalis,
R. hominis, R. inulinivorans, R. faecis, and R. cecicola. Gut Roseburia spp. metabolize dietary
components that stimulate their proliferation and metabolic activities. They are part of
commensal bacteria producing short-chain fatty acids, especially butyrate, affecting colonic
motility, immunity maintenance, and anti-inflammatory properties. Modification in Rose-
buria spp. representation may affect various metabolic pathways and is associated with
several diseases (including irritable bowel syndrome, obesity, Type 2 diabetes, nervous
system conditions, and allergies) [66].

Oscillospira was found to increase in OW/OB group. This bacterial genus was associ-
ated with constipation in previous studies and predictor of low BMI [67], and it is related in
most of the published articles to lean subjects [63,68]; however, our data show the contrary.

For the results obtained from the LefSe analysis, it is remarkable that Lachnospira,
Anaerostipes, F. prausnitzii, R. faecis, and Roseburia together with YS2 (Lactobacillus plantarum),
Ruminococcus_1_1, Fluvicola and Flavobacteriales were biomarkers indicative of NW, whereas
Eggerthella lenta, Bifidobacterium, Oscillospira, Bacteroides eggerthii and Parabacteroides were
associated with obesity. Some of these bacteria have been discussed above in relation to
obesity or lean status. Regarding L. plantarum, some studies have reported specific strains
that as probiotics can alleviate obesity [69].

B. eggerthii was reported increased in obese children in Mexico [70], but it is true that
with Bacteroides species, the studies indicated it was associated with a healthy status and
other ones with dysbiosis or pathologic one.

Regarding Bifidobacterium, it has been reported that the Lactobacillus and Bifidobacterium
genera may have a critical role in weight regulation as an anti-obesity effect in experimental
models and humans, or as a growth-promoter effect in agriculture depending on the
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strains [71]. B. animalis, for example, has been associated with normal weight status.
Although no significant differences have been found between groups, it was noted, in our
OW/OB group, that there was a decrease in B. animalis, B. adolescentis, and B. longum and
an increment in B. breve and pseudolongum (data not shown).

Finally, the study presented showed that P. copri was more abundant in individu-
als achieving recommendations for fiber, and this specie was positively correlated with
F. prausnitzii, B. ovatus, B. caccae, B. uniformis, and R. faecis. A negative correlation was found
for B. adolescentis. Collinsella aerofaciens, Dorea formicigenerans, Parabacteroides distasonis,
Ruminococcus bromii, and B. longum. The bacteria positively correlated with fiber were those
more abundant in NW individuals (see Supplementary Material Figure S1).

These results are consistent with other published studies. For example, Lin et al. [72]
found that higher fiber intake can affect the composition of the intestinal microbiota, favour-
ing putative beneficial bacteria such as F. prausnitzii. Other authors such as Fritsch et al. [73],
in a crossover study of 17 participants, found that the abundance of F. prausnitzii increased
after 4 weeks on a low-fat, high-fiber diet compared to a standard American diet enhanced
with fiber, while Rosés et al. [74], demonstrated a significantly positive correlation between
high-fiber intake within the Mediterranean diet context and R. faecis abundance. Similarly,
studies have shown that after 14 days on a liquid diet supplemented with fiber-rich foods,
the abundance of F. prausnitzii and R. intestinalis is reduced [75].

Therefore, it seems clear that in our study, fiber is the main component determining
intestinal microbiota composition. Regarding MUFAs (Figure 4b), P. copri was more abun-
dant in those individuals with adequate consumption, followed by individuals with low
consumption, and the lowest abundance was observed for those individuals with high con-
sumption. The species showing a positive correlation with B. caccae, F. prausnitzii, R. faecis,
and B. ovatus. B. caccae, F.praunsitzii, and R. faecis were significantly reduced in the OW/OB
group (see Supplementary Material Figure S1), indicating that these bacteria in addition to
the low consumption of fiber could be affected by MUFAs consumption. Previous scientific
studies have shown that diets rich in MUFAs do not affect the number of individual bacterial
populations but do reduce the number of total bacteria, serum total cholesterol, and LDL-
cholesterol values [76]. Since the chemical structure of the fiber is key for the development of
one or other bacteria, more studies focusing on the effect of the type of fiber consumed by
individuals and focusing on MUFAs should be carried out to clarify this question.

Thus, for our future studies, it should be interesting to evaluate different types of dietary
fiber that could be useful to restore this intestinal microbiota imbalance in these OW/OB
individuals, test them in a pre-clinical study using an in vitro colonic model, and then
select the most appropriate to develop a clinical study with the volunteers. In this clinical
study, different biochemistry and genetic parameters, among others, could be investigated to
evaluate the effect of this fiber on intestinal microbiota and the host’s health status.

5. Conclusions

In this work, a nutritional analysis of individuals from a Northwest region of Spain,
Galicia, was conducted to evaluate their adequation to the recommendation. When in-
dividuals were compared by BMI, significant differences in fiber and monounsaturated
fatty acids (MUFAs) intake were observed, showing higher adequacy for the NW group.
Additionally, the analysis of the gut microbiota of the volunteers was also evaluated to
obtain statistical differences in 18 ASVs. Anaerostipes and Faecalibacterium decreased in the
OW/OB group, whereas the genus Oscillospira increased. A genus was also found in the
LEFSe analysis as a biomarker for OW/OB. R. faecis was found in a significantly higher
proportion of NW individuals and identified as a biomarker for the NW group. Correlation
analysis showed that adequation to nutritional recommendation for fiber indicated a higher
abundance of P. copri, linearly correlated with F. prautsnitzii, Bacteroides caccae, and R. faecis.
The same correlation was found for the adequation of MUFA, with. these bacteria being
more abundant when the intake was adjusted to or below the recommendations.
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(NW in red and OW/OB in green, groups) Red lines showed a positive correlation among bacterial
species whereas blue lines showed a negative correlation; Table S1: Participants’ diet quality by sex, in
terms of caloric profile and lipid quality: adequacy to nutritional objectives for the Spanish population.;
Table S2: Micronutrient intake and adequation to the Dietary Reference Intakes (DRI) for the Spanish
population in women and men.
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Abstract: In recent years, artificial additives, especially synthetic food colorants, were found to
demonstrate wider properties compared to their natural equivalents; however, their health impact
is still not totally mapped. Our study aimed to determine the long-term (30 and 90 days) exposure
effect of one of the commonly used artificial food colorants, tartrazine, on NMRI mice. The applied
dose of tartrazine referred to the human equivalent dose for acceptable daily intake (ADI). Further,
we evaluated its impact on the transcription of a range of epigenetic effectors, members of the
DNA methyltransferase (DNMT) as well as histone deacetylase (HDAC) families. Following the
exposure, organ biopsies were collected from the lungs, kidneys, liver, and spleen, and the gene
expression levels were determined by real-time quantitative reverse transcription PCR (RT-qPCR).
Our results demonstrated significant upregulation of genes in the tested organs in various patterns
followed by the intake of tartrazine on ADI. Since DNMT and HDAC genes are involved in different
steps of carcinogenesis, have roles in the development of neurological disorders and the effect
of dose of everyday exposure is rarely studied, further investigation is warranted to study these
possible associations.

Keywords: DNMT; HDAC; tartrazine; additive; mice; qRT-PCR; gene expression; azo-dye; food
colorant; epigenetics

1. Introduction

Color additives have been widely used since 1500 BC and currently are extensively
used by food manufacturers as a vital criterion for food choice. Among them, synthetic
food colorants are more favorable due to their stability, low cost, and coloring properties.
These artificial food colorants are available in different varieties and colors [1]. Often, we
consume them unknowingly. Therefore, it is essential to study the biological consequences
of food colorant usage [2].

The consumption of artificial food colorants below the acceptable daily intake (ADI)
does not cause any harm, but it may cause for example many disorders among children due
to their low body weight [3]. In developing countries, children are the major consumers of
artificial food colorants, which is the reason they are at high risk of several illnesses such
as asthma [4]. The total world colorant production is estimated to be 80,000,000 tons per
year [5].

Azo dyes are a group of vivid synthetic food colorants including tartrazine (TRZ; trisodium-
5-hydroxy-1-(4-sulfonatophenyl)-4-(4-sulfonatophenyl-azo)-H-pyrazol-3-carboxylate) and rep-
resent about two-thirds of all synthetic dyes, which are undoubtedly the most widely used
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colorants in our everyday products [6]. Red azo dye TRZ, known as E102 or FD&C Yellow
5, or C.I. 19,140, is a synthetic lemon-yellow colorant used in food, drugs, and cosmetics [7].
Both the FAO/WHO Expert Committee on Food Additives (JECFA) and the European
Union Scientific Committee for Food (SCF) determined an acceptable daily intake dose in
1996 [8]. JECFA in 1964 demonstrated TRZ’s identity, purity criteria, and toxicological data
and defined an ADI of 0–7.5 mg/kg body weight (bw) [9]. TRZ acceptable daily intake
was increased in 2016 from 0–7.5 to 0–10 mg/kg bw based on a NOAL of 984 mg/kg bw
due to the lack of compelling evidence of harm at the highest tested doses (≥1000 mg/kg
bw/day) in both long-term and reproductive and developmental studies [10].

TRZ is synthesized from coal tar, and it is marketed in the form of water-soluble
powder. The levels of TRZ and other synthetic colorants in food product samples can
exceed the accepted daily consumption limit in adults and children. Among children, the
risk of exceeding ADI is usually much higher than adults, because children are the major
consumers of colored food. Thus, exposure to excessive colorants may pose a greater health
risk such as hyperactivity [11]. The individual response depends on genetic factors as well
as on long-term exposure to low doses [12].

TRZ can be metabolized to an aromatic amine such as sulfanilic acid, which is highly
sensitizing to allergies such as urticaria and asthma because TRZ is a nitrous deriva-
tive [13,14]. In addition, research has focused on its potential to cause genetic mutations
and cancer because it can be converted into an aromatic amine, sulfanilic acid, by the
microorganisms in the gut [15]. Sufanilic acid has been shown to cause oxidative stress and
cellular damage to human pancreatic cells, for instance [16].

TRZ has been demonstrated to exert histopathological effects on the hepatic and renal
tissues of rats, indicated by vacuolation, swelling, necrosis, and pyknosis [17]. Red-azo
dye such as TRZ can induce DNA damage in vivo and in vitro [18–23]. In one study, the
comet assay showed that tartrazine has a genotoxic effect on the white blood cells of rats
that were treated [24]. Both TRZ and its metabolites showed genotoxic effects. In addition,
TRZ can induce cytotoxicity at high concentrations [24]. The toxic effect of azo dyes has
been attributed to the aromatic amines produced from the cleavage of aryl-N=N-aryl [25].
N-hydroxy derivatives, the byproducts of sulfanilic acid, result in neurotoxicity and cause
disruptions in redox balance, as evidenced by a significant increase in malondialdehyde
(MDA) levels (p < 0.05), as well as inhibition of glutathione (GSH) concentration, catalase
(CAT), superoxide dismutase (SOD), and glutathione peroxidase (GPx) antioxidant enzyme
activities. Additionally, tartrazine-treated rats exhibited elevated levels of acetylcholine
(Ach) and gamma-aminobutyric acid (GABA) in the brain, while dopamine (DA) levels
were depleted [26].

DNA methyltransferases (DNMTs) and histone deacetylases (HDACs) are groups
of enzymes that play a significant role in epigenetics. DNMTs are a family of enzymes
that provide a crucial role in genomic stability and integrity. They act on the addition of
a methyl group to the 5-position of cytosine residues in DNA. DNA methylation plays a
crucial role in regulating gene expression by silencing certain genes by inhibiting their tran-
scription. This can occur through the methylation of promoter regions of genes, preventing
the binding of transcriptional factors [27]. There are three active enzymatic members of
DNMTs, including DNMT1, DNMT3A, and DNMT3B. Misregulation of them may cause
chromosomal instability and carcinogenesis by abnormal DNA methylation. Some studies
have shown that DNMT overexpression may lead to the methylation of tumor-suppressor
genes, resulting in their silencing and the development of cancer [28]. Hypermethylation
of the promoter of DNA repair genes is closely associated with several human tumor types,
including colon, breast, and lung cancer [29].

HDACs represent a group of enzymes responsible for the removal of acetyl groups
from histones, leading to expressions of several genes. It has been reported that HDACs are
responsible for the alteration of acetylation levels, which has been studied in various cancer
cells. HDACs could play a significant role in the initiation, progression, and promotion of
carcinogenesis [30].
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HDAC2, HDAC3, and HDAC8 are all members of the histone deacetylase (HDAC)
family of enzymes that play important roles in regulating cell proliferation. They are
known to interact with other transcriptional repressors and co-repressors, such as the
polycomb group proteins, to silence genes that promote cell proliferation. Studies have
shown that HDAC genes inhibit cell cycle inhibitors, differentiation, and apoptosis but
enhance angiogenesis, invasion, and migration [31,32].

Many food products contain TRZ, which are prepared at different temperatures, such
as drinks and juices, cookies, chips, chewing gums, candies, cereals, mustards, dairy prod-
ucts, jellies, ice creams, fillings, liqueurs, powdered juices, soft drinks, yogurts, decoration
and coatings, and many other products [33].

This study aimed to evaluate the correlation between TRZ and the expression of
HDAC2, HDAC3, and HDAC8 as well as DNMT1, DNMT3a, and DNMT3b with the help
of qRT-PCR measured in the lungs, kidneys, liver, and spleen of young male and female
mice after long-term and short-term exposure, resulting in a detectable enhancing effect of
tartrazine on the activity of DNMT and HDAC genes.

2. Materials and Methods

2.1. Animals

The selected age of the mice was 6–8 weeks. This corresponds to the human infancy
and early sedentary age. The duration of treatment was 30 and 90 days for the mice, which
corresponds to approximately 3 and 10 years in human life. Thus, our study targets the
life stage and duration at which exposure to tartrazine is greatest in the human population.
A total number of 48 male and 48 female NMRI mice (Charles River Laboratories Interna-
tional, Budapest, Hungary) were used in the present study, aged between 6 and 8 weeks,
and weighing 30–40 g. The study animals were kept at the Experimental Department
(University of Pécs, Pécs, Hungary), where they were housed in standard polycarbonate
cages (330 × 160 × 137 mm), bedded with shavings under standard conditions (20–22 ◦C,
humidity 40–60%, 12:12 h light–dark cycle photoperiod) and fed with standard rodent pellet
(CRLT/n standard rodent pellet, Sindbad Kft., Gödöllő, Hungary); the water was provided
ad libitum. The animal experiment was reviewed and approved by the local authorities
(Committee on Research of the University of Pécs, permit number: BA02/2000-12/2018)
according to Hungarian animal protection laws in accordance with EU guidelines. In line
with ethical guidelines, we reduced the number of animals used and refined the experi-
mental conditions and procedures to minimize harm to animals. The cervical dislocation
was performed by a properly trained person in full compliance with the regulations of
physical euthanasia.

2.2. Treatment of NMRI Mice

NMRI mice were divided into 8 groups of 6 females and 6 males each as described below:
Group I: control group that consumed tap water and rodent chew prepared at room

temperature for 30 days.
Group II: control group that consumed tap water and rodent chew prepared at room

temperature for 90 days.
Group III: control group that consumed tap water and rodent chew, prepared, and

baked after the drying process for 30 min at 160 ◦C, for the duration of 30 days.
Group IV: control group that consumed tap water and rodent chew, prepared, and

baked after the drying process for 30 min at 160 ◦C, for the duration of 90 days.
Groups V and VI: received special feed consisting of 1×ADI equivalent of human

dosage (Human ADI = 7.5 mg/kg/day, which corresponds to 1.845 mg/day of tartrazine,
for a mouse with an average body weight of 20 g) [34] of TRZ (Merck-Sigma-Aldrich,
Budapest, Hungary), at room temperature for the duration 30 and 90 days, respectively.

Groups VII and VIII: received special feed consisting of 1×ADI equivalent of human
dosage of TRZ prepared similar to the control groups and baked at 160 ◦C for 30 min for
the duration of 30 and 90 days, respectively (Table 1)
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Table 1. Treatment and sample preparation for the eight groups. The experimental NMRI mice
received a daily amount of laboratory rodent chew mixed with an equivalent human dose of TRZ for
the duration of the experiment.

Groups Duration of Consumption Temperature of Sample Preparation

Group 1 Control 30 days Room temperature

Group 2 Control 90 days Room temperature

Group 3 Control 30 days 160 ◦C

Group 4 Control 90 days 160 ◦C

Group 5 + TRZ 30 days Room temperature

Group 6 + TRZ 90 days Room temperature

Group 7 + TRZ 30 days 160 ◦C

Group 8 + TRZ 90 days 160 ◦C

2.3. Sample Collection and mRNA Isolation

After the respective treatment duration, cervical dislocation was performed. The
biopsies were collected from various organs such as lungs, liver, kidneys, and spleen,
during necropsy. We isolated total RNA from these tissues using TRIzol reagent (MRTR118-
20 NucleotestBio Budapest, Hungary) according to the manufacturer’s protocol. The
tissue samples were homogenized using a Polytron homogenizer with TRIzol reagent
(1 mL per 50–100 mg of tissue), and 100 μL of chloroform was added to the TRIzol lysate
and thoroughly mixed by shaking. After 5 min at room temperature, the samples were
centrifuged for 15 min at 12,000× g at 4 ◦C, and the upper aqueous phase containing RNA
was collected in a fresh Eppendorf tube. Next, 250 μL of isopropanol was added to the
sample, mixed, and kept at room temperature for 10 min before being centrifuged for
10 min at 12,000× g at 4 ◦C. The supernatant was discarded, and the pellet was washed
with 70% ethanol and then centrifuged for 5 min at 7500× g at 4 ◦C. The pellet was air-dried,
and either RNase-free water or DEPC-treated water was added to the sample. Finally, RNA
was quantified using a Nanodrop spectrophotometer.

2.4. qRT-PCR

Total RNA was evaluated with Roche Lightcycler 480 (Roche, Basel, Switzerland).
Assays were run with the Roche 480 instrument, using the KAPA SYBR FAST One-Step
qRT-PCR Master Mix kit (Sigma—Budapest, Hungary). Amplifications were carried out
in 20 μL of reaction volume, mixing 5 μL of RNA target (50–100 ng) and 15 μL of the
master mix containing forward and reverse primers (10 μL KAPA SYBR FASTqPCR Master
Mix, 0.4 μL KAPA RT Mix, 0.4 μL dUTP, 0.4 μL primers (200 nM), 3.8 μL sterile double-
distilled water). Reactions were performed with the following thermal profile: 42 ◦C for
5 min, for the reverse transcription step, a hot-start denaturing step of 95 ◦C for 3 min,
followed by 45 cycles of 95 ◦C for 10 s (denaturation), 60 ◦C for 20 s (annealing/extension).
The fluorogenic signal emitted was read during the annealing–extension step and was
analyzed by software. Immediately after amplification, a melting curve protocol was
produced by increasing each cycle by 0.5 ◦C, starting from the set-point temperature
(55.0 ◦C), for 80 cycles, each one at 10 s. The primary sequences of the housekeeping gene
used as an internal control, hypoxanthine–guanine phosphoribosyltransferase (HPRT1),
and the genes of interest, DNMT1, DNMT3A, DNMT3B, HDAC2, HDAC3, and HDAC8,
are shown in Table 2. Primers were designed with Primer Express™ Software (Applied
Biosystems, Budapest, Hungary) and were synthesized by Integrated DNA Technologies
(Bio-Sciences, Budapest, Hungary). The results were analyzed by the relative quantification
(2−ΔΔCT) method.
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Table 2. Sequences of primers used for relative gene expression level measure with qRT-PCR.

Gene name Forward Primer Reverse Primer

DNA methyltransferase 1 (DNMT1) AAGAATGGTGTTGTCTACCGAC CATCCAGGTTGCTCCCCTTG

DNA methyltransferase 3A (DNMT3a) GAGGGAACTGAGACCCCAC CTGGAAGGTGAGTCTTGGCA

DNA methyltransferase 3B (DNMT3b) AGCGGGTATGAGGAGTGCAT GGGAGCATCCTTCGTGTCTG

Histone deacetylase 2 (HDAC2) GGAGGAGGCTACACAATCCG TCTGGAGTGTTCTGGTTTGTCA

Histone deacetylase 3 (HDAC3) GCCAAGACCGTGGCGTATT GTCCAGCTCCATAGTGGAAGT

Histone deacetylase 8 (HDAC8) ACTATTGCCGGAGATCCAATGT CCTCCTAAAATCAGAGTTGCCAG

Hypoxanthine
phosphoribo-syltransferase 1 (HPRT1) TCAGTCAACGGGGGACATAAA GGGGCTGTACTGCTTAACCAG

2.5. Statistical Analysis

To evaluate our results, we performed an ANOVA test, Levene’s F test, and then a
post hoc analysis (Scheffe and LSD test). The Kolmogorov–Smirnov test was applied to
determine the distribution and standard deviation. Statistical analysis was performed
using IBM SPSS statistics for Windows, Version 26.0 (Armonk, NY, USA). Significance was
established at p < 0.05.

3. Results

3.1. Expression of DNMT Genes

The gene expression of epigenetics-related enzymes was measured in the samples
taken from the NMRI mice’s spleen, liver, lungs, and kidneys. When DNMT1 expression
(Figure 1) was measured in the spleen, liver, lungs, and kidneys, the 30-day and 90-day
room temperature TRZ-treated groups had significantly elevated levels compared to the
control groups. When TRZ-containing feed was prepared at high temperatures, significant
activation of DNMT1 was observed in the liver, lungs, and kidneys from the 30-day
treatment and the liver and kidneys from the 90-day treatment. Lengthening the treatment
from 30 to 90 days significantly activated DNMT1 expression in the liver and kidneys from
the room-temperature TRZ and the spleen, liver, and lungs from the high-temperature
TRZ groups. When we examined how the temperature of the chew preparation influenced
DNMT1 expression, the preparation at room temperature had higher gene expression in the
spleen, lungs, and kidneys of the 30-day and the liver and kidneys of the 90-day groups.

For the expression of the DNMT3a gene (Figure 2), 30- and 90-day room-temperature
TRZ-treated samples from the spleen, liver, lungs, and kidneys indicated a significant
increase compared to the corresponding control groups. In high-temperature TRZ groups,
the spleen and kidneys of 30-day and all tissue samples of the 90-day groups expressed
higher DNMT3a. Significantly higher DNMT3a expressions were observed in the 90-day
treatment group than in the 30-day one for spleen, liver, lungs, and kidneys in both
unheated and heated TRZ conditions. When the preparation temperatures of the mice
chews were analyzed, only lung samples in the 90-day group had significant differences.

DNMT3b gene expression was not statistically different (Figure 3) among all 30- and
90-day room-temperature TRZ treatment groups and their respective control groups, except
for the 90 days of tartrazine treatment in the spleen sample. However, during the high-
temperature TRZ treatment, the liver sample from 30 days and the spleen and liver from
90 days had increased DNMT3b expression compared to their controls. Significant changes
were observed in the spleen and liver for 30 days and the spleen and lungs for 90 days
when TRZ was prepared at high temperatures.

3.2. Expression of HDAC Genes

Elevated levels of HDAC2 expression were observed (Figure 4) in the spleen, liver,
lungs, and kidneys of the 30- and 90-day room temperature TRZ-treated groups compared

87



Nutrients 2023, 15, 2946

to the control groups. When the TRZ was prepared at a high temperature, significant
activation of HDAC2 was found in the liver, lungs, and kidneys of the 30-day group and
in the spleen, liver, lungs, and kidneys of the 90-day group. The increase in treatment
duration from 30 to 90 days resulted in significant activation of HDAC2 expression in the
spleen of the room-temperature TRZ and the spleen and liver of the high-temperature TRZ
group. The gene expression of HDAC2 was significantly different in the spleen, lungs, and
kidneys of the 30-day group and the spleen of the 90-day group when the different chew
preparation temperatures were compared.

 

Figure 1. Relative gene expression level of DNMT1 in the spleen, liver, lungs, and kidneys of the
animals, p < 0.05, after 30- and 90-day consumption of tartrazine prepared at room temperature
and treated with high heat (30-D-C: 30-day control, 30-D-HTC: 30-day heat-treated control, 30-D-T:
30-day consumption of TRZ, 30-D-HT: 30-day consumption of heat-treated TRZ, 90-D-C: 90-day
control, 90-D-HTC: 90-day heat-treated control, 90-D-T: 90-day consumption of TRZ, 90-D-HT: 90-day
consumption of heat-treated TRZ). (* = p < 0.05).

 

Figure 2. Relative gene expression level of DNMT3a in the spleen, liver, lungs, and kidneys of the
animals, p < 0.05, after 30- and 90-day consumption of tartrazine prepared at room temperature
and treated with high heat (30-D-C: 30-day control, 30-D-HTC: 30-day heat-treated control, 30-D-T:
30-day consumption of TRZ, 30-D-HT: 30-day consumption of heat-treated TRZ, 90-D-C: 90-day
control, 90-D-HTC: 90-day heat-treated control, 90-D-T: 90-day consumption of TRZ, 90-D-HT: 90-day
consumption of heat-treated TRZ). (* = p < 0.05).
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Figure 3. Relative gene expression level of DNMT3b in the spleen, liver, lungs, and kidneys of the
animals, p < 0.05, after 30- and 90-day consumption of tartrazine prepared at room temperature
and treated with high heat (30-D-C: 30-day control, 30-D-HTC: 30-day heat-treated control, 30-D-T:
30-day consumption of TRZ, 30-D-HT: 30-day consumption of heat-treated TRZ, 90-D-C: 90-day
control, 90-D-HTC: 90-day heat-treated control, 90-D-T: 90-day consumption of TRZ, 90-D-HT: 90-day
consumption of heat-treated TRZ). (* = p < 0.05).

 

Figure 4. Relative gene expression level of HDAC2 in the spleen, liver, lungs, and kidneys of the
animals, p < 0.05, after 30- and 90-day consumption of tartrazine prepared at room temperature
and treated with high heat (30-D-C: 30-day control, 30-D-HTC: 30-day heat-treated control, 30-D-T:
30-day consumption of TRZ, 30-D-HT: 30-day consumption of heat-treated TRZ, 90-D-C: 90-day
control, 90-D-HTC: 90-day heat-treated control, 90-D-T: 90-day consumption of TRZ, 90-D-HT: 90-day
consumption of heat-treated TRZ). (* = p < 0.05).

The expression pattern of the HDAC3 gene was very similar to that of HDAC2, but there
were some differences (Figure 5). It was also found that, in general, HDAC3 expression was
lower than that of HDAC2. Nevertheless, there was a clearly significant increase in HDAC3
expression caused by TRZ. The greatest difference was observed in the liver and lungs,
where TRZ diets prepared at room temperature after 90 days of administration resulted
in a relatively higher significant increase in HDAC3 expression compared to HDAC2. The
expression levels of the HDAC8 gene were significantly increased (Figure 6) in the spleen,
liver, and lungs of both 30- and 90-day room-temperature TRZ-treated groups compared to
the control groups that did not receive TRZ treatment. However, in the kidneys, only the
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90-day TRZ treatment group showed a significant increase in expression compared to the
control. When TRZ was prepared at a high temperature, none of the samples tested caused
significant changes in HDAC8 expression. When the treatment duration was increased
from 30 to 90 days, there was a significant rise in HDAC8 expression in the spleen, liver,
and kidneys of room-temperature TRZ and the spleen of the high-temperature TRZ group.
In addition, the gene expression of HDAC8 was found to be substantially different in the
spleen, liver, and lungs of both the 30- and 90-day groups, depending on the temperature
at which the chew preparation was made.

 

Figure 5. Relative gene expression level of HDAC3 in the spleen, liver, lungs, and kidneys of the
animals, p < 0.05, after 30- and 90-day consumption of tartrazine prepared at room temperature
and treated with high heat (30-D-C: 30-day control, 30-D-HTC: 30-day heat-treated control, 30-D-T:
30-day consumption of TRZ, 30-D-HT: 30-day consumption of heat-treated TRZ, 90-D-C: 90-day
control, 90-D-HTC: 90-day heat-treated control, 90-D-T: 90-day consumption of TRZ, 90-D-HT: 90-day
consumption of heat-treated TRZ). (* = p < 0.05).

 

Figure 6. Relative gene expression level of HDAC8 in the spleen, liver, lungs, and kidneys of the
animals, p < 0.05, after 30- and 90-day consumption of tartrazine prepared at room temperature
and treated with high heat (30-D-C: 30-day control, 30-D-HTC: 30-day heat-treated control, 30-D-T:
30-day consumption of TRZ, 30-D-HT: 30-day consumption of heat-treated TRZ, 90-D-C: 90-day
control, 90-D-HTC: 90-day heat-treated control, 90-D-T: 90-day consumption of TRZ, 90-D-HT: 90-day
consumption of heat-treated TRZ). (* = p < 0.05).
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In summary, the results show that tartrazine affected the activity of all the genes tested
in the HDAC and DNMT families. In addition, all organs were affected. However, the
strongest response varied depending on which time point, which organ, and which gene.

4. Discussion

Our study examined the impact of the acceptable daily intake of tartrazine, a food azo
dye, on a set of genes of DNA epigenetic modifiers, DNMTs, and HDACs.

The widespread use of dye in the food industry has raised significant concerns regard-
ing its excessive utilization in food products. Although the literature is available on the
toxicity of food azo dyes at both high and low doses, little information is available on the
ADI of these dyes. A range of azo dye products display genotoxic properties only when
they are reduced by enteral bacteria such as Enterococcus faecalis. This mechanism appears
to be linked to the formation of superoxide and oxygen radicals [35]. Azo compounds
comprise an aromatic ring that is connected via an azo bond to a second naphthalene or
benzene ring [12]. After oral consumption, azo compounds are reduced by azo reductases
present in intestinal bacteria and the liver’s cytosolic and microsomal enzyme fraction. This
process results in the formation of aromatic amines, which have been detected in the urine
of experimental animals and paint industry workers following the administration of food
azo dyes [36].

It has been reported that gastrointestinal microflora can metabolize tartrazine and
produce aromatic amine sulfanilic acid [15]. Consequently, there is a possibility that these
aromatic amines may produce reactive oxygen species, including hydrogen peroxide,
superoxide anion, and hydroxyl radical, during their metabolism. This could potentially
lead to oxidative stress [37]. Based on oxidative stress, TRZ induced dose-related DNA
damage in rat colons, which may lead to the formation of tumor cells [38]. Peroxynitrite, a
potent RNA formed by the reaction of nitric oxide and ROS, may also play a role in DNA
damage [39].

To study the long-term effects, Himri and colleagues (2011) found that ADI doses of
TRZ and its consequent metabolic byproducts, namely, sulfanilic acid, have the ability to
produce reactive oxygen species (ROS), which leads to oxidative stress and potentially
impacts the hepatic and renal structures as well as their respective biochemical profiles [40].
Administration of tartrazine led to a significant increase in plasma aspartate transaminase
(AST), alanine transaminase (ALT), and alkaline phosphatase (AlP) levels compared to
the control group (p < 0.05). Additionally, there was a significant reduction in the total
antioxidant capacity observed following tartrazine treatment [41]. The increased levels of
malondialdehyde (MDA), which is a product of lipid peroxidation, and nitric oxide (NO)
in the rats treated with tartrazine strongly suggest the occurrence of oxidative stress [42].
Related to our study, reactive oxygen species (ROS) can trigger the overexpression of
DNMTs, which can result in DNA hypermethylation [43]. In the present study, tartrazine
significantly increased DNMT1, DNMT3a, HDAC2, and HDAC3 in both liver and kidneys
along with HDAC8 in the kidney tissues, but the level of DNMT3b did not change noticeably
in the kidney.

There is limited research on the specific molecular pathways in the lungs that may
be affected by tartrazine. However, some studies have suggested that tartrazine may
induce oxidative stress and inflammation [44]; however, it may contribute to lung damage
and exacerbation of respiratory conditions such as asthma. Ram Prasad’s research group
discovered that elevated levels of prostaglandin E2 and cyclooxygenase-2 (Cox-2) are
associated with increased DNMT activity in the epithelial cells [45]. In current research,
tartrazine has elevated the relative expression of DNMTs and HDACs, which suggests
that tartrazine may have a negative effect on lung health by inducing oxidative stress,
inflammation, and upregulation of pro-inflammatory cytokines. However, further research
is needed to fully understand the mechanisms underlying these effects.

Recently, there have been several studies published regarding the effect of epigenetic
mechanisms such as HDACs and DMNTs overexpression in the brain. One study conducted
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by Valera et al. suggested that modulating the DNMT and HDAC enzymes could potentially
contribute to the manifestation of anti-manic effects. This was concluded because effectively
regulating these enzymes has been observed to reverse the effects of Ouabain (OUA), an
inhibitor of Na+/K+ATPase. OUA is known to extend the depolarized state of neurons
and to induce hyperactivity [46]. Another study by Dash et al. found that the occurrence of
traumatic brain injury (TBI) triggers a multifaceted cascade of neurochemical and signaling
transformations that give rise to a range of pathological consequences. These include
heightened neuronal activity, an excessive release of glutamate, inflammation, increased
permeability of the blood–brain barrier (BBB), cerebral edema, modified gene expression,
and impaired neuronal function. The administration of valproate shortly after a traumatic
brain injury has the potential to provide neuroprotection. This medication can exert
its protective effects by inhibiting the activity of GSK-3 and HDACs [47]. Wang et al.
demonstrated that a brief treatment with the class I HDAC inhibitors MS-275 or romidepsin
improved social and cognitive impairments in transgenic mice carrying the 16p11.2 deletion
(16p11del/+). These findings strongly indicate that inhibiting HDACs can serve as an
immensely effective therapeutic approach for addressing behavioral deficits in 16p11del/+
mice [48]. The mentioned research has concluded that HDAC and DNMT genes can alleviate
conditions such as mania, hyperactivity, bipolar disorders, neurological disorders, and
behavior deficits, which can be reversed with medications that act as HDAC inhibitors, such
as valproate. In the current study, we witnessed an overexpression of these genes in several
organs due to the exposure of the experimental animals to tartrazine; meanwhile, tartrazine
and its metabolites can pass the blood–brain barrier and induce neurotoxicity. Although
we gained data from different organs other than the brain, we hypothesize that tartrazine
may play a role in behavior and neurological disorders from consuming a food product
that meets the current regulations regarding ADI. We believe that further investigations of
everyday doses of tartrazine are needed to study the long-term impact on brain function.

5. Conclusions

This is the first study to investigate the effects of oral administration of tartrazine on
DNMT and HDAC genes over a long treatment period while keeping the recommended
dose of intake. The present study shows that tartrazine can cause a change in the gene ex-
pressions of DNMT1, DNMT3a, DNMT3b, HDAC2, HDAC3, and HDAC8 over a long period
even at a dose at the ADI level in different organs. Based on the data, compared with the
literature, we hypothesize that tartrazine consumption may contribute to cell proliferation
and may even increase the likelihood of carcinogenesis. Furthermore, the observed effect
in various organs highlights the possibility that the genes under investigation may also be
activated in the brain, with proven consequences for brain function.

In view of these findings, it is of great importance to investigate the direct effect
of tartrazine on brain function, and replacing the artificial mono-azo dyes with natural
food dyes in the food industry, where it is necessary to color food and beverages, should
be considered.

Author Contributions: Conceptualization, A.Z. and T.V.; data curation, T.V.; formal analysis, A.Z.
and T.V.; investigation, A.Z. and T.V.; methodology, A.Z. and T.V.; project administration, Z.G.;
resources, T.V.; supervision, T.V.; validation, S.E., J.M.M. and F.B.; visualization, A.Z., J.M.M., F.B.
and T.V.; writing—original draft, A.Z., S.E. and T.V.; writing—review and editing, F.B. and Z.G. All
authors have read and agreed to the published version of the manuscript.

Funding: The APC was funded by University of Pécs, Medical School.

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
Committee of University of Pécs (BA02/2000-12/2018, 14 March 2018).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data will be made available on request.

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

92



Nutrients 2023, 15, 2946

References

1. Mpountoukas, P.; Pantazaki, A.; Kostareli, E.; Christodoulou, P.; Kareli, D.; Poliliou, S.; Mourelatos, C.; Lambropoulou, V.;
Lialiaris, T. Cytogenetic Evaluation and DNA Interaction Studies of the Food Colorants Amaranth, Erythrosine and Tartrazine.
Food Chem. Toxicol. 2010, 48, 2934–2944. [CrossRef]

2. Merinas-Amo, R.; Martínez-Jurado, M.; Jurado-Güeto, S.; Alonso-Moraga, Á.; Merinas-Amo, T. Biological Effects of Food Coloring
in In Vivo and In Vitro Model Systems. Foods 2019, 8, 176. [CrossRef]

3. Dixit, S.; Purshottam, S.K.; Khanna, S.K.; Das, M. Usage Pattern of Synthetic Food Colours in Different States of India and
Exposure Assessment through Commodities Preferentially Consumed by Children. Food Addit. Contam. Part A Chem. Anal.
Control Expo. Risk Assess. 2011, 28, 996–1005. [CrossRef]

4. Husain, A.; Sawaya, W.; Al-Omair, A.; Al-Zenki, S.; Al-Amiri, H.; Ahmed, N.; Al-Sinan, M. Estimates of Dietary Exposure of
Children to Artificial Food Colours in Kuwait. Food Addit. Contam. 2006, 23, 245–251. [CrossRef] [PubMed]

5. Revankar, M.S.; Lele, S.S. Synthetic Dye Decolorization by White Rot Fungus, Ganoderma Sp. WR-1. Bioresour. Technol. 2007, 98,
775–780. [CrossRef] [PubMed]

6. Chung, K.T. Azo Dyes and Human Health: A Review. J. Environ. Sci. Health C Environ. Carcinog. Ecotoxicol. Rev. 2016, 34, 233–261.
[CrossRef]

7. Mittal, A.; Kurup, L.; Mittal, J. Freundlich and Langmuir Adsorption Isotherms and Kinetics for the Removal of Tartrazine from
Aqueous Solutions Using Hen Feathers. J. Hazard. Mater. 2007, 146, 243–248. [CrossRef] [PubMed]

8. Joint FAO/WHO Expert Committee on Food Additives. 44th Meeting, Rome, Ialy, 1995; International Program on Chemical
Safety. In Toxicological Evaluation of Certain Food Additives and Contaminants in Food; Joint FAO/WHO Expert Committee on Food
Additives: Geneva, Switzerland, 1996; p. 465.

9. Specifications for the Identity and Purity of Food Additives and Their Toxicological Evaluation: Food Colours and Some Antimi-
crobials and Antioxidants, Eighth Report of the Joint FAO/WHO Expert Committee on Food Additives, Geneva, Switzerland,
8–17 December 1964. Available online: https://apps.who.int/iris/handle/10665/40627 (accessed on 10 June 2023).

10. Joint FAO World Health Organization, & WHO Expert Committee on Food Additives. Evaluation of Certain Food Additives:
Eighty-Second Report of the Joint FAO. World Health Organization. 2016. Available online: http://apps.who.int/iris/bitstream/
handle/10665/250277/9789241210003-eng.pdf?sequence=1#page=75%22%3E (accessed on 10 June 2023).

11. McCann, D.; Barrett, A.; Cooper, A.; Crumpler, D.; Dalen, L.; Grimshaw, K.; Kitchin, E.; Lok, K.; Porteous, L.; Prince, E.; et al.
Food Additives and Hyperactive Behaviour in 3-Year-Old and 8/9-Year-Old Children in the Community: A Randomised,
Double-Blinded, Placebo-Controlled Trial. Lancet 2007, 370, 1560–1567. [CrossRef]

12. Amin, K.A.; Abdel Hameid, H.; Abd Elsttar, A.H. Effect of Food Azo Dyes Tartrazine and Carmoisine on Biochemical Parameters
Related to Renal, Hepatic Function and Oxidative Stress Biomarkers in Young Male Rats. Food Chem. Toxicol. 2010, 48, 2994–2999.
[CrossRef]

13. Maekawa, A.; Matsuoka, C.; Onodera, H.; Tanigawa, H.; Furuta, K.; Kanno, J.; Jang, J.J.; Hayashi, Y.; Ogiu, T. Lack of Carcino-
genicity of Tartrazine (FD & C Yellow No. 5) in the F344 Rat. Food Chem. Toxicol. 1987, 25, 891–896. [CrossRef]

14. Chung, K.T.; Stevens, S.E.; Cerniglia, C.E. The Reduction of Azo Dyes by the Intestinal Microflora. Crit. Rev. Microbiol. 1992, 18,
175–190. [CrossRef]

15. Moutinho, I.L.D.; Bertges, L.C.; Assis, R.V.C. Prolonged Use of the Food Dye Tartrazine (FD&C Yellow N◦ 5) and Its Effects on the
Gastric Mucosa of Wistar Rats. Braz. J. Biol. 2007, 67, 141–145. [CrossRef] [PubMed]

16. Ameur, F.Z.; Mehedi, N.; Kheroua, O.; Saïdi, D.; Salido, G.M.; Gonzalez, A. Sulfanilic Acid Increases Intracellular Free-Calcium
Concentration, Induces Reactive Oxygen Species Production and Impairs Trypsin Secretion in Pancreatic AR42J Cells. Food Chem.
Toxicol. 2018, 120, 71–80. [CrossRef] [PubMed]

17. Mekkawy, H.A.; Ali, M.O.; El-Zawahry, A.M. Toxic Effect of Synthetic and Natural Food Dyes on Renal and Hepatic Functions in
Rats. Toxicol. Lett. 1998, 95, 155. [CrossRef]

18. Sarikaya, R.; Selvi, M.; Erkoç, F. Evaluation of Potential Genotoxicity of Five Food Dyes Using the Somatic Mutation and
Recombination Test. Chemosphere 2012, 88, 974–979. [CrossRef] [PubMed]
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Abstract: The controversy over the link between noodle consumption and metabolic syndrome
(MetS) persists. Using a two-sample Mendelian randomization (MR) approach, we aimed to examine
the potential causal relationship between noodle consumption and the risk of MetS and its compo-
nents in adult populations of city hospital-based (n = 58,701) and Ansan/Ansung plus rural (AAR;
n = 13,598) cohorts. The instrumental variables were assigned with genetic variants associated with
low- and high-noodle intake (cutoff: 130 g/day) by a genome-wide association study (GWAS) with
p < 5 × 10−5 and linkage disequilibrium (r2 = 0.001), following adjustment for covariates related
to MetS, in the city cohort. MR-Egger, inverse-variance weighted (IVW), and weighted median
were applied to investigate the causal association of noodle intake with MetS risk in the AAR. The
quality of the MR results was checked with leave-one-out sensitivity and heterogeneity analyses. A
higher energy intake with lower carbohydrates and higher fats, proteins, and higher sodium and a
lower intake of calcium, vitamin D, vitamin C, and flavonoids were shown in the high-noodle group,
indicating poor diet quality. The glycemic index and glycemic load of daily meals were much higher
in the high-noodle intake group than in the low-noodle intake group. In the observational studies,
not only the total noodle intake but also the different types of noodle intake were also positively
associated with MetS risk. In the MR analysis, high-noodle intake elevated MetS, hypertension, dys-
lipidemia, hyperglycemia, hypertriglyceridemia, and abdominal obesity in an IVW model (p < 0.05)
but not the MR-Egger model. No single genetic variant among the instrumental variables changed
their relationship in the leave-one-out sensitivity analysis. No likelihood of horizontal pleiotropy
and heterogeneity was exhibited in the association between noodle intake and MetS. In conclusion,
noddle intake had a positive causal association with MetS and its components in Asian adults.

Keywords: Mendelian randomization; noodle intake; diet quality; metabolic syndrome

1. Introduction

Metabolic syndrome (MetS) is a group of disease conditions that raise the risk of
type 2 diabetes (T2DM), coronary heart disease, and stroke. A diagnosis of MetS is made
when an individual has three or more of the following components: abdominal obesity,
hypertension, hyperglycemia, hypo-HDL-cholesterolemia, and hypertriglyceridemia. MetS
is a significant global public health issue, affecting approximately one-quarter of the world’s
population [1]. The prevalence of MetS is higher in developed countries, with rates ranging
from 20 to 30% in Europe and North America to over 40% in India and China among the
Asian countries and in Mexico in South America. Indeed, the incidence of MetS is rising
rapidly in developing countries. In Korea, MetS increased among men from 24.5% to 28.1%
during the decade 2008–2017. However, it was 20.5% among women in 2008 and 18.7% in
2017 [2].
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The incidence of MetS differs between locations depending on environmental factors,
although genetics can interact with environmental factors to affect the probability of devel-
oping MetS. The rapid increase in MetS incidence in developing countries has been linked
to a shift toward more sedentary lifestyles and the higher consumption of high-calorie and
fat-rich diets that increase insulin resistance [3]. A healthy diet full of fruits, vegetables,
whole grains, nuts, legumes, and fish, and with low levels of saturated fats, trans fats, and
added sugars, has been linked to a reduced risk of MetS. These healthy dietary patterns
include the Mediterranean diet, Dietary Approaches to Stop Hypertension (DASH), and
Korean-balanced diets [4]. These dietary patterns have been reported to have an inverse
relationship with MetS risk [5]. The shift from a Korean-balanced diet to a Western-style
diet (WSD) increases MetS incidence, and a WSD is positively associated with MetS risk [5].
However, Koreans have not consumed meat as much as people in Western countries (men:
96 g/day and women: 76 g/day), and meat intake does not differ between non-MetS and
MetS groups in Korea [6,7]. Interestingly, the WSD among Koreans is characterized by
a high intake of noodles consumed with meat and processed meats. However, since the
intake of meats and processed meats remains lower in Korea than in Western countries, a
high carbohydrate diet (about 70 percent energy) and not a high-fat diet strongly correlates
with MetS risk in Korea [8]. Therefore, a higher intake of noodles rich in carbohydrates
may be linked to MetS risk.

The association of noodle (or pasta) intake on MetS risk has been evaluated in pre-
vious studies. Noodles are made not only of refined flour but also rice and buckwheat.
However, noodle dishes are high carbohydrate and calorie-rich foods. In an earlier study
conducted on the data from the Korean National Health and Nutrition Examination Sur-
vey (KNHANES) IV 2007–2009, increased intake of instant noodles (≥2 times/week) was
positively associated with MetS risk by 1.68-fold in women [7]. In addition, the higher
intake of instant noodles (≥3 times/week) was positively linked to a 2.6-fold higher risk
of dyslipidemia among Korean college students [9]. However, the effects of other types
of noodles or pasta on MetS risk in Korea remain unknown. In a systematic review and
meta-analysis of thirteen randomized clinical trials conducted in Western countries, the
intake of pasta was found to have significantly lower standard mean differences in post-
prandial glucose responses compared to bread (seven studies) or potatoes (six studies) [10].
However, the intake of pasta made from whole grains has not shown beneficial effects
on glucose metabolism compared to that made from refined grains [10]. Furthermore,
pasta meals substituted for bread or potatoes were inversely associated with stroke and
cardiovascular disease in the Women’s Health Initiative (WHI), a series of clinical studies
initiated by the US National Institutes of Health (NIH). However, pasta intake did not
show a significant association with T2DM risk [10]. Moreover, pasta consumption had an
inverse relationship with the risk of being overweight and obese in an Italian Nutrition
& Health Survey (INHES) [11]. Therefore, the effects of pasta consumption on MetS risk
remain controversial.

The present study aimed to determine the effects of consuming different types of
noodles on MetS risk and its components. Their causal relationship was studied by carrying
out a two-sample Mendelian randomization (MR) analysis on adults aged over 40 in the
Korean Genomic Epidemiology Study (KoGES), a long-term population-based cohort study.
It is novel to demonstrate that different types of noodle intake were similarly associated
with the risk of MetS and its components and to show the causal association of overall
noodle consumption with the risk of MetS and its components by randomizing participants
with genetic variants related to the noodle consumption.

2. Methods

2.1. Participants

Between 2004 and 2013, the Korea Centers for Disease Control and Prevention (KCDC)
established the KoGES, which contained three cohorts—rural (n = 8105), Ansan/Ansung
(n = 5493), and hospital-based urban (n = 58,701). The KoGES obtained approval from
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the KoGES Institutional Review Board (KBP-2019-055), and this study was approved by
Hoseo University Institutional Review Board (1041231-150811-HR-034-01) to comply with
the Declaration of Helsinki. All the participants agreed to the terms after providing written
informed consent.

2.2. Demographic, Anthropometric, Biochemical, and Clinical Parameter Assessment

At the first visit, the participants completed the survey questionnaire providing data
such as their gender, age, monthly income (<$2000, $2000–4000, or >$4000), education
(<high school, high school, or college plus above), type, amount, and frequency of alcohol
consumption, smoking status, and physical activity [12,13]. The daily alcohol intake (g/day)
was calculated by multiplying the alcohol percentage according to alcohol drink types and
amount on a single occasion by the frequency of consumption. It was categorized into low
(0–19 g) and high drinkers (≥20 g) [14]. Current and past smokers were divided based on
smoking over 100 cigarettes during the six months prior to the survey in their lifetimes [13].

According to a standardized procedure, anthropometric measurements were taken,
with the participants wearing light clothes and barefoot [15]. Blood was drawn from the
participants after they had fasted for over 12 h, with and without anticoagulants. The
plasma and serum were separated from the blood after it was centrifuged at 500× g.
Plasma glucose, serum lipid profiles, serum alanine transaminase (ALT), serum aspartate
transaminase (AST), and serum creatinine concentrations were analyzed using an automatic
analyzer (Hitachi 7600, Hitachi, Tokyo, Japan) [12]. The glycated hemoglobin (hemoglobin
A1c; HbA1c) levels were measured using ethylenediaminetetraacetic acid (EDTA)-treated
blood, and serum high-sensitive C-reactive protein (hs-CRP) concentrations were assessed
with an enzyme-linked immunosorbent assay (ELISA) kit (R&D system, Minneapolis, MN,
USA). The estimated glomerular filtration rate (eGFR) was calculated using MDRD Study
Equation [16]. Blood pressure was taken three times from the right arm in a sitting position
while the participant was sitting, and the averages of SBP and DBP were used.

2.3. MetS Definition

MetS is a cluster of conditions that includes a minimum of three of the following
criteria, according to the International Diabetes Federation (IDF) and the criteria for MetS of
the Korean Society for the Study of Obesity (KSSO): abdominal obesity (90 cm for men and
85 cm for women), hypertension (average systolic blood pressure ≥ 130 mmHg or diastolic
blood pressure ≥ 85 mmHg or currently on antihypertensive medication), hyperglycemia
(≥100 mg/dL or currently on the hypoglycemic agent), hypertriglyceridemia (≥150 mg/dL
or currently on anti-dyslipidemic medication), and hypo-HDL-cholesterolemia (<40 mg/dL
for men, and <50 mg/dL for women or currently on anti-dyslipidemic medication) [17].
MetS can be considered a borderline or a “pre”-condition between healthy and disturbed
metabolisms, which could progress to specific metabolic diseases such as T2DM.

2.4. Food and Nutrient Intake Measurement

The semi-quantitative food frequency questionnaire (SQFFQ), fitted to the eating
habits of Koreans, has been developed and validated for the KoGES [18] and was completed
based on the food consumed within the 6-month period prior to the survey. According to
the SQFFQ results, the daily intake of 106 foods was assessed from the frequencies and
amounts of each food. The intake of noodles was divided into five categories, namely,
instant noodles, Chinese noodles (Chajangmyon/Jambbong), buckwheat noodles, wheat
noodles, and starch noodles. The total noodle intake was calculated by summing the noodle
intake of the five categories. The nutrients present in the results were calculated based
on the food intake from the SQFFQ using the computer-aided nutrition analysis program
(CAN-Pro) 3.0, a nutrient database program developed by the Korean Nutrition Society
(Seoul, Republic of Korea) [18].
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2.5. Dietary Patterns, Dietary Inflammatory Index (DII), Glycemic Index (GI), and
Glycemic Load (GL)

Foods in the SQFFQ were categorized into 29 food groups according to nutrient
similarity. Dietary patterns were chosen according to an eigenvalue >1.5 by performing the
principal component analysis (PCA) [18]. The predominant food groups in each pattern
were selected with ≥0.40 factor-loading values after applying the orthogonal rotation
procedure [15]. The names of each dietary pattern were based on the primary food group
chosen (Supplementary Table S1).

The dietary inflammatory index (DII) of each participant was determined by multi-
plying the inflammatory weights of the following four groups: energy sources, thirty-two
nutrients, caffeine, and four spices by the intake of each participant and divided by 100 [19].

The GI and GL were calculated with the corresponding equations. The GI of the same
food can vary due to differences in the types of the food and its nutritional composition.
Hence the GI values commonly listed for Korean foods were used [20,21]. The GI and GL
of daily food intake in the form of meals were calculated by following equations [22]:

GI of daily food intake = ∑
i = n
i = 1

(GI of a food X carbohydrate in the food)i/total

carbohydrate intake for a day.

GL of daily food intake = ∑
i = n
i = 1

(GI of a food X carbohydrate in the food)i/100

n: the number of foods consumed in a day.

2.6. Genotyping and Quality Control

The participants’ genotypes were assessed at the Center for Genome Science of the
Korea National Institute of Health (Osong, Republic of Korea). The resulting data were
then provided to the researchers. Genomic DNA extracted from the whole blood was
used to perform genotyping using a Korean chip (Affymetrix, Santa Clara, CA, USA) that
was specifically designed to look for genetic variants linked to chronic metabolic diseases
(dyslipidemia, diabetes, hypertension, osteoporosis, kidney disease, and autoimmune
diseases) and cancers in Korean adults [15,23]. The genotyping accuracy was verified
by the Bayesian Robust Linear Model (BRLMM) genotyping algorithm [24]. The quality
of the genotyping was further checked with the following criteria: absence of gender
bias, low heterozygosity (<30%), genotyping accuracy (≥98%), missing genotype call rates
(<4%), minor alleles frequency (MAF, >1%), and Hardy–Weinberg Equilibrium (HWE;
p > 0.05) [23]. After genotype imputation, the genotype quality was then verified with
additional inclusion criteria of a posterior probability score > 0.90 and low informative
content of genotype informative > 0.5.

2.7. Identification of Instrumental Variables in a Two-Sample MR Analysis

A genome-wide association study (GWAS) was conducted to investigate the genetic
variants in relation to the daily total noodle intake. The daily total noodle intake was
divided into two categories with a cutoff of 130 g cooked noodles per day (3 times/week):
low-noodle (<130 g/d) and high-noodle (≥130 g/d) [14,25]. This study was performed
utilizing PLINK v.2.0 (http://pngu.mgh.harvard.edu/~purcell/plink accessed on 12 May
2022) in a city hospital-based cohort (n = 58,701). The following factors were considered as
covariates: participants’ age, residential area, gender, body mass index (BMI), education,
daily physical activity, energy intake, carbohydrate intake, alcohol consumption, and
smoking status. The p-values of the genetic variants from the association between the
low- and high-noodle groups were plotted with the GWAS. The p-values of the genetic
variants were then plotted in a Manhattan plot to distinguish significant genetic variants
on chromosome 12 (Supplementary Figure S1A). The quantile–quantile (Q-Q) plot of the
observed and expected p-values revealed only a few sources of spurious associations
(Supplementary Figure S1B). The genome inflation factor (λGC) value in the Q-Q plot was
estimated to be 1.016, indicating that the genetic variants from the GWAS did not have large
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inflation and an excessive false positive rate. The gene name of the SNP was identified by
searching the g: profiler database website (https://biit.cs.ut.ee/gprofiler/snpense, accessed
on 3 June 2022).

The linkage disequilibrium (LD) of all selected genetic variants within a 10,000 kb
distance was checked: the variants were considered for inclusion if their r2 value was
less than 0.001 (or D’ < 0.2) in the R program. The significance of the genetic variants
influencing noodle intake was liberally set to p < 5 × 10−5 as the majority of the variants
(over 50%) showed linkage disequilibrium and a large number of participants (n = 58,701)
were included in the study. Previous studies also used a liberal significance level, especially
where lifestyles were instrumental variables [26]. Supplementary Table S2 presents poten-
tial instrumental variables related to noodle intake, with the respective gene names sourced
from the g:profiler database website (https://biit.cs.ut.ee/gprofiler/snpense, accessed on
18 June 2022).

2.8. A Two-Sample MR Analysis Design

In the noodle intake (exposure) and MetS and its components (outcomes), the genetic
variants (instrumental variables) that affect noodle intake were used to randomize the par-
ticipants to evaluate the association between noodle intake and MetS and its components.
Figure 1 displays the diagram of the two-sample MR design. The results of the two-sample
MR analysis can show the causal relationship between the noodle intake and MetS and
its components when the assumptions are fulfilled. The assumptions were as follows:
(1) The genetic variants should be connected to the noodle intake and serve as instrumental
variables; (2) The instrumental variables must not be associated with confounders; (3) The
instrumental variables should have no effect on the risk of MetS and its components [25].
The confounders included categorical variables (gender, residential area, education, income,
exercise, and smoking) and continuous variables (age, BMI, and energy, carbohydrates,
and alcohol intake). The assumptions were tested at a statistical significance level at
p < 5 × 10−5, the same as the significance level for the instrumental variables. The assump-
tions in this study achieved the required statistical significance.

Figure 1. Experimental flow and assumptions for a two-sample Mendelian randomization (MR) of the
causal association of daily total noodle intake with the risk of metabolic syndrome and its components.
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A two-sample MR analysis was conducted with the Mendelian Randomization pack-
age (v.0.5.1) and Two-Sample MR (v.0.4.26) in the R program. The scheme of a two-sample
MR analysis is depicted in Figure 1. The KoGES cohorts were separated into two co-
horts in order to satisfy the two-sample MR assumptions: (1) A city hospital-based cohort
(n = 58,701) and (2) Ansan/Ansung plus rural cohorts (n = 13,598). Instrumental variables
were created from the GWAS between individuals with low- and high-noodle consump-
tion in the city hospital-based cohort (low-noodle: n = 52,408; high-noodle: n = 4493),
as mentioned above. The association of instrumental variables with MetS and its com-
ponents was conducted by logistic regression analysis in the Ansan/Ansung plus rural
cohorts (n = 13,598). If the genetic variants selected for instrumental variables were linked
to T2DM at p < 5 × 10−5 in the Ansan/Ansung plus rural cohorts, they were taken out of
the instrumental variables. The number of participants in MetS and its metabolic traits in
the Ansan/Ansung plus rural cohorts (n = 13,598) were (1) MetS (n = 4279); (2) abdom-
inal obesity determined by waist circumferences (n = 4144); (3) hyperglycemia (n = 999);
(4) hypo-HDL-cholesterolemia (n = 6277); (5) hypertriglyceridemia (n = 2306); and (6) hy-
pertension (n = 4355).

The correlation between the amount of noodles consumed daily and the risk of
metabolic syndrome and its components was calculated using a two-sample MR. The
figure outlines the criteria of the instrumental variables as well as the assumptions for the
MR analysis. All three assumptions of the MR analysis were fulfilled in this study.

The causal relationship between noodle intake and MetS incidence was determined
with the two-sample MR analysis using the Mendelian Randomization package (v.0.5.1)
and Two-Sample MR (v.0.4.26) in the R program. The MR package included the inverse-
variance weighted (IVW) method, MR-Egger, weighted median, and weighted mode.
IVW is the primary causal effect estimate with a robust ability to assume that all genetic
variants are effective instrumental variables [27,28]. However, it requires exposure to the
genetic variants (instrumental variables) that affect the target outcome only. Furthermore,
other unknown confounding factors may contribute to horizontal pleiotropy and bias in
effect size estimates, although the confounding factors that affect exposure were mostly
excluded [27,28]. MR-Egger, IVW, and weighted median approaches were used to analyze
the causal relationship of noodle intake to MetS and its components in the Ansan/Ansung
plus rural cohorts (n = 13,598).

The heterogeneity test was used mainly to examine the differences between the selected
IVs. The selected IVs were inappropriate if there was a strong heterogeneity between IVs
with a small p value. The heterogeneity should not exist in IVs to use for MR study. The
leave-one-out sensitivity test was used to conduct the MR with the remaining IVs after
excluding IVs one by one. When the MR results estimated by removing one IV were very
different from those with all IVs, the MR result was sensitive to excluding one IV. If one
IV occupies a big portion of the MR results, the MR model is not robust. No matter which
SNP is removed, the results are similar, indicating the MR result is robust. The analysis
was included in the two-sample MR analysis.

2.9. Statistical Analysis

It was conducted using SAS v.9.3 (SAS Institute, Cary, NC, USA). The descriptive
summaries for the categorical variables (e.g., gender, education, income, and smoking) were
computed with frequency distribution according to the low- and high-noodle intake groups.
The Chi-square test was utilized to determine the considerable variations in frequency
distributions between the low- and high-noodle intake groups. After adjusting for the
covariates, the adjusted means and standard deviations of the continuous variables were
studied in the low- and high-noodle intake groups. Analysis of covariance (ANCOVA)
was employed to assess the statistical discrepancies between the low- and high-noodle
intake groups.

100



Nutrients 2023, 15, 2091

3. Results

3.1. Demographic Characteristics and Lifestyles of the Participants

The participants in the high-noodle group were, on average, younger than those in
the low-noodle group (Table 1). A higher proportion of males was found within the high-
noodle group than females (Table 1). Additionally, women with a higher education level
and income were more likely to be in the high-noodle group than the low-noodle group
(Table 1). Furthermore, the high-noodle group had a greater rate of alcohol consumption,
less physical activity, and more smoking than the low-noodle group (Table 1).

Table 1. Demographic characteristics and lifestyles according to gender and noodle intake status.

Men (n = 20,293) Women (n = 38,408)

Low Intake of
Noodles (n = 17,799)

High Intake of
Noodle (n = 2494)

Low Intake of
Noodles (n = 36,409)

High Intake of
Noodle (n = 1999)

Age (years) 56.7 ± 0.06 a 54.3 ± 0.16 b 52.5 ± 0.04 c 50.3 ± 0.179 d***+++

Education (Yes, %)
≤Middle school

High school
≥College

1554 (14.2)
8314 (75.8)
1105 (10.1)

199 (13.2) ‡

1120 (74.4)
186 (12.4)

6529 (22.6)
20,711 (71.7)
1665 (5.76)

209 (14.1) ‡‡‡

1160 (78.1)
117 (7.87)

Income (Yes, %)
≤$2000

$2000–4000
>$4000

1449 (8.57)
7179 (42.4)
8287 (49.0)

157 (6.55) ‡‡

1028 (42.9)
1213 (50.6)

4038 (11.8)
15,144 (44.2)
15,049 (44.0)

134 (7.07) ‡‡‡

841 (44.4)
921 (48.6)

Past smoker
Smoker
(Yes, %)

7795 (43.9)
4740 (26.7)

1000 (40.1)
924 (37.1) ‡‡‡

418 (1.15)
663 (1.83)

42 (2.11)
86 (4.31) ‡‡‡

Alcohol intake (g/day) 6.5 ± 0.11 b 10.3 ± 0.28 a 1.7 ± 0.08 c 2.2 ± 0.31 c***+++##

Physical activity (Yes, %) 10,547 (59.5) 1405 (56.4) ‡‡ 19,091 (52.6) 933 (46.7) ‡‡‡

Energy (EER percent) 86.9 ± 0.24 d 110.5 ± 0.61 b 97.7 ± 0.16 c 131.5 ± 0.66 a***+++###

Carbohydrates (En%) 72.0 ± 0.06 a 68.8 ± 0.14 b 72.0 ± 0.04 a 68.5 ± 0.15 b+++

Protein (En%) 13.0 ± 0.02 d 13.7 ± 0.05 b 13.5 ± 0.01 c 14.1 ± 0.06 a***+++

Fat (En%) 13.7 ± 0.04 b 16.5 ± 0.11 a 13.6 ± 0.03 b 16.5 ± 0.12 a+++

Saturated fat (En%) 4.27 ± 0.01 c 5.37 ± 0.03 a 4.35 ± 0.01 b 5.22 ± 0.03 a+++###

Monounsaturated fat (En%) 5.46 ± 0.01 c 6.86 ± 0.02 a 5.35 ± 0.01 d 6.72 ± 0.03 b***++

Polyunsaturated fat (En%) 3.10 ± 0.02 b 3.80 ± 0.04 a 3.08 ± 0.01 b 3.78 ± 0.05 a+++

Cholesterol (mg/day) 162.7 ± 0.79 d 193.3 ± 1.99 b 168.0 ± 0.53 c 210.1 ± 2.16 a***+++##

Fiber (g/day) 16.1 ± 0.07 a 16.4 ± 0.16 a 14.0 ± 0.04 b 13.1 ± 0.18 c**
Calcium (mg/day) 453 ± 1.50 a 373 ± 3.73 c 449 ± 0.99 a 390 ± 5.1 b***+++###

Sodium (g/day) 2.67 ± 0.01 b 2.82 ± 0.02 a 2.29 ± 0.01 c 2.30 ± 0.03 c***+++##

Potassium (g/day) 2.34 ± 0.01 a 2.13 ± 0.01 c 2.20 ± 0.003 b 1.81 ± 0.02 d***+++###

Vitamin C (mg/day) 105 ± 0.47 b 87.3 ± 1.18 d 109 ± 0.32 a 77.3 ± 1.31 c***+++##

Vitamin D (ug/day) 6.2 ± 0.04 b 4.2 ± 0.09 c 6.8 ± 0.02 a 4.0 ± 0.10 c*+++###

DII (scores) −20.6 ± 0.12 a −18.6 ± 0.29 b −19.1 ± 0.08 b −15.0 ± 0.32 c***+++###

Flavonoids (mg/day) 36.3 ± 0.25 b 27.8 ± 0.62 c 40.9 ± 0.16 a 26.3 ± 0.68 c**+++###

The values represent adjusted means ± standard deviations or the number of participants (percentage of each
group). Covariates included age, residence areas, gender, body mass index, education, income, energy intake,
carbohydrate intake, daily activity, and smoking status. EER, estimated energy requirement; CHO, carbohydrates;
DII, dietary inflammatory index. A total noodle intake was the sum of instant noodles, wheat noodle soup,
Chinese noodles (Chajangmyon/Jambbong), buckwheat noodles, and starch noodles daily. The cutoff of total
noodle intake was 130 g/day, equivalent to three times a week. * Significant differences by gender at p < 0.05, ** at
p < 0.01, *** p < 0.001. ++ Significant differences by noodle intake at p < 0.01, +++ p < 0.001 ## Significant effect of
the interaction between gender and the noodle intake groups at p < 0.01, ### p < 0.001. a,b,c,d Different superscript
letters indicated significant differences among the groups in Tukey’s test at p < 0.05. ‡ Significant differences from
the low-noodle intake in each gender at p < 0.05, ‡‡ at p < 0.01, and ‡‡‡ at p < 0.001.

3.2. Food and Nutrient Intake

The participants in the high-noodle group had a much higher energy intake than
those in the low-noodle group, with the former consuming more energy than the estimated
requirement (Table 1). Carbohydrates intake was lower in the high-noodle group, while fat
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and protein intake were higher (as shown in Table 1). Moreover, the former had a lower
calcium, potassium, vitamin C, vitamin D, flavonoids, and cholesterol intake than the latter.
However, sodium intake and DII were higher in the high-noodle group compared to the
low-noodle group (Table 1).

The consumption of noodles among males in the high-noodle group was 4.6 times
more than in the low-noodle group. The intake of noodles among females in the high-
noodle group was 7.6 times more than among those in the low-noodle group (Table 2). The
varieties of noodles were divided into instant noodles, wheat noodle soup, Chinese noodles,
buckwheat noodles, and starch noodles, with intakes of all types except starch noodles
significantly greater in the high-noodle group than in the low-noodle group (Table 2). The
most regularly consumed noodles were wheat noodle soup and Chinese noodles.

Table 2. Usual food intake according to gender and noodle intake (unit: g/day).

Men (n = 20,293) Women (n = 38,408)
Low Intake of

Noodles (n = 17,799)
High Intake of

Noodle (n = 2494)
Low Intake of

Noodles (n = 36,409)
High Intake of

Noodle (n = 1999)

Total noodle 47.6 ± 0.49 c 213.1 ± 1.22 b 30.6 ± 0.32 d 221.2 ± 1.35 a***+++###

Instant noodles 10.8 ± 0.13 c 30.9 ± 0.32 a 5.21 ± 0.09 d 22.7 ± 0.35 b***+++##

Wheat noodle soup 18.3 ± 0.28 c 85.3 ± 0.70 b 15.6 ± 0.18 d 108.5 ± 0.77 a***+++###

Chinese noodle 14.7 ± 0.29 c 84.3 ± 0.73 a 7.1 ± 0.20 d 74.7 ± 0.81 b***+++

Buckwheat noodle 3.23 ± 0.08 c 12.1 ± 0.20 b 2.23 ± 0.05 d 14.7 ± 0.22 a***+++###

Starch noodle 0.56 ± 0.02 a 0.57 ± 0.05 a 0.43 ± 0.01 b 0.54 ± 0.05 ab*
White rice 147 ± 2.0 b 179 ± 5.03 a 82.6 ± 1.34 d 113 ± 5.58 c***+++

Whole grains 523 ± 2.04 a 431 ± 5.07 c 457 ± 1.35 b 329 ± 5.62 d***+++###

Bread 12.5 ± 0.19 c 13.9 ± 0.46 b 12.7 ± 0.12 c 21.2 ± 0.51 a***+++###

Cookie 3.07 ± 0.06 a 2.44 ± 0.16 c 2.72 ± 0.04 b 2.53 ± 0.18 bc+++

Potato 17.4 ± 0.21 b 13.9 ± 0.52 c 20.7 ± 0.14 a 16.0 ± 0.57 b***+++

Green vegetables 70.8 ± 0.52 a 54.4 ± 1.30 c 75.0 ± 0.35 b 54.0 ± 1.47 c+++#

White vegetables 45.9 ± 0.33 a 39.6 ± 0.83 b 41.0 ± 0.22 b 30.6 ± 0.92 c***+++##

Kimchi 158 ± 0.91 a 143 ± 2.26 b 131 ± 0.60 c 103 ± 2.51 d***+++###

Fruits 199 ± 1.68 b 147 ± 4.19 c 237 ± 1.11 a 144 ± 4.64 c***+++###

Beans 30.3 ± 0.20 a 27.0 ± 0.50 c 29.2 ± 0.13 b 24.3 ± 0.55 d***+++#

Seaweeds 1.81 ± 0.02 b 1.40 ± 0.04 c 2.12 ± 0.01 a 1.55 ± 0.05 c***+++##

Meats 47.7 ± 0.28 a 44.3 ± 0.69 b 33.8 ± 0.18 c 25.8 ± 0.76 d***+++###

Fish 35.5 ± 0.24 a 26.3 ± 0.60 c 33.5 ± 0.16 b 20.5 ± 0.67 d***+++###

Process meats 48.7 ± 0.72 a 41.7 ± 1.79 b 44.8 ± 0.48 b 38.0 ± 1.99 bc**+++

Milk and milk products 109.2 ± 1.04 b 69.6 ± 2.60 c 128.7 ± 0.69 a 75.4 ± 2.88 c***+++##

Nuts 1.6 ± 0.03 b 1.1 ± 0.08 c 1.9 ± 0.02 a 1.3 ± 0.09 c***+++

Coffee 4.2 ± 0.03 a 4.2 ± 0.06 a 3.3 ± 0.02 c 3.5 ± 0.07 b***#

Glycemic index 49.4 ± 0.10 c 59.8 ± 0.28 a 45.6 ± 0.08 d 58.2 ± 0.32 b***+++###

Glycemic load 154 ± 0.35 b 193 ± 0.97 a 142 ± 0.25 d 186 ± 1.1576 b***+++###

KBD (N, %) 6909 (38.8) 1278 (51.2) ‡‡‡ 10,678 (29.3) 750 (37.5) ‡‡‡

PBD (N, %) 3719 (20.9) 563 (22.6) ‡ 14,499 (39.8) 999 (50.0) ‡‡‡

WSD (N, %) 8044 (45.2) 2379 (95.4) ‡‡‡ 11,389 (31.3) 1822 (91.2) ‡‡‡

RMD (N, %) 5577 (31.3) 947 (38.0) ‡‡‡ 12,235 (33.9) 749 (37.5) ‡‡

The values are expressed as adjusted means ± standard deviations or the number of participants (percentage of
each group). The covariates covered age, place of residence, gender, BMI, education, income, daily activity, energy
consumption, carbohydrate consumption, and smoking status. A total noodle intake was the sum of instant
noodles, wheat noodle soup, Chinese noodles (Chajangmyon/Jambbong), buckwheat noodles, and starch noodles
daily. The cutoff of total noodle intake was 130 g/day, equivalent to three times a week. KBD, Korean-style
balanced diet; PBD, plant-based diet; WSD, Western-style diet; RMD, rice-main diet. * Significant differences by
gender at p < 0.05, ** p < 0.01, and *** p < 0.001. +++ p < 0.001 # Significant effect of the interaction between gender
and the noodle intake groups at p < 0.05, ## p < 0.01, and ### p < 0.001. a,b,c,d Different superscript letters indicated
significant differences among the groups in Tukey’s test at p < 0.05. ‡ Significant differences from the low-noodle
intake in each gender at p < 0.05, ‡‡ at p < 0.01, and ‡‡‡ at p < 0.001.
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GI and GL values of the daily meal were substantially higher for the high-noodle
group than the low-noodle group for both genders, with men having higher values than
women (Table 2). The high-noodle group participants had a higher intake of white rice
but lower consumption of other foods such as whole grains, potatoes, vegetables, kimchi,
fruits, beans, seaweed, meats, processed meats, fish, and nuts (Table 2).

The four dietary patterns were the Korean-balanced diet (KBD) for factor 1, the plant-
based diet (PBD) for factor 2, the Western-style diet (WSD) for factor 3, and the rice-main
diet (RMD) for factor 4. Regardless of dietary patterns, the proportion of noodle intake was
higher in the high-noodle intake groups than in the low-noodle intake groups (Table 2).
Interestingly, the proportion of noodle intake was 95.4% in men and 91.2% in women in
WSD (Table 2), indicating that adults having WSD highly consumed noodles.

3.3. Observational Association of Noodle Intake, MetS, and Its Components

After adjusting for two different sets of covariates, the total intake of noodles was pos-
itively associated with MetS risk in a dose-dependent manner (Figure 2A). The 130 g/day
total noodle intake showed the highest adjusted ORs for MetS risk, and it was used as the
cutoff. The association of each type of noodle with MetS is presented in Figure 2B, where
the cutoff of 25 g, 55 g, 40 g, 9 g, and 0.8 g per day was assigned for instant noodles, noodle
soup, Chinese noodles, buckwheat noodles, and starch noodles, respectively. Among
the types of noodles, the intake of instant noodles, noodle soup, Chinese noodles, and
buckwheat noodles was associated with MetS, but the intake of starch noodles was not.
Participants with high total noodle intake (≥130 g/day) had a higher risk of MetS and its
components compared with those with low-noodle intake in both genders after adjusting
for the covariates related to MetS (Table 3).

Among the MetS components, total noodle intake showed a positive relationship
with abdominal obesity, hyperglycemia, hypertension, and hypertriglyceridemia in total
participants. However, noodle intake had no association with hypo-HDL-cholesterolemia
(Figure 2C). Table 3 also showed that the total noodle intake was positively linked to
abdominal obesity, hyperglycemia, hypertension, hypertriglyceridemia in both genders.
There were no specific gender differences. The total noodle intake had a higher association
with insulin resistance in both genders, but significant differences were shown only in men.
However, the total noodle intake was not significantly associated with serum hs-CRP, AST
and ALT concentrations, and eGFR (Table 4).

(A)

Figure 2. Cont.
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(B)

(C)

Figure 2. Association of noodle intake and its components with the risk of metabolic syndrome and
its components in observational estimates in a city hospital-based cohort. (A) Association of the total
noodle intakes by six groups (<10 g, 10–40 g, 40–70 g, 100–130 g, 130–150 g, ≥150 g total noodle
intake/day) with metabolic syndrome and its components. Daily total noodle intake was calculated
by summing up the daily intakes of instant noodles, noodle soup, Chinese noodles, buckwheat
noodles, and starch noodles. (B) Association of the individual noodle intakes by two groups (cutoff
of 130 g/day) with metabolic syndrome. The cutoffs of instant noodles, noodle soup, Chinese
noodles, buckwheat noodles, and starch noodles were 25, 55, 40, 9, and 0.8 g/day, respectively.
(C) Association of the daily total noodle intake by two groups (cutoff of 130 g/day) with metabolic
syndrome components. Daily total noodle intake was calculated by summing the daily intakes of
instant noodles, noodle soup, Chinese noodles, buckwheat noodles, and starch noodles.
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Table 4. Association of noodle intake with metabolic syndrome and its components using genetic
variant randomization in different MR methods.

9
MR Heterogeneity Pleiotropy

Method OR (95% CI) p Method Q p-Value Intercept SE p-Value

Metabolic
syndrome

MR-Egger 1.204(0.811~1.787) 0.362 MR-Egger 5.214 1 −0.0005 0.014 0.973
WMD a 1.137(0.957~1.352) 0.145

IVW 1.196(1.045~1.368) 0.0009 IVW 5.215 1
WMO b 1.061(0.740~1.521) 0.748

Hypertension

MR-Egger 1.089(0.858~1.383) 0.486 MR-Egger 4.436 1 0.002 0.008 0.787
WMD a 1.097(0.984~1.222) 0.095

IVW 1.124(1.036~1.218) 0.005 IVW 4.510 1
WMO b 1.095(0.872~1.375) 0.437

Dyslipidemia

MR-Egger 1.236(0.833~1.835) 0.298 MR-Egger 3.878 1 −0.002 0.014 0.899
WMD a 1.151(0.966~1.373) 0.116

IVW 1.206(1.055~1.379) 0.006 IVW 3.894 1
WMO b 1.105(0.743~1.644) 0.624

Exposures Method β (95% CI) p Method Q p-value Intercept SE p-value
Serum triglyceride

concentrations
(mg/dL)

MR-Egger 0.145(−0.181~0.471) 0.387 MR-Egger 2.285 1 −0.000089 0.011 0.994
WMD a 0.117(−0.022~0.257) 0.100

IVW 0.144(0.033~0.255) 0.011 IVW 2.285 1
WMO b 0.103(−0.185~0.392) 0.486

Serum LDL
concentrations

(mg/dL)
MR-Egger 0.119(−0.210~0.447) 0.482 MR-Egger 3.301 1 0.0007 0.011 0.949

WMD a 0.107(−0.034~0.248) 0.138
IVW 0.129(0.017~0.240) 0.024 IVW 3.306 1

WMO b 0.049(−0.249~0.346) 0.750
Serum HDL

concentrations
(mg/dL)

MR-Egger 0.121(−0.105~0.346) 0.300 MR-Egger 3.081 1 −0.002 0.008 0.788

WMD a 0.080(−0.013~0.173) 0.091
IVW 0.091(0.015~0.168) 0.020 IVW 3.154 1

WMO b 0.061(−0.147~0.269) 0.569
Serum glucose
concentrations

(mg/dL)
MR-Egger 0.282(−0.084~0.648) 0.138 MR-Egger 5.709 1 −0.007 0.013 0.580

WMD a 0.141(−0.020~0.303) 0.086
IVW 0.184(0.060~0.308) 0.004 IVW 6.019 1

WMO b 0.074(−0.237~0.386) 0.642
BMI MR-Egger 0.097(−0.119~0.313) 0.384 MR-Egger 3.729 1 0.0007 0.007 0.922

WMD a 0.087(−0.005~0.180) 0.064
IVW 0.107(0.034~0.180) 0.004 IVW 3.739 1

WMO b 0.068(−0.133~0.269) 0.511
Waist

circumferences
(cm)

MR-Egger 0.208(−0.243~0.659) 0.370 MR-Egger 2.479 1 −0.001 0.016 0.945

WMD a 0.179(−0.012~0.370) 0.066
IVW 0.193(0.039~0.347) 0.014 IVW 2.484 1

WMO b 0.136(−0.240~0.513) 0.481
Body fat MR-Egger 0.218(−0.222~0.658) 0.337 MR-Egger 4.117 1 −0.002 0.015 0.889

WMD a 0.151(−0.047~0.349) 0.134
IVW 0.188(0.038~0.338) 0.014 IVW 4.136 1

WMO b 0.100(−0.303~0.502) 0.630

MR, Mendelian randomization; WMD a, Weighted median; IVW, inverse-variance weighted mode. WMO b,
Weighted mode.

3.4. A Causal Relationship between Total Noodle Intake with MetS and Its Components by a
Two-Sample MR Analysis

Genetic variants linked to noodle intake were explored by conducting GWAS between
low- and high-noodle intake groups according to the cutoff of 130 g/day noodle intake.
The Q-Q plot in Supplementary Figure S1A showed the logarithm of the observed and
expected p-values on the y-axis and x-axis, respectively. The inflation factor was 1.036,
which suggested no inflation (Figure S1A). The Q-Q plot revealed that there were no biased
genetic variants between the groups with low and high-noodle intake.

The p-values of genetic variants in the GWAS results are presented as a Manhattan
plot in the Supplementary Figure S1B. Their associations were marginal since the intake of
noodles is a lifestyle-related parameter. Furthermore, potential LD in the genetic variants
was eliminated using an r2 threshold of < 0.001 within a distance of 10,000 kb using the
R package. Therefore, the p-value cutoff for the GWAS between the categories of noodle
intake was assigned as p < 5 × 10−5. The selected genetic variants from the GWAS that had
a significant relationship with MetS and its components (p < 5 × 10−5) were removed. It
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resulted in 53 genetic variants that met the requirements for use as instrumental variables,
the features of which are displayed in Supplementary Table S2.

Noodle intake with the cutoff of ≥130 g/day was only causally linked to a heightened
risk of MetS in the IVW approach (OR = 1.196, 95% CI = 1.045~1.368, p = 0.0009) and
not in the MR-Egger, weighted median, and weighted mode methods (p > 0.05; Table 3).
Figure 2A revealed a positive correlation between a predicted MetS incidence from genetics
and noodle intake, and the line passed zero in the IVW, MR-Egger, and weighted median
methods. The slope of the lines, which represented the effect size of the connection between
noodle intake and MetS risk, was equivalent in the IVW and MR-Egger methods (Figure 2A).
Figure 2B showed the MR effect size for noodle intake on MetS in each instrumental variable.
MetS was significantly associated with noodle intake in the overall instrumental variables
in the IVW but not in the MR-Egger method (Figure 2B). Thus, the association in MR-Egger
is similar to IVW, although MR-Egger was not significant. Since the MR-Egger method is
known to be a reference for the direction of a causal and positive association in the two-
sample MR analysis [28], the positive direction of the association was correctly represented.
The slope in the weighted median was smaller than that in the IVW and MR-Egger.

Among the MetS components, the intake of noodles showed a positive association
with hypertension and dyslipidemia only in the logistic regression analysis in the IVW
method (p = 0.005 and p = 0.006, respectively; Table 3). In linear association, noodle
intake was positively associated with serum triglycerides, LDL, hypo-HDL, and glucose
concentrations only in the IVW method (p = 0.01, 0.02, 0.02, and 0.004, respectively) but
not in the MR-Egger, weighted median, and weighted mode methods (p > 0.05; Table 3
and Figure 3A). Furthermore, body composition, BMI, waist circumferences, and fat mass
exhibited a positive relationship with noodle intake only in the IVW method (p = 0.004,
0.01, and 0.01, respectively, Table 3). However, serum glucose concentrations, BMI, and
waist circumferences were close to statistical significance in the weighted median method
(p = 0.086, 0.064, 0.066, respectively). Since the weighted median estimator retained greater
precision than the MR-Egger analysis, serum glucose concentrations, BMI, and waist
circumferences were causally positively associated with noodle intake.

(A)

Figure 3. Cont.
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(B)

(C)

Figure 3. Cont.
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(D)

Figure 3. Two-sample Mendelian randomization (MR) analysis of the association between daily total
noodle intake (cutoff: 130 g/day) and metabolic syndrome (MetS) risk. (A) Correlation between
the effect size of the single nucleotide polymorphism (SNP)-total noodle intake (x-axis, standard
deviation (SD) units) and SNP-MetS association (y-axis, log OR) to the SD bars. (B) Forest plot
between daily total noodle intake and MetS. Each black dot represents an increase in the log OR
of each SD in MetS, using each SNP of daily total noodle intake as a separate instrumental tool
in the MR-Egger method. All–Egger and all-inverse-variance weighted (IVW) indicated a com-
bined causal estimate using all SNPs in a single instrumental variable, using each MR-Egger and
IVW random effects. The horizontal lines in each SNP represented the 95% confidence intervals.
(C) Leave-one-out sensitivity analysis of MR for the effect of daily total noodle intake on the MetS.
Each black dot indicated an IVW method for estimating the causal effect of daily total noodle intake
on MetS, from which the single SNP was excluded. All described the IVW estimate using eight SNPs
in the leave-one-out sensitivity analysis. (D) IVW and MR-Egger regression funnel plot for the effect
of the daily total noodle intake on MetS. The vertical line represented a causal estimate using all
SNPs combined into a single instrumental variable for each IVW and MR-Egger method. SNP, single
nucleotide polymorphism; IVW, inverse-variance weighted.

No heterogeneity was observed between noodle intake and MetS and its components
in the MR-Egger and IVW analysis (p = 1; Table 3 and Figure 3B). The intercept of the associ-
ation between noodle intake and the risk of MetS and its components was not significantly
different from zero in the MR-Egger and IVW tests, demonstrating no significant horizontal
pleiotropy of the association between them (p > 0.05; Table 3). Cochran’s Q test further
indicated no heterogeneities in MetS and its components (all p-values of Cochran’s Q = 1).
The exclusion of individual genetic variants in the leave-one-out analysis did not affect the
association between total noodle intake and MetS and its components without removing
one genetic variant by one (Figure 3C). Moreover, the lines for IVW and MR-Egger in the
funnel plot for MetS were closely placed together. The distribution of genetic variants
was close to symmetrical in the IVW and MR-Egger tests (Figure 3D). It indicates that
the association between noodle intake and MetS did not manifest any signs of bias of the
instrumental variables in the IVW and MR-Egger methods. The MR estimate of each SNP
was plotted as a function of its MAF-corrected association with MetS. A MAF correction
was used in proportion to the standard error of the SNP-MetS since a low MAF is likely to
be measured with low accuracy. The plot revealed symmetry in the IVW and asymmetry in
the MR-Egger method. Thus, noodle intake was causally and positively associated with
MetS in the IVW method.
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4. Discussion

Asians have a high grain intake from boiled grains or noodles. Noodles vary according
to noodle sources, thickness, length, and shape. Noodles are mainly made of wheat and
durum wheat, but rice, buckwheat, and potato starch are also used as raw materials to
make noodles. Previous studies have demonstrated that noodle and pasta intake exhibit
controversial results in MetS risk, possibly due to the differences in the sources and types of
noodles [7,10]. Intake of instant noodles is shown to increase MetS risk in adults in the data
from KNHANES IV 2007–2009 [7]. However, WHI in 84,555 postmenopausal women has
shown that substituting pasta meals for other starchy foods could improve cardiometabolic
outcomes [29]. In the INHES, pasta consumption was found to be inversely associated
with the incidence of being overweight and obese [11]. However, few observational studies
have been conducted on the relationship between the intake of noodles and MetS and its
components. No study to date has been performed to identify their causal association.
The present study revealed that not only the intake of instant noodles but also the intake
of noodles overall was positively linked to MetS and waist circumference, hypo-HDL-
cholesterolemia, hypertriglyceridemia, and hypertension. Furthermore, to our knowledge,
overall noodle intake increased MetS incidence in a two-sample MR.

The association between noodle intake and MetS risk remains controversial. The
differences in the relationship between noodle intake and MetS risk between Western
countries and Asia are attributed to the differences in the dietary patterns between the two
geographical regions. Consistent with the results of the present study, Asians having a
high intake of noodles were also observed to consume a small amount of rice and a high
amount of meat intake, including processed meats, as seen in two studies, one based on
a Nutrition and Diet Investigation Project in Jiangsu Province, China [30] and the other
from the China Health and Nutrition Survey (CHNS) [31]. Two studies have indicated that
adults with WSD consume more wheat flour and meat and less rice, associated with an
increased risk of MetS [31]. This present study confirmed the same results as the CHNS
and revealed that WSD had a slight link with the risk of MetS. Additionally, when the
consumption of noodles and meats was separated, it was apparent that noodles had a
bigger influence on MetS than WSD. As a result, Koreans who often eat noodles are more
vulnerable to MetS and its related components. More research needs to be conducted to
understand the correlation between noodle consumption and the development of MetS in
various populations in order to develop efficient interventions to reduce the MetS risk.

The relationship between noodle intake and MetS risk may be related to both GI and
GL. Both parameters determine the postprandial glucose levels in insulin-sensitive and
insulin-resistant individuals. GI is a measure of the quality of carbohydrates, and GL is the
amount of glucose released based on the carbohydrate consumed [31–33]. GI is estimated
based on increased serum glucose concentrations when a given amount of carbohydrates is
consumed. Dietary GI, but not GL, was positively linked to MetS risk in a meta-analysis of
observational studies, but the results remain inconsistent [31,34]. In a randomized clinical
trial, serum glucose variability during 24 h decreased in the low-GI group compared to the
high-GI group in people on a Mediterranean-style healthy eating pattern [32]. Noodles
are reported to have a lower GI than rice, although this may vary according to the type of
noodle or rice (GI: 48–52 for noodles and 50–93 for rice). The GI values of noodles (about
44–60), rice (70), and grains (41–60) are different depending on their gluten and amylose
contents. We, therefore, used the GI values commonly listed in Korea [33]. The intake of
noodles alone has lower GI and GL values than rice intake. However, the GI of mixed
foods in a meal may affect MetS risk differently. The present study revealed that the daily
food consumption of people in the high-noodle group had much higher total GI and GL
values than those in the low-noodle group. This result could be due to more noodles being
consumed in the meals of the former, with fewer vegetables, as opposed to a meal with
rice, which includes soup, meat or a fish dish, two vegetable dishes, and kimchi. As such,
this could explain the positive correlation between noodle intake and the risk of MetS, as
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the GI of the mixed food in a meal may affect the risk differently. In Korea, people who
often consume meals composed mainly of noodles also consume a high-GI meal.

The current study was the first to demonstrate a causal connection between consuming
noodles (at least three times a week and at least 130 g a day) and MetS and its components
by utilizing a two-sample Mendelian randomization and a study of observation in people
from Asia. In the present study, instrumental variables were generated with the GWAS
between low- and high-noodle intake at a p-value of 5 × 10−5 after adjusting for covariates
including age, gender, education, income, energy, carbohydrates, and alcohol consumption,
smoking, and physical exercise. Those variables associated with MetS and its components
were excluded from the instrumental variables. Finally, 53 genetic variants were selected as
instrumental variables, and only six were at p-values of 5 × 10−7–5 × 10−6, and most were
between 5 × 10−5 and 5 × 10−6. No study to date has explored the genetic variants related
to noodle intake. However, the noodle-rich dietary pattern was observed to interact with the
22q13 loci, including patatin-like phospholipase domain-containing protein 3 (PNPLA3),
which has been shown to influence non-alcoholic fatty liver risk in KoGES [34]. The genetic
association of meat intake has been studied, but the genetic variants do not meet the
Bonferroni statistical significance. However, rs7166776 in 15q26.1 is marginally significantly
associated with total meat intake per 1000 kcal energy (p = 5.54 × 10−8). Furthermore,
they are not genetically linked, and many genetic variants show LD relationships [35,36].
Therefore, loose statistical significance should be applied for selecting the instrumental
variables associated with lifestyle-related parameters.

The instrumental variables selected for the MR were 53 genetic variants. IVW,
weighted median, and MR-Egger are all methods used in two-sample MR studies that
assess the causal relationship between exposures (noodle intake) and outcomes (MetS).
The main difference between these three methods is their causal effect estimate. IVW
uses a weighted average of all available genetic instruments to estimate the causal effect,
while MR-Egger uses a linear regression model to assess the relationship between the
genetic instrument and the outcome [28,37]. A weighted median of the available genetic
instruments is also used to estimate the causal effect. IVW is often considered the gold
standard in two-sample MR studies, as it has been shown to be more robust and reliable
than MR-Egger in small sample sizes but to have more bias [38]. The present study showed
a positive association of noodle intake with MetS and its components, including hyper-
tension, dyslipidemia, hypertriglyceridemia, hypo-HDL concentrations, hyperglycemia,
and abdominal obesity in the IVW but not the MR-Egger method. The results suggest that
noodles may have a link to MetS and its components. Nonetheless, the MR-Egger and
weighted median tests did not detect a significant association between noodle intake and
MetS, implying that a larger sample size may be necessary to strengthen the statistical
analysis. Further research would also be necessary to understand the relationship between
them better.

The current study was novel as it demonstrated that noodle intake (≥130 g/day,
≥3 times/week) has a causal relationship with MetS and its components in Asians. The
other advantage was using the large cohort data, which were conducted in a well-controlled
manner, such as anthropometric, biochemical, and genotyping measurements. Usual food
intake was determined with SQFFQ designed for Korean dietary patterns, and nutrient
intake was calculated from the food intake using a computer-aided nutrition analysis
program containing nutrient composition for Korean foods. However, this study has some
limitations: First, the instrumental variables to explain the causal association between
noodles and MetS risk included some bias since a loose statistical significance was ap-
plied [39]. Second, the two cohorts included 58,701 and 13,598 participants, which may not
be sufficient to show statistical power in a two-sample MR study, although the participants
were ethnically homogeneous. Third, SQFFQ can under- or overestimate the participants’
food intake since it contained only 106 food items and the portion size was 0.5, 1, or 1.5
of the one portion size. Finally, MetS-related environmental parameters were used as
confounding factors. These included age, gender, education, income, smoking, physical
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exercise, energy, carbohydrates, and alcohol consumption. However, some factors could
have been missed out, leading to bias. Therefore, the causal relationship between the intake
of noodles and MetS may include a bias and requires further confirmation with a large
randomized clinical trial.

5. Conclusions

Adults with a high intake of noodles (≥130 g/day, ≥3 times/week), regardless of the
type of noodle, namely, wheat noodles, instant noodles, Chinese noodles, and buckwheat
noodles, had a higher energy intake with poorer diet quality than those with a low-noodle
intake in the KoGES. The intake of noodles, related to high GI, was positively associated
with a 1.34-fold MetS risk. Furthermore, in a two-sample MR, the noodle intake exhibited a
positive causal relationship with MetS and its components, including hypertension, dys-
lipidemia, hypertriglyceridemia, hypo-HDL concentration, hyperglycemia, and abdominal
obesity in Asians who consume a high carbohydrate diet. Therefore, it is essential to rec-
ognize the potential health risks associated with the high consumption of noodles. Public
health intervention strategies should be implemented to reduce the prevalence of MetS
and its components by decreasing noodle consumption and/or consuming it with various
quality foods, especially for Asians.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/nu15092091/s1. Table S1: The factor-loading values of the predefined 29 food
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polymorphism (SNP) association with noodle intake.
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Abstract: This study evaluated the effects of an aqueous extract of Caulerpa racemosa (AEC) on
cardiometabolic syndrome markers, and the modulation of the gut microbiome in mice adminis-
tered a cholesterol- and fat-enriched diet (CFED). Four groups of mice received different treatments:
normal diet, CFED, and CFED added with AEC extract at 65 and 130 mg/kg body weight (BW).
The effective concentration (EC50) values of AEC for 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2′-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), and lipase inhibition were lower than
those of the controls in vitro. In the mice model, the administration of high-dose AEC showed im-
proved lipid and blood glucose profiles and a reduction in endothelial dysfunction markers (PRMT-1
and ADMA). Furthermore, a correlation between specific gut microbiomes and biomarkers associ-
ated with cardiometabolic diseases was also observed. In vitro studies highlighted the antioxidant
properties of AEC, while in vivo data demonstrated that AEC plays a role in the management of
cardiometabolic syndrome via regulation of oxidative stress, inflammation, endothelial function
(PRMT-1/DDAH/ADMA pathway), and gut microbiota.

Keywords: cardiometabolic syndrome; Caulerpa racemosa; PRMT-1/DDAH/ADMA pathway; gut
microbiota; cardioprotective; sea grapes; nutraceuticals; seaweed; green algae
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1. Introduction

Cardiometabolic syndrome is a group of metabolic disorders that increase the risk of
developing cardiovascular diseases. Metabolic dysfunctions associated with the syndrome
include insulin resistance, glucose intolerance, atherogenic dyslipidemia, hypertension, and
intra-abdominal adiposity. The prevalence of cardiometabolic syndrome ranges from 7% to
45% [1]. The discovery of a novel cardiometabolic syndrome therapy is challenging due to a
multitude of etiopathogenesis factors, including the diabetes triumvirate (insulin resistance
in muscles, liver, and pancreatic beta cell failure), omnibus octet, egregious eleven, dirty
dozen, treacherous thirteen, formative fifteen, microbiota dysbiosis, and intestinal barrier
dysfunction [2–4]. The complexity of the syndrome makes the available therapy costly
and also limits its availability [5]. Hence, countries with higher per capita incomes tend
to get therapy more easily [6]. Therapeutic innovations based on bioresources can offer
an alternative approach that is easily accessible and relatively inexpensive to help control
metabolic syndrome. As a tropical and archipelagic country, Indonesia has a wealth of
natural products that can be used as health agents, such as nutraceuticals. Some of these
products are algae and seaweed [7].

Indonesia has more than 30,000 species of plants and marine resources [7], of which
many have been only partially investigated or not studied at all [7]. Our group has directed
its attention to seaweed as a potential source of functional ingredients with health benefits.
Unlike terrestrial plants, marine algae have not been widely used as an alternative medicine
or adjuvant to medicines [7]. Caulerpa racemosa (green seaweed, known as “sea grapes”)
is widely distributed in tropical regions, notably in Indo-Pacific Asia, and is a member
of the Caulerpaceae family [8]. This species contains peptides, fibers (polysaccharides),
polyphenols, and flavonoids, which are known to possess diverse biological activities [9,10].
Consumption of food rich in polyphenols and other antioxidant molecules may attenuate
cardiometabolic syndrome [11]. Previous studies on C. racemosa have reported anti-obesity
and antiaging effects through the modulation of blood glucose and lipid profiles [12–14].
However, to date, no studies have successfully reported the effects of dietary supplemen-
tation of Caulerpa racemosa on the markers of cardiometabolic syndrome. Therefore, the
aim of this study was to determine the effect of C. racemosa on balancing the markers of
the cardiometabolic syndrome in a mice model. The markers investigated are related to
oxidative stress, inflammation, endothelial function, digestion of sugars and lipids, and
modulation of the gut microbiome.

2. Materials and Methods

2.1. Collection and Preparation of Caulerpa Racemosa

Green sea grapes (Caulerpa racemosa) were obtained from the C. racemosa Aquaculture
Pond Waters in Jepara Regency, Central Java Province, Indonesia (6◦35′12.5′′ S latitude;
110◦38′36.0′′ E longitude). Once obtained, C. racemosa samples were washed immediately to
remove dirt. The authentication and identification of the botanical species were carried out
in the laboratory of Biological Sciences, Faculty of Science and Technology, State Islamic Uni-
versity of Sunan Kalijaga (UIN Sunan Kalijaga), Yogyakarta, Indonesia, and complied with
the National Center for Biotechnology Information (NCBI) Taxonomy ID 76,317 (Eukary-
ota/Viridiplantae/Chlorophyta/Ulvophyceae/Bryopsidales/Caulerpaceae/Caulerpa). The
whole body of the collected specimen was thoroughly rinsed with distilled water, dried in a
hybrid hot water Goodle dryer, and lyophilized (Lyovapor™ L-200 by BÜCHI Labortechnik
AG, Flawil, Switzerland). The obtained dehydrated coarse powder was then ground, as
reported in previous studies [12,13,15]. The fine powder was packed in aluminum foil and
deep-frozen at −20 ◦C before use for subsequent experiments.

2.2. Preparation of the Aqueous Extract of Caulerpa Racemosa (AEC)

The procedure for aqueous extraction was adapted from previous studies [16,17].
C. racemosa fine powder samples were mixed with distilled water at a solid-liquid ratio
of 1:19 and sonicated (60 min, 40 ◦C) using an ultrasound sonicator (400 W, Branson
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2510 model; Danbury, CT, USA). After filtration, the AEC powder was stored airtight in
aluminum foil at −20 ◦C until use for in vitro and in vivo tests. The concentration of cauler-
pin, the major bioactive secondary metabolite (e.g., antioxidant and anti-inflammatory
effects) of Caulerpa sp., was quantified by high-performance liquid chromatography-mass
spectrometry (HPLC-MS), as shown in Supplementary Table S1 [12].

2.3. In Vitro Studies
2.3.1. Antioxidant Activity by ABTS and DPPH Radical Scavenging Activity Assays (ABTS
and DPPH Inhibition, %)

The scavenging of 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) or its diammo-
nium salt radical cation (ABTS+; Sigma-Aldrich, Saint Louis, MO, USA) was determined
based on a published procedure [18,19]. Potassium persulfate (2.4 mM) and 7 mM ABTS
(7 mM) were mixed at a ratio of 1:1, protected from light with aluminum foil, and allowed
to react for 14 h at 22 ◦C. The mixture was further diluted (e.g., 1 mL of the stock solution
plus 60 mL of ethanol) to obtain a working solution with an absorbance of 0.706 at 734 nm.
A fresh working solution was prepared for each test. The AEC extracts (50, 100, 150, 200,
and 250 μg/mL) were diluted with ABTS working solution (1 mL), and the absorbance
was measured at 734 nm after 7 min. Trolox, a known antioxidant molecule, was used as a
positive control.

The antioxidant activity in the 2,2-diphenyl-1-picrylhydrazyl radical-scavenging ac-
tivity (DPPH) test was assayed according to [12,18,19]. In the testing vial, a concentration
of 50, 100, 150, 200, and 250 μg/mL of AEC was added to the DPPH reagent (3 mL). The
DPPH-AEC mixture was then cooled at room temperature for 30 min. A change in the
concentration of DPPH was observed based on 517 nm absorbance. Glutathione (GSH;
Sigma-Aldrich, 354102) was used as a positive control.

To ensure the validity of the data results (ABTS and DPPH tests), each sample was
analyzed in triplicate (n = 3).

Inhibition of DPPH and ABTS was expressed as a percentage and determined accord-
ing to the formula below:

Inhibition Activity (%) =
A0 − A1

A0
× 100% (1)

A0 = absorbance of the blank; A1 = absorbance of the standard or sample.
The half-maximal effective concentration ratio (EC50) was used to express the radical-

scavenging capability of AEC and Trolox for ABTS and AEC and glutathione for the DPPH
assay. EC50 was defined as the concentration of a sample that caused a 50% decrease in the
initial radical concentration.

2.3.2. α-Glucosidase Inhibition Assay

The inhibitory activity was evaluated according to the literature [19]. The enzyme
(1 mg, 76 UI) was mixed with 50 mL of phosphate buffer (pH 6.9) to obtain a concentration
of 1.52 UI/mL. In the reaction tube, 0.35 mL of sucrose (65 mM), maltose solution (65 mM),
and AEC extract (0.1 mL of 50, 100, 150, 200, and 250 μg/mL) were added, one at a time.
After homogenization, α-glucosidase solution (1.52 UI/mL, 0.2 mL) was added to each
tube, which was then maintained at 37 ◦C for 20 min. The enzyme was heat-inactivated in
a water bath for 2 min at 100 ◦C. Acarbose served as the positive control. To develop the
color, 0.2 mL of testing solution and color reagent (3 mL) were reacted. Next, the system
was heated (37 ◦C) for 5 min, and the absorbance of the solution was examined at 505 nm.
The amount of glucose released during the reaction served as a sign of inhibitory activity.

2.3.3. α-Amylase Inhibition Assay (%)

The α-amylase inhibition activity of the AEC extract was measured based on a pub-
lished method [12]. Diluted AEC at five different concentrations (50, 100, 150, 200, and
250 μg/mL) was incubated for 10 min at 25 ◦C with sodium phosphate buffer (0.02 M,
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pH 6.9), 0.006 M NaCl, and 0.5 mg/mL of porcine pancreatic amylase. Then, 500 μL of a 1%
starch solution in assay buffer was added to each mixture. After 10 min of incubation at
25 ◦C, 3,5-dinitrosalicylic acid was added to complete the process and incubated in a water
bath at 100 ◦C for 5 min. The test tube was then allowed to cool down to 22 ◦C. To obtain
the values in the permissible range for recording the absorbance at 540 nm, a dilution with
distilled water (10 mL) was performed. Acarbose was used as the positive control.

2.3.4. Lipase Inhibition Assay (%)

Crude pig pancreatic lipase (PPL, 1 mg/mL) was first dissolved in phosphate buffer
(50 mM, pH 7) before centrifugation at 12,000× g to remove insoluble components. Prepar-
ing an enzyme stock (0.1 mg/mL) required a 10-fold dilution of the supernatant with buffer.
The lipase inhibition potential was assessed based on prior research [20]. A transparent
96-well microplate containing 100 μL of AEC was combined with 20 μL of p-nitrophenyl
butyrate (pNPB,10 mM in buffer) and incubated for 10 min at 37 ◦C. The outcome was
compared to the reference drug orlistat, a well-known PPL inhibitor. Measurements were
taken at 405 nm using a microplate reader. The unit of activity was calculated using the
yield from the reaction rate of 1 mol of p-nitrophenol/min at 37 ◦C. To measure the lipase
inhibition activity, PPL activity was reduced in the test mixture by a specific amount. To
ensure the validity of the study results, each sample was verified in triplicate. The inhibitory
data were obtained using the equation below.

Inhibition o f Lipase Activity (%) = 100 − B − Bc
A − Ac

× 100% (2)

A = activity without inhibitor; Ac = negative control without inhibitor; B = activity
with inhibitor; Bc = negative control with inhibitor.

2.4. In Vivo Study Design
2.4.1. Animal Handling and Ethical Approval

Forty male albino Swiss mice (Mus musculus), each weighing 21.53 ± 1.92 g (3–5 weeks
old), were provided by Animal Model Farm Yogyakarta, Indonesia, and then shipped to
the research site. Mice were housed in cages and kept in a climate-controlled environ-
ment (27 ◦C, 50–60% relative humidity) with a balanced light-dark cycle. All mice were
acclimated in the lab for 10 days before the experiment. During the research, mice had
unrestricted access to conventional animal feed or pellets from PT Citra Ina Feedmill as well
as drinking water. The mice were randomly divided into four treatment groups after the
10-day acclimatization period. The animal research protocol used mentions the Declaration
of Helsinki and the Council of International Organizations of Medical Sciences (CIOMS). In
addition, all procedures involving animals adhered to the Guidelines for Reporting In Vivo
Experiments (ARRIVE) and obtained approval from the ethics board of the International
Register of Preclinical Trial Animal Studies Protocols (preclinicaltrials.eu) with registration
number PCTE0000329.

2.4.2. Study Design of Treatments

Throughout the study, skilled veterinarians looked out for any signs of animal welfare
problems, such as lack of food, ruffling, lethargy, indifference, hiding, or curling up.
Moreover, mice got weekly examinations for specific health and weight loss markers. Forty
mice were randomly divided into four treatment groups. Based on Federer’s equation, a
minimum sample of six is required for an animal experiment consisting of four groups. Ten
mice were used in this study as backup and for further sample harvest. Group A was given
a normal diet and water ad libitum. Group B was given a cholesterol- and fat-enriched
(CFED) diet with ad libitum water. Groups C and D were given a CFED diet and water
ad libitum with daily supplementation of 65 and 130 mg/kg of body-weight (BW) AEC,
respectively. An expert administered the AEC dosages orally. The daily consumption of
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animal feed and drinking water was tracked during the entire experiment; therefore, there
was no difference between the control and experimental groups.

2.4.3. Feed or Pellet Composition and CFED Production

Normal pellets contained 12% moisture, 20% protein, 4% fat, 14% calcium, 1% fiber, 0.7%
phosphorus, 11.5% total ash, 0.3% vitamin C, and 0.1% vitamin E. These pellets were obtained
from Rat Bio® (Citra Ina Feedmill Ltd, Jakarta, Indonesia). Pellets were kept out of direct
sunlight and were kept cool and dry according to the manufacturer’s recommendations.

The CFED diet was prepared following earlier research [13,20]. Cholic acid (1%),
cholesterol powder (2%), animal fat (20%), and maize oil (2%) were added to dry, normal
pellets. After the ingredients had been homogenized, 1 L of distilled water was added to the
mixer, where the pellets were subsequently shaped into smaller pieces. To reduce oxidation,
the pellets were first dried under sterile conditions at ambient temperature before storage
at 4 ◦C. Specifically, 43.6% of CFED is composed of carbohydrates, while 12.4% is protein,
4.7% is fiber, 3.2% is fat, 2% is cholesterol, 1% is cholic acid, 20% is animal fat, 4% is total
ash, 2% is maize oil, and the remainder is moisture.

2.4.4. Biomedical Analysis of Collected Blood Samples

Blood was taken six weeks after the mice underwent interventional feeding. The
night before blood was obtained, the animals were fasted and administered ketamine as
an anesthetic. Blood was drawn from the venous sinus, and after being placed in a sterile,
dry tube devoid of any anticoagulant, it was allowed to coagulate at room temperature.
The serum was then obtained after 20 min of centrifugation (3000 rpm). Low-density
lipoprotein (LDL), triglycerides (TG), high-density lipoprotein (HDL), total cholesterol
(TC), and blood glucose (BG) biomedical analyses were carried out using the COBAS
Integra® 400 Plus Analyzer (Roche Diagnostics, Basel, Switzerland). Blood was also taken
from the heart tissue to evaluate other biomarkers such as superoxide dismutase (SOD)
enzyme activities using the SOD Assay Kit from Sigma-Aldrich, serum lipase levels using
the Mouse Pancreatic Lipase ELISA Kit (Merck KGaA, Darmstadt, Germany), and serum
amylase levels using the Mouse Pancreatic Amylase ELISA Kit. Inflammatory biomarkers,
namely PGC-1α (peroxisome proliferator-activated receptor-gamma coactivator-1 alpha),
TNF-α (tumor necrosis factor-alpha), and IL-10 (interleukin 10), were quantified using a
PGC-1α Mouse ELISA Kit (Sunlong Biotech Co., Ltd.; Zhejiang, China), a Mouse Tumor
Necrosis Factor-α (TNF-α) Kit (Sunlong Biotech Co., Ltd.; Zhejiang, China), and an IL-10
ELISA Kit (Abcam), respectively. For the cardiometabolic biomarkers, both PRMT-1 (protein
arginine N-methyltransferase 1) and DDAH-II (dimethylarginine dimethylaminohydrolase
2) were quantified using an LS-F65223 ELISA Kit and an LS-F14238 ELISA Kit, both from
LSBio (Seattle, WA, USA). ADMA (asymmetric dimethylarginine) was evaluated directly
using an ALX-850-327-KI01 ADMA Direct Mouse ELISA Kit from Enzo Life Sciences, Inc.
(New York, NY, USA). Digital scales were used to determine the body weights of the mice.

2.5. Gut Microbiota Sequencing and Analysis of the 16S rRNA Gene in Mice Feces

Microbiological genomes of intestinal bacteria were extracted from excrements using
OMG soil extraction kits from Shanghai Meiji Biopharmaceutical Technology Co., Ltd (Shang-
hai, China). Polymerase chain reaction (PCR) amplification of the V3–V4 variable region of the
16S rRNA gene was performed using primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′)
and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). Sequencing was carried out using the
Illumina Miseq PE300 platform. The raw sequences were controlled with FAST software,
cut with FLASH software, and qualified reads were clustered with UPARSE software to
generate Operational Taxonomic Units (OTUs) with 97% similarity. Chimera sequences
were removed using the search software. Each sequence was classified as a species using
ribosomal database project (RDP) classification, and a 70% comparison threshold to the
Silva 16S rRNA database (Version 138 by Max Planck Institute for Marine Microbiology
and Jacobs University, Bremen, Germany) was set.
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2.6. Data Analysis and Management

An unpaired t-test was used to statistically assess the data from in vitro experi-
ments, including antioxidant inhibition of ABTS and DPPH and lipase, α-amylase, and
α-glucosidase inhibitory activities. Experiments were performed in triplicate. Each EC50
data set was created using nonlinear regression formulas. In vivo lipid profile (LDL, HDL,
TG, TC, and BG), inflammatory biomarkers (IL-10, TNFα, and PGC-1α), enzymatic assays
(SOD cardio, serum lipase, and serum amylase), and cardiometabolic biomarkers (PRMT-1,
DDAH-II, and ADMA) were analyzed using multivariate ANOVA. To identify significant
variations between the starting and ending body weights (g) in each group, paired t-tests
or dependent t-tests were used. In addition, one-way ANOVA was conducted to find the
differences between each secondary parameter (water intake (mL), food intake (g), the
food efficiency ratio (FER), and the beginning, final, and daily weight gain (g/day)) for
each group. All data were provided in the form of mean ± standard error of the mean
(SEM) with a 95% confidence level. On MacBook computers, GraphPad Prism version
9.4.1 software (Boston, MA, USA) was used for all in vitro and in vivo data analyses.

3. Results

3.1. In Vitro Activities of the Aqueous Extract of Caulerpa racemosa (AEC)

The in vitro activities of extracts and compounds can provide an indication of their
properties in biological systems. As such, the antioxidant activities (DDPH and ABTS) and
enzyme-inhibitory properties (α-glucosidase, α-amylase, and lipase) of the AEC extract
were obtained prior to in vivo tests. Data reported as half-maximal effective concentration
(EC50) or half-maximal inhibitory concentration (IC50) values are shown in Figure 1.

In the 2,2-diphenyl-1-picrylhydrazyl (DPPH) antioxidant assay, glutathione (GSH,
control) had a greater inhibitory effect than AEC at a concentration of 100 μg/mL (p < 0.05;
Figure 1A). However, at other concentrations, there were no significant differences (p > 0.05).
DPPH overall suggests that there is no difference in the scavenging power of the AEC
extract relative to GSH. Furthermore, the EC50 value of AEC (116.9 μg/mL) was lower than
that of GSH (150.9 μg/mL), suggesting that AEC is more effective in inhibiting DPPH than
GSH (Figure 1A).

Trolox (control) had greater inhibitory activity against ABTS compared to AEC at all
concentrations (100–250 μg/mL). Nevertheless, scavenging activities were comparable
(p > 0.05; Figure 1B). Similar to the DPPH inhibition results, the EC50 AEC values are more
potent and active together with Trolox, with values of 121.7 μg/mL and 114.5 μg/mL,
respectively (Figure 1B).

The abilities of the AEC extract to inhibit α-glucosidase (Figure 1C) and α-amylase
(Figure 1D) were both compared to the reference inhibitor acarbose. At all concentrations
(50–250 μg/mL), the inhibition of α-glucosidase by AEC was not significantly different
compared to acarbose (p > 0.05), which indicates that AEC has an activity equivalent to
that of the acarbose control (Figure 1C). Regarding α-amylase, AEC and acarbose had
equivalent inhibition at 50 μg/mL, 100 μg/mL, and 250 μg/mL (Figure 1D), while acarbose
was superior at the other two concentrations. For both enzymes, the EC50 of AEC was
greater than that of the control acarbose.

The inhibition of pancreatic lipase by AEC did not differ significantly from the positive
control (orlistat) at 100 μg/mL to 250 μg/mL (p > 0.05). Nevertheless, at the lowest
concentration, the positive control had greater activity (Figure 1E). Based on the EC50
values, AEC is more potent at inhibiting the lipase enzyme (EC50 AEC < EC50 orlistat;
Figure 1E).
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Figure 1. In vitro activities of the aqueous extract of Caulerpa racemosa (AEC). (A) DPPH radical-
scavenging activity. (B) ABTS radical-scavenging activity. (C) Inhibition of the α-glucosidase enzyme.
(D) Inhibition of the α-amylase enzyme. (E) Inhibition of the lipase activity; ns: p = 0.1638 (p > 0.05);
*: p = 0.0125; **: p = 0.0007. Note: The EC50 was analyzed using the GraphPad Premium statistical
analysis package “non-linear regression (log(inhibitor) vs. normalized response—variable slope”.
The plot bars showed that at a concentration of 50 μg/mL, all inhibition activity exceeded 50%. This
may be caused by the unequal maximum and baseline effects of AEC compared to the controls. For
further research, using a lower minimum dose for the controls and a higher maximum amount of
AEC may result in a comparable dose response for all compounds (EC50).
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3.2. Effects of the Extract of Caulerpa Racemosa (AEC) on the Cardiometabolic Markers in Mice

Metabolic dysfunction was induced in mice with a cholesterol- and fat-enriched
diet (CFED). The AEC extract was administered to assess its effects on various markers
associated with cardiometabolic syndrome. The body weight, food intake, water intake,
and FER characteristics of the mice are shown in Table 1. The effectiveness of AEC on the
cardiometabolic markers is shown in Figure 2.

Table 1. Body weight, feed, water intake, and FER characteristics of experimental mice (Mus musculus).

Groups Normal CFED C D p b

Initial body weight (g) 22.55 ± 1.717 22.05 ± 2.203 22.03 ± 1.033 22.42 ± 2.908 0.9231

Final body weight (g) 65.59 ± 3.606 82.27 ± 4.206 48.66 ± 5.509 43.18 ± 4.481 <0.0001

p a <0.0001 <0.0001 <0.0001 <0.0001

Weight gain (g/day) 0.9357 ± 0.08751 1.309 ± 0.07279 0.5789 ± 0.1116 0.4513 ± 0.1338 <0.0001

Food intake (g) 5.204 ± 0.6179 5.116 ± 0.8741 5.037 ± 1.168 5.009 ± 0.6075 0.9556

Water intake (mL) 5.758 ± 0.6237 5.752 ± 0.8913 5.349 ± 1.001 5.208 ± 0.5297 0.2954

FER (%) 18.18 ± 2.413 26.32 ± 5.064 12.00 ± 3.480 9.011 ± 2.496 <0.0001
a Dependent or paired t-test, CI 95% (0.05). b ANOVA CI 95% (0.05). The letter (a) behind the number in the same
row indicates non-significant results. Food efficiency ratio (FER, %) = (body weight gain of experimental mice
(g/day)/food intake (g/day)) × 100. CFED: cholesterol- and fat-enriched diet. C: Mice group were given a CFED
diet and water ad libitum with daily supplementation of 65 of body-weight (BW) AEC. D: Mice group were given
a CFED diet and water ad libitum with daily supplementation of 130 mg/kg of body-weight (BW) AEC.

Figure 2 reveals the capability of AEC in modulating cardiometabolic markers. AEC
significantly (p < 0.05) improved the blood glucose and lipid profile of mice (for a high
dose of AEC, HDL: +23.20%; LDL: −18.64%; TG: −33.00%; TC: −11.11%; BG: −7.760%;
Figure 2A). AEC, particularly at a 130 mg/kg BW dose, produced greater improvements in
HDL, LDL, and TG in mice that received CFED compared to Groups C and D. However,
both doses of AEC had a similar effect on the TC levels. The effect of AEC on BG was similar
to that of the normal diet, even though the higher dose of AEC still showed improvements
in the BG levels.

The health benefits of AEC are also depicted in Figure 2B. Both AEC treatments were
shown to improve cardio SOD serum levels compared to normal and CFED diets. On the
other hand, 65 mg/kg BW and 130 mg/kg BW of AEC were proven to reduce amylase and
lipase serum levels in mice receiving CFED, with the higher dose of AEC being similar
to a normal diet. In Figure 2C, AEC treatments show improvements in the inflammatory
markers PGC-1α and IL-10, which significantly increased, although the effect between both
doses was similar. While both doses of AEC lowered the TNF-α levels, the higher dose of
AEC showed an enhanced effect.

Figure 2D shows that AEC also exhibited positive health implications by improving the
expressions of PRMT-I and DDAH-II, in particular, in mice receiving CFED supplemented
with 130 mg/kg BW AEC. The higher dose of AEC also lowered ADMA concentration to a
level that was similar to a normal diet.
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Figure 2. Effect of the aqueous extract of Caulerpa racemosa (AEC) on cardiometabolic markers. (A) Im-
provement of blood lipid and glucose profile of CFED mice by AEC. (B) Significance of improvements
in SOD in cardio serum, lipase, and amylase in serum. (C) Improvement of inflammatory markers
in CFED mice by dietary AEC. (D) Amelioration of cardiometabolic syndrome via regulation of
PRMT-1/DDAH/ADMA pathway. ns: p = 0.1638 (p > 0.05); *: p = 0.0125; **: p = 0.0067; ***: p = 0.0007;
****: p < 0.0001. HDL = high-density lipoprotein; LDL = low-density lipoprotein; TG = triglycerides;
TC = total cholesterol; BG = blood glucose; PGC-1α = peroxisome proliferator-activated receptor-
gamma coactivator (PGC)-1alpha; TNF-α = tumor necrosis factor-alpha; IL-10 = interleukin 10;
PRMT-1 = protein arginine N-methyltransferase 1; DDAH-II = dimethylarginine dimethylaminohy-
drolase 2; ADMA = plasma asymmetric dimethylarginine; CFED: cholesterol- and fat-enriched diet.

3.3. Gut Microbiome Modulation in Mice Administered a Cholesterol- and Fat-Enriched Diet
Supplemented with AEC
3.3.1. Effect of AEC on Gut Microbiota Composition

After performing low-count and variance filtering, the gut microbiota of the control
mice was predominantly composed of Firmicutes at the phylum level, which accounted for
91% of the total bacteria. CFED increased the abundance of Bacteroidota and Desulfobacteria
compared to the control mice (Figure 3B). Supplementation with AEC had a different and
dose-dependent effect on the gut microbiota community. A low dose of AEC increased
the proportion of Campylobacterota, while a high dose of AEC increased the proportion of
Actinobacteria (Figure 3). At the genus level (Figure 3A), control mice were enriched with
Dubosiella (39%), Lactobacillus (20%), and Lachnospiraceae (11%), while Lachnospiraceae (23%)
and Monoglobus (11%) were enriched in mice fed a CFED diet. Mice supplemented with low
AEC had a high proportion of Monoglobus (17%), Dubosiella (11%), Lachnospiraceae (10%),
Lachnospiraceae NK4A136 group (9%), and Lactobacillus (9%), while the high AEC group
had a high proportion of Dubosiella (16%), Lactobacillus (12%), Eubacterium fissicatena group
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(12%), Faecalibaculum (10%), and Lachnospiraceae (9%). In particular, the Bifidobacterium
genus was proportionally higher in the high-dose AEC group compared with other groups.

 

Figure 3. Taxonomic composition at the genus level (A) or phylum level (B). Each colored bar
represents the percentage of each phylum or genus relative to the total microorganisms. CFED:
cholesterol- and fat-enriched diet.

3.3.2. Effect of AEC on Gut Microbiota Diversity

Heatmap clustering of individual gut microbiota (bottom) according to diet groups
(top) was based on Euclidean distance (Figure 4A). A significant difference (p < 0.01) was
observed in the alpha diversity indices (Shannon, Simpson, and Chao1 indexes) according
to the ANOVA test (Figure 4B). Mice fed with CFED had the highest alpha diversity
index parameters compared with the other groups. A non-matrix multidimensional matrix
(NMDS) using the Bray-Curtis distance was employed to compare the beta diversity among
groups (Figure 4C). The results showed that gut microbiota was grouped according to
the treatment groups (stress 0.05; R2 = 0.82). One-way PERMANOVA analysis revealed
a significant difference (p = 0.001), which indicated distinct gut microbiota communities
among the groups.

To identify bacteria that were differentially enriched, linear discriminant analysis
(LEfSe) was performed (Figure 4D). The results showed that there were 31 significant
features with a log LDA score > 3 and a false discovery rate (FDR) below 0.05. Dubosiella
and Lactobacillus were abundant in the control mice, whereas Colidextribacter, Muribaculaceae,
Romboutsia, Desulfovibrionaceae, Blautia, and Lachnospiraceae were enriched in the CFED
group. Monoglobus, Lachnospiraceae NK4A136 group, and Oscillospiraceae were enriched
in the low-dose AEC group, while the Eubacterium fissicatena group, Faecalibaculum, and
Bifidobacterium were enriched in the high-dose AEC group.

We performed Pearson correlation analysis to investigate the relationship between the
abundances of seven significantly altered gut microbial species (FDR < 0.1) and changes in
the metabolic biomarker indices in the intervention group (Figure 5). Close associations
were found between glucose metabolism, lipid profile, inflammatory cytokines, and the
studied microbiome species. Dubosiella, Lactobacillus, and Eubacterium fissicatena showed a
negative association with TNF alpha, lipase, ADMA, and amylase. In particular, Faecalibac-
terium was negatively associated with TNF alpha, lipase, amylase, glucose, total cholesterol,
aortic-PMRT-1, triglycerides, and LDL-cholesterol. However, Lachnospiraceae was positively
associated with glucose, total cholesterol, aortic-PMRT-1, and LDL-cholesterol.
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Figure 4. Clustering and community profiling of gut microbiota in mice induced with CFED. Heatmap
clustering of individual gut microbiota (bottom) according to diet groups (top) based on Euclidean distance
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(A) Boxplot of distribution of alpha diversity values (Shannon, Simpson, and Chao1) among diet
groups (B) Non-metric multidimensional scaling (NMDS) plot of all samples using the Bray-Curtis
resemblance matrix (C) Linear discriminant analysis (LDA) effect size (LEfSe) analyses of gut micro-
biota according to diet at the genus level; each colored bar indicates a genus that was significantly
enriched in each consecutive group (D) CFED: cholesterol- and fat-enriched diet.

Figure 5. Heatmap of Pearson correlation between the gut microbiome and blood metabolic profiles
of mice. The asterisks inside the heatmap indicate p < 0.01.

4. Discussion

Caulerpa racemosa is extensively used and has become one of the most popular marine
fresh foods because of the various health benefits that it offers. The Caulerpa species are
known to contain a high amount of macro- and micro-minerals, antioxidants, and secondary
metabolites with attractive development or further processing prospects, supported by their
distinctive taste and color [21]. Therefore, as an attempt to further advance our understand-
ing of the potential health benefits of this marine alga, we evaluated its activity in vitro,
as well as in mice models based on cardiometabolic and microbiome biomarkers. In vitro,
Caulerpa racemosa showed potent antioxidant activity (DPPH & ABTS radical scavenging
activity assays) and inhibition of α-glucosidase, α-amylase, and lipase (Figure 1). These
properties are essential for mitigating and alleviating cardiometabolic syndrome. AEC
showed EC50 values in DPPH and ABTS of 116.9 μg/mL and 121.7 μg/mL, respectively
(Figure 1), which were lower than that of glutathione (often called the “master antioxidant”
because of its aptitude to exploit the performance of other antioxidants) and Trolox (a
water-soluble antioxidant synthesized as a vitamin E derivative with high radical scaveng-
ing potential) [22]. This study was also in line with a study by Belkacemi, where Caulerpa
racemosa extract from Algeria exhibited an antioxidant capacity that was comparable to the
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controls used here [23]. The high antioxidant capacity may be due to the phytochemicals
contained in Caulerpa racemosa, especially phenolics and flavonoids. These compounds
contain hydroxyl groups, which function as hydrogen donors to stabilize free radicals [24].
Moreover, non-polar compounds such as glycolipids, phospholipids, steroids, terpenes,
carotenoids, and fatty acids (especially PUFAs) are also thought to contribute to the overall
radical-scavenging capacity of AEC [25]. Free radical-neutralizing capacity is essential
for treating cardiometabolic syndrome because the increase in oxidative stress is deeply
involved in the pathogenicity of hypertension and atherosclerosis. Pro-inflammatory
adipokines caused by obesity also produce an immense amount of oxidative stress, which
contributes to the progression of cardiometabolic syndrome [26]. Furthermore, this study
also utilized ultrasound-assisted extraction, which is often used to increase extraction
efficiency as well as natural ingredient bioactivity. Furthermore, since this technique is
regarded as a “green extraction,” it is environmentally friendly, requiring minimal use of
solvent and time [27]. α-Amylase, α-glucosidase, and lipase are the main enzymes involved
in the hydrolyzation process of carbohydrates and fat. Therefore, reacting these enzymes
with AEC would cause lowered absorption of the mentioned dietary molecules, hinder
carbohydrate digestion, prevent diet-induced obesity and hyperglycemia, and control
diabetes, subsequently lowering the risks of micro-and macrovascular complications [28].
In addition, α-glucosidase inhibition can also aid in gastric emptying, causing satiety and
weight loss, which are useful properties in obesity treatment [29]. α-Glucosidase and
α-amylase inhibition by AEC was comparable to that by acarbose, an anti-diabetic drug,
while lipase inhibition also showed similar results to those of orlistat, a medication used to
treat obesity. This shows the potential of AEC as an alternative route of therapy.

To further advance and validate the previously mentioned results, an in vivo study
using animal models was performed to assess the effect of C. racemosa. Data showed that
the CFED diet intervention significantly increased both the final body weight and weight
gain per day of mice. However, the food and water intake of the CFED mice was about
the same as that of the other groups. Thus, the observed increases may be due to the
significantly increased FER of the CFED-only group (Table 1). By contrast, C. racemosa
groups experienced significantly less weight gain per day and FER compared to the other
groups. This weight-loss potential is in line with other studies involving other species of
Caulerpa (Caulerpa sertularioides and Caulerpa prolifera), which showed a significant inhibitory
effect on adipogenesis of preadipocytes in vitro, with reductions of lipogenic transcription
factors such as PPARγ, C/EBPβ, and C/EBPα mRNA [30]. Applying a similar study model,
Caulerpa lentillifera intervention on CFED rats resulted in lower body weight post-treatment
(although the results were not significant), as well as a lower FER compared to the other
groups [31].

Alterations in the free fatty acid metabolism and adipose tissue dysregulation are
the main suspects of hyperglycemia and dyslipidemia in cardiometabolic syndrome. The
uncontrolled release of free fatty acids from adipose tissues to the bloodstream can impair
the activity of insulin during muscle glucose uptake stimulation. Excess adipose tissue
in obesity also causes an adipose tissue hypoxia state, which leads to insulin resistance,
inflammation, and adipocyte apoptosis, as well as uncontrolled lipid secretion [32]. Fur-
thermore, the buildup of free fatty acids in the liver (otherwise known as ectopic lipids)
increases hepatic VLDL and plasma TG concentration. An increase in plasma TG leads
to the transfer of TGs from VLDL to HDL, increasing HDL clearance, which in turn leads
to reduced HDL and higher LDL concentrations [33]. Cardiometabolic markers were as-
sessed in this study, and AEC intervention significantly improved the lipid profile and
blood glucose in vivo. HDL increase together with LDL and TG decrease was found to
be dose-dependent; however, no significant differences were found between doses in the
TG and blood glucose parameters. In line with the in vitro results, lipase and amylase
serum were significantly reduced in CFED mice that were given AEC, and the reduction
was dose-dependent. The improvement in the lipid and blood glucose profiles can be
explained by the inhibition of the digestive enzyme, as seen in vitro and in vivo. In the
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lipid metabolism process, inhibition of lipase by AEC prevents the conversion of ingested
lipids in the form of TG into monoglycerides and fatty acids. Therefore, fewer lipid prod-
ucts are diffused across the intestinal cell membranes and reach the blood circulation, thus
reducing excess lipid metabolism, fat deposition, and body weight and improving the lipid
profile [34]. This offers the potential benefit of alleviating “the triad” of dyslipidemia, as
seen in cardiometabolic syndrome, which is the increase in serum TG and LDL particles
together with depressed levels of HDL. Improvement of the lipid profile can reduce the
risk of atherosclerotic vascular changes, coronary artery disease, and major cardiovascular
events [35]. In addition, inhibition of both α-amylase and α-glucosidase by AEC lengthens
the duration of carbohydrate digestion and reduces postprandial glucose. This occurs be-
cause oligosaccharides entering the gastrointestinal tract depend on α-amylase to be broken
down into smaller molecules such as maltose and maltotriose. Meanwhile, α-glucosidase
carries out this process by cleaving disaccharides into digestible monosaccharides [34].
Altered glucose metabolism and CVD risk are both deeply related, as multiple studies
have shown hyperglycemia to be a key risk factor for cardiovascular and all-cause mortal-
ity [36]. The control of blood glucose that is offered by AEC can be beneficial, preventing
continuous hyperglycemia that leads to micro (neuropathy, nephropathy, retinopathy)
and macrovascular complications (peripheral vascular disease, myocardial infarction, and
stroke) [37].

The antioxidant status of mice treated with AEC, determined in vitro, was supported
by in vivo findings of a significant SOD cardio serum increase in the AEC groups, although
no significant difference was found between the dose groups. SODs are recognized as the
“front line” of defense against reactive oxygen species (ROS)-mediated injury. These metal-
loenzymes catalyze the conversion of the superoxide anion (O2

−) free radical into hydrogen
peroxide (H2O2) and molecular oxygen [38]. In a hyperglycemic state, endothelial cells
increase the production of O2

− while immoderate amounts of O2
− lead to the inhibition of

glyceraldehyde 3-phosphate dehydrogenase (a glycolytic pathway enzyme). This causes
glucose accumulation as well as increased shifts to various alternative pathways of glucose
metabolism, eventually leading to the production of advanced glycation end products [39].
Moreover, ROS are also responsible for pathological processes in the vasculature, causing
endothelial dysfunction through the interruption of vasoprotective pathways such as NO
signaling, as well as triggering inflammasome and cytokines such as IL-1β and IL-8 via acti-
vation of caspase-1. The mechanisms above trigger atherosclerosis [40]. By increasing SOD
in serum, the aforementioned consequences of cardiometabolic syndrome can potentially
be prevented.

Inflammatory biomarkers were evaluated in this study. TNF-α was significantly
reduced by AEC intervention. Reduction in TNF-α was dose-dependent, and a signif-
icant increase in IL-10 and PGC-1α was found. However, no significant differences in
IL-10 and PGC-1α were found between the dose groups. PGC-1α is known as the master
regulator of mitochondrial processes such as oxidative phosphorylation and ROS detoxifica-
tion [41]. Furthermore, PGC-1α also regulates mitochondrial antioxidant gene expression,
even though its dysregulation at low levels triggers an inflammatory response as well
as oxidative stress and promotes the NF-κB pathway, which is responsible for inducing
pro-inflammatory genes [42]. Various inflammatory markers have been determined to be
deeply associated with significant risks of diabetes and cardiovascular disease. Obesity
itself, as one of the main features of cardiometabolic syndrome, promotes the generation
of pro-inflammatory factors, including TNF-α, in turn promoting insulin resistance [43].
Moreover, inflammatory cytokines also act on the liver and increase VLDL production,
deactivating liver X receptors and causing increased cholesterol accumulation [44].

A possible mechanism implied in the development of endothelial dysfunction and
oxidative stress is an increase in the levels of asymmetrical dimethylarginine (ADMA).
ADMA circulation levels are increased in endothelial dysfunction-related diseases such
as hypertension, hyperlipidemia, and diabetes [45]. ADMA itself is classified as a major
endogenously derived methylated arginine residue that acts by inhibiting nitric oxide
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synthase (NOS). Nitric oxide is a well-known and potent vasodilator that is essential in
cardiovascular homeostasis by exerting anti-atherogenic and anti-proliferative activities
on the vasculature [46]. Furthermore, ADMA is also known to elevate ROS levels, caus-
ing oxidative stress. ADMA is synthesized in the heart, smooth muscle, and endothelial
cells by PRMT-1, which is a group of enzymes that performs the methylation process [47].
Meanwhile, most (80–90%) of ADM is metabolized by DDAH, which is relevant to this
study. DDAH-2 is highly expressed in vascular muscle cells and the endothelium, espe-
cially in tissues containing NOS [48]. This study also evaluated the PRMT-DDAH-ADMA
metabolic axis expression in response to the CFED and AEC intervention. PRMT-1 expres-
sion and ADMA concentrations were significantly lowered in CFED mice given AEC, while
DDAH-2 was significantly increased in the AEC groups, with dose-dependent effects in all
parameters. Decreased DDAH activity is closely related to endothelial dysfunction and
is suspected to be the mechanism responsible for ADMA-mediated NOS impairment [46].
Therefore, AEC has the potential to ameliorate the mentioned pathological metabolic axis
and prevent the development and progression of cardiometabolic syndrome.

Our study also found that AEC supplementation affects gut microbiome diversity.
Furthermore, at the taxa levels, the gut microbiota composition also differed significantly.
Dubosiella and Lactobacillus were abundant in the control mice, whereas Colidextribacter,
Muribaculaceae, Romboutsia, Desulfovibrionaceae, Blautia, and Lachnospiraceae were enriched
in the CFED group. Lachnospiraceae comprises 58 genera [49]. All microbiota members
of Lachnospiraceae are characterized by anaerobic, fermentative, and chemoorganotrophic
features, and some display strong hydrolyzing activities (e.g., through the activity of
β-xylosidase, α- and β-galactosidase, α- and β-glucosidase, or α-amylase) [50]. Several
studies have demonstrated that Lachnospiraceae (including Blautia) are upregulated during
diabetes-associated obesity [51] and during the development of non-alcoholic fatty liver
disease (NAFLD) [52]. The increase in Lachnospiraceae (including Blautia) in these metabolic
disorders may be partly explained by hyperglycemia that often occurs during obesity-
related diabetes as well as NAFLD [51,53]. Likewise, our correlation analysis indicates that
Lachnospiraceae was positively associated with fasting glucose levels.

Monoglobus, Lachnospiraceae NK4A136 group, and Oscillospiraceae were enriched in
the low-dose AEC group, while the Eubacteria group, Faecalibaculum, and Bifidobacterium
were enriched in the high-dose AEC group. These results suggest that the effect of AEC on
the gut microbiome might be dose-dependent. A study suggested that Caulerpa racemosa
exhibits antimicrobial activity that may inhibit pathogenic bacteria [54]. In this study, a high
dose of AEC increased the SCFA producers such as Faecalibacterium and Bifidobacterium. In
addition, these increases were negatively associated with the inflammatory marker (TNF-α),
ADMA, and lipid profiles and positively associated with an increase in the antioxidant
capacity (SOD levels) and PGC-1α levels in the blood. This suggests that the AEC effect
on the regulation of inflammation-associated pathways as well as lipid-glucose regulation,
may also be mediated by the modulation of Faecalibacterium and Bifidobacterium [55–57].
This shows that the Caulerpa genus has the potential to become a superfood, in line with
a recent study showing its potential anti-non-communicable diseases properties, such as
obesity-related diseases [58].

5. Conclusions

The aqueous extract of Caulerpa racemosa (AEC) exhibited potential antioxidant proper-
ties in vitro. Lipase inhibition, α-amylase, and α-glucosidase activities were observed. Thus,
AEC is a promising functional ingredient with potential anti-cardiometabolic syndrome
effects. The observed trends of the PRMT-1/DDAH/ADMA pathway and gut modula-
tion of the microbiota demonstrated positive effects against cardiometabolic syndrome,
achieved by dietary supplementation with a high dose (130 mg/kg Body Weight [BW]) of
AEC. Human clinical trials are still needed and are being planned for the foreseeable future.
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6. Patents

The preparation method and formulation of an aqueous extract of Caulerpa racemosa
(AEC) resulting from the work reported in this study have been registered as a patent in In-
donesia with number S00202211473 (Fahrul Nurkolis is a patent holder of the AEC Extract).

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/nu15040909/s1, Table S1. High-Performance Liquid Chromatography-Mass
Spectrometry (HPLC-MS) of Caulerpin in Aqueous Extract of Caulerpa racemosa (AEC).
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Abstract: As food choices are usually processed subconsciously, both situational and food envi-
ronment cues influence choice. This study developed and tested a mobile app to investigate the
association between physical and digital environments on snack choices. SnackTrack was designed
and used to collect data on the snack choices of 188 users in real-life settings during an 8-week
feasibility trial. The app asks users to take a photo of the food they are planning to consume and
to provide additional information regarding the physical environment and context in which this
food was eaten. The app also displayed various user interface designs (i.e., different background
images) to investigate the potential effects of images on snack choice. Preliminary results suggest
that the time of snack obtainment did not have a significant effect on the healthfulness of the snacks
chosen. Conversely, it was found that unhealthy background images appeared to encourage healthier
snack choices. In conclusion, despite consumers having the knowledge to make healthy choices,
environmental cues can alter food choices. SnackTrack, a novel tool to investigate the influence of
physical and digital environments on consumers’ food choices, provides possibilities for exploring
what encourages (un)healthy eating behaviours.

Keywords: digital nudging; user interface; food environment; choice behaviour; snacks; snack choice;
food choice

1. Introduction

Consumer behaviour, including food and nutrition choices, is influenced by factors at
the individual and environmental levels. However, the DONE interactive framework [1]
demonstrates that environmental factors have the greatest influence on food choices, and
importantly, they can be modified. Therefore, strategies to improve dietary habits that are
linked with food choices need to focus not only on individual behaviours but also on the
food environment and the conditions in which people live and make food choices [2].

Some environmental factors shown to influence food choice and amounts consumed
include availability, the effort required for consumption [3], the variety [4] and portion
sizes [5] of food presented. Hence, strategically restructuring physical and digital food
choice environments appears to be a promising avenue to improve dietary habits and
promote population health [6,7]. Modifying the environment by making healthier choices
easier and more accessible may have a positive influence on consumers’ food choices. This
approach has been described as nudging, which is defined as “any aspect of the choice
architecture that alters people’s behaviour in a predictable way without forbidding any
options or significantly changing their economic incentives.” [6].
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An individual’s health behaviour is determined by conscious and systematic inten-
tions, as well as by automatic, nonintentional and subconscious processes [8]. While
habits, including eating habits, can be difficult to change at the individual level, they are
affected by environmental cues, such as the visibility of food, which are frequently pro-
cessed unconsciously. Thus, environmental cues, which are processed outside of conscious
awareness, could help in targeting automatic, effortless and spontaneous processes and
therefore nudge healthier food choices [9–12]. One such potential cue is imagery, which
carries messages which viewers decode and react to [13]. Food imagery, particularly, may
increase food-related thoughts, cravings, hunger, guilt, appetitive appeal, and motivation
to eat [11]. It has been shown that images influence consumers’ trust and ease of use
of websites [14]. However, to date, few studies have investigated if and how imagery
influences food choices [15–19].

In recent years, the consumers’ everyday food choice environments shifted, with
food choices now regularly conducted in digital settings, such as online grocery stores,
pre-ordering systems, food delivery services, etc. In contrast to traditional food choice
environments, the perception of visual cues in a digital setting is entirely mediated through
a user interface (UI). As such, UI design may play an important role in consumer perception
and food selection. This raises the importance of research in digital nudging, which is
defined as “the use of user-interface design elements to guide people’s behaviour in digital
choice environments” [20]. A recent review showed that digital nudging is a rapidly
growing field, increasingly investigated in food and health contexts [21]. Therefore, the
scope of a feasibility study presented in this paper pertains specifically to the imagery used
in digital UI and its influence on users.

To date, little is known about how people make food choices within digital envi-
ronments and which key elements of the UI influence food perception, selection and
purchase [7]. Although information and communication technologies are commonly used
in the healthy-eating context, research on online tools for guiding consumers’ decision-
making processes in the context of healthy food choices is lacking [22]. Additionally, the
lack of empirical evidence limits our understanding of how imagery could be used to
nudge healthy food choices and if it may even lead to unhealthy food choices.

The frequency of snacking [23] and the contribution of snacks to total energy intake
has increased. Research shows that more than 30% of energy comes from snack occasions
among Australian children [24] and that snacking contributes to almost one-quarter of total
energy intake among Canadian adults [25]. Since the impact of snacking on the overall
diet quality depends on their nutritional composition [26], in this study, we specifically
focused on snack choices. Snacking is typically defined as the consumption of food or drink
between main meals [27]. However, the interpretation of the terms ‘snacks’ and ‘snacking’
may vary by country [28].

In order to understand the contribution of environmental factors and determine the
triggers for snack choices, we were interested in tools allowing participants to repeatedly
report their experiences in real-time and real-world settings. This kind of report is called
Ecological Momentary Assessment [29]. As we could not find a publicly available tool
to efficiently investigate environmental and nudging impacts on food choices, the aim of
this study was to develop and test a mobile app [30] to assess the contribution of physical
and digital environments (i.e., digital nudging). The app allows users to track their snacks
while exposing them to different UI designs (implemented as mobile app backgrounds).

2. Materials and Methods

2.1. Study Design

The feasibility study aimed to design, test and assess a mobile application, and to
investigate associations between the digital and the physical environment with snack
choices. A mobile app called SnackTrack was designed and developed by the University
of Newcastle, Australia, in collaboration with the Computer Systems Department, Jožef
Stefan Institute (JSI). SnackTrack was used to collect data on consumers’ snack choices in
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real-life settings, and the study involved an 8-week feasibility trial to investigate which
environmental factors are associated with snack choices. The app enables users to take
a photo of the food they are planning to consume via the phone’s camera and allows
individuals to provide additional information regarding the physical environment and
context in which the food was consumed by selecting pre-set options (e.g., when and how
was it obtained, where was eaten, etc.). The whole process of submitting photo(s) and
additional information was developed to be as intuitive as possible and not too demanding
for app users. For example, participants did not have to enter text or write the answers;
they only had to select the most appropriate ones.

The development of SnackTrack focussed on designing a mobile app with a variable
UI (in this case, background images) to investigate whether UIs can be used to nudge
consumers/app users. In the present study, the goal was to create an app which could
be used to investigate whether different mobile backgrounds could nudge consumers
towards selecting healthier snack options. Four different backgrounds were implemented
and randomised to participants in the intervention conditions. The backgrounds were
real-life photos related to either healthy (fruits, vegetables) or unhealthy (sweets, salty
snacks) foods (See Figure S1 in Supplementary Materials). These photos were selected
because if we wanted to ensure primes will influence consumers and encourage healthy
behaviours, environmental cues need to be congruent with health-relevant concepts and
products and need to complement the other components in the triggered environment [11].
As nudging should be subconscious, there was no mention of or emphasis on the presence
of the backgrounds. Participants allocated to the Control condition used the app without
an image background (grey plain-coloured background).

Ethical approval for this study was obtained from the University of Newcastle Human
Research Ethics Committee (Approval number H-2020-0267).

2.2. Participants and Procedure

Participants were recruited in the period from February to April 2022 via social media
and printed posters (displayed at JSI and on campus at the University of Newcastle).
Individuals interested in participating in the study scanned a QR code on the recruitment
material to download the mobile app SnackTrack from either the Apple App store or
Google Play. SnackTrack was only available in the app stores in Australia (English version)
and Slovenia (Slovenian version). After downloading the app, participants received a study
information statement, and consent was obtained online prior to the data collection. Each
participant received a unique code to protect their privacy; thus, no information on identity
was recorded during the research study. Before being able to use the app, participants
provided information about their sex and year of birth. Only participants aged 18 years or
older were eligible to participate.

Participants were randomised into 5 conditions (4 intervention conditions; mobile back-
ground containing photos of either (i) fruits, (ii) vegetables, (iii) salty snacks or (iv) sweets,
and a Control condition (v); grey-coloured background). Randomisation was performed
directly in the app, using an algorithmic approach for randomisation to avoid any subjec-
tive decision. Each background was assigned once per cycle; therefore, each 5th participant
downloading the app was allocated to the Control condition. Participants were asked to
take photos of the snacks they consumed or were planning to consume throughout the day.
Participants were instructed to capture the photo of the foods as close as possible and to
make sure that the food was clearly visible. Photos could be taken of the snacking occasion
(e.g., multiple food items on one photo,) or each food item could be captured separately.
Photos submitted at the same time were treated as one snacking occasion. Together with
photos of snacks, additional data about snacking choices, such as how and when the snack
was obtained and where and in the company of how many people the snack was consumed,
were collected. A screenshot of the additional data screen with the vegetable background
is shown in Figure S2 in Supplementary Material. Participants were asked to upload at
least 15 photos over 15 days between February and April 2022. Therefore, they were
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asked to use the app at least once a day for at least 15 days (no need to be consecutive).
Participants who submitted at least 15 photos of actual foods were eligible to be included
in a prize draw for either a $50AUD gift card (Australian participants) or a €10 gift card
(Slovenian participants).

2.3. Sample Size

We aimed to recruit 500 participants (250 from each country, 50 in each condition),
which is the number needed to detect medium to large effect sizes. We anticipated recruiting
as many participants as possible within the eight weeks of the intervention.

2.4. Measures

After data collection was completed, we checked all the photos and removed du-
plicates. Duplicates could have been uploaded if the internet connection was lost while
submitting the photo (this resulted in uploads of multiple of the same photos on the server).
In some cases, the photos were not uploaded to the server correctly, and we could not open
and see the photos. These photos were also removed from the analysis. After the removal
of duplicates and ‘broken’ photos, we annotated and described each photo (snack). We
annotated the name of the food on the photo (e.g., chocolate bar), the Nutri-Score (NS) [31]
of the foods, and the food group the food corresponds to. The food groups used, together
with examples based on submitted photos, are shown in Table 1.

Table 1. Food groups with examples of foods corresponding to them.

Food Group Examples of Foods in the Food Group

Fruits Fresh fruits, fruit-only containing smoothies, dried fruits

Vegetables Fresh and pickled vegetables

Salty snacks Chips, tortilla chips, popcorn, salty crackers, salty sticks/pretzels

Sweets Chocolate bars, cookies, candy, granola/muesli/protein/nut/fruit bar, sweet pastries, cakes,
waffles, etc.

Grains Bread bun, sour pastries, rice cakes, etc.

Dairy and dairy substitutes Yoghurt (natural or flavoured), quark, puddings, plant-based yoghurt

Meat, fish & egg Cold cuts, jerky, salmon, eggs

Beverage Juices, coffee/tea (with milk), carbonated drinks, energy drinks, alcoholic beverages

Nut Nuts (plain, roasted, salted), nuts with dried fruits

Mixed dishes and other foods Sandwich, toast with spread, soup, pizza, fries, porridge, breaded vegetables, pancakes
with spreads, peanut butter, honey, etc.

The primary outcome variable was the average NS [31–33], which is a colour-coded
index of overall diet quality ranging from A (healthiest) to E (least healthy) based on
the British Food Standard Agency Nutrient Profiling System. For each snack (photo),
we applied the standard Nutri-Score algorithm to assign a score from A to E based on
nutritional quality. Later, we recorded the scores as numbers from 5 (A: the healthiest) to
1 (E: the least healthy). We calculated an average score for the snacking occasion in the
following cases: when the photo contained multiple foods (e.g., mandarins and chocolate
bar) as a part of one snacking occasion or if participants submitted more than 1 photo, but
it was clear that the photos were part of one snacking occasion (e.g., on 1 photo a hot cross
bun, and on the other a handful of nuts; both photos were submitted together).

In addition, two independent accredited dietitians (one from Slovenia and one from
Australia) were asked to assess the healthiness of the photos. They assigned a score from
1 (very unhealthy) to 5 (very healthy). The dietitian’s holistic assessment score (DA) was
needed because NS could not be applied to all of the snacks, as some photos did not contain
the information needed to assign the score. For example, foods prepared and self-packed
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in advance did not contain the dietary labels needed to calculate the NS (e.g., we could not
distinguish the fat content of dairy products).

2.5. Data Analysis

Descriptive statistics were used to describe the properties of participants and the
additional data about snacking choices (when and where the snacks were obtained, where
they were eaten and with whom) using Microsoft Excel and R software [34] (v. 4.2.0,
for iOS). Demographic details were summarised with frequencies, means, and standard
deviations (SD) as appropriate. The time of the photo submission was considered as the
time of the snack consumption. For data analysis, time was corrected to correspond to
either CEST or AEST time zone (Daylight saving time change was taken into consideration),
depending on the participant’s location.

Data were tested for normality with the Shapiro–Wilk test, and the homogeneity of
variances was tested using Levene’s test, using R software; p-values <0.05 were considered
statistically significant. Statistical comparison of the differences in NS and DA between
conditions was performed using a Kruskal–Wallis test, followed by Dunn’s posthoc test
(p-value adjustment method; Benjamini and Hochberg). A chi-squared test was used to
compare the proportions of food groups in the 5 conditions.

3. Results

3.1. Participants

A total of 284 adults downloaded the app; of those, 80 were from Australia and 204
from Slovenia. Of the 284, 95 people had not submitted any photo, and one person entered
invalid data for their year of birth. Therefore, data from 188 people (52 from Australia and
136 from Slovenia) were included in the final analysis. Out of those, 64 people submitted
15 photos or more, and the average number of days participants were using the app was
5.02. Participants were randomised in Control (n = 36), ‘Fruit’ (n = 47), ‘Vegetable’ (n = 34),
‘Salty snacks’ (n = 36), and ‘Sweets’ condition (n = 35). Participants in the Control condition
submitted 353 photos; in the ‘Fruit’ condition, 441 photos; in the ‘Vegetable’ condition,
297 photos; in the ‘Salty snacks’ condition, 354 photos; and in the ‘Sweets’ condition, they
submitted 318 photos.

The mean age of the participants was 35.5 years (±12.8); of those, 72.3% identified
themselves as female (n = 135), 25% as male (n = 47), 2.1% as other (n = 4), and 1.1% declined
to answer (n = 2).

3.2. Feasibility Outcomes

During the intervention, participants submitted a total of 1763 (1297 from Slovenia
and 466 from Australia) photos of snacks. Of those, 76.1% (n = 1343) were obtained at
the moment of consumption (80.3% (n = 1042) from Slovenia and 64.6% (n = 301) from
Australia) and 23.8% (n = 420) were obtained more than one-hour prior consumption (19.7%
(n = 255) from Slovenia and 35.4% (n = 165) from Australia). Most snacks were purchased
by the participants themselves (66.3%; n = 1169), whereas 33.7% (n = 594) of snacks were
purchased by someone else, or participants got them for free. The majority of snacks were
consumed when participants were by themselves (74.9%; n = 1322), followed by when
they were accompanied by one additional person (14.5%; n = 257), more than two people
(6.5%; n = 114), or by exactly two people (4.0%; n = 70). Overall, the most snacks were
consumed at the dining table (26.6%; n = 469), followed by on the sofa (21.6%; n = 382),
at the working desk (21.3%; n = 375), in the workplace (15.0%; n = 265), on the go (7.3%;
n = 129), in restaurants/cafés (1.2%; n = 22), and “other” was selected for 6.9% of the snacks.
The majority of snacks consumed by Australian participants were eaten at the working
desk (35%; n = 163), while Slovenian participants consumed the most snacks at the dining
table (31.8%; n = 412). See Figure 1 for more details.
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Figure 1. Results on the context of snack consumption: (a) Time of snack obtainment; (b) Method of
snack obtainment; (c) Location of snack consumption; (d) How many people participants were with
while eating the snacks.

When the time of the day of the snacking occasion was considered, it was found
that 37.6% (n = 663) of reported snacks were consumed in the morning (from 5 a.m. to
12:59 p.m.), 36.9% (n = 652) in the afternoon (from 1 p.m. to 5:59 p.m.), and 25.4% (n = 448)
in the evening/at night (from 6 p.m. to 4:59 a.m.). Slovenian participants submitted the
most pictures of snacks between 5–6 p.m., while Australian participants between 4–5 p.m.
We found that photos of snacks submitted by men are more likely to be consumed in the
evening (24.9%) than those of women (18.1%).

The mean NS of all submitted snacks was 2.7 ± 1.6 out of five, and the mean DA was
2.5 ± 1.6 out of five. The nutritional quality of snacks among men was slightly poorer
(NS: 2.5 ± 1.7 and DA: 2.4 ± 1.6) compared to women (NS: 2.7 ± 1.6 and DA: 2.5 ± 1.6)
but not statistically different (NS: p = 0.66; DA: p = 0.32). Additionally, the difference in NS
and DA between Australians (NS: 3.1 ± 1.6; DA: 2.6 ± 1.6) and Slovenians (NS: 2.5 ± 1.6;
DA: 2.4 ± 1.5) was significant (NS: t(763) = 6.0612, p < 0.001; DA: t(785) = 2.6708, p = 0.008),
meaning that Australians consumed healthier snacks. In addition, the results showed
that the difference in NS and DA between snacks obtained at the moment of consump-
tion (NS: 2.7 ± 1.6 and DA: 2.5 ± 1.5) and the ones obtained more than 1 hour before
consumption (NS: 2.7 ± 1.7 and DA: 2.5 ± 1.6) was not significant (NS: t(697) = 0.45216,
p = 0.65; DA: t(673) = −0.10023, p = 0.92), which means that the time of snack obtainment
did not affect healthfulness of snacks. Moreover, snacks eaten when participants were
alone were significantly healthier that when participants were in company with others
(NS: t(759) = −7.3674, p < 0.001; DA: t(885) = −7.9996, p < 0.001).

Regarding the time of snacking, a Kruskal–Wallis H-test showed that there was a
statistically significant difference in NS and DA between the times of day the snacks
were consumed (NS: χ2

(2) = 23.85, p < 0.001; DA: χ2
(2) = 51.29, p < 0.001) with a mean
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NS/DA score of 2.9/2.7 for morning snacks, 2.7/2.5 for afternoon snacks and 2.4/2.1 for
evening snacks.

As the purpose of the app is to assess whether UI design (background) has an impact
on the healthfulness of the snacks consumed, we first checked the mean NS and DA for all
five backgrounds. The mean NS and DA scores were the lowest in the Control condition
(NS: 2.4 ± 1.5; DA: 2.2 ± 1.5) and the highest in the ‘Sweets’ condition (NS: 2.9 ± 1.7;
DA: 2.7 ± 1.6) as seen in Table 2. When analysing differences between the conditions (data
were not normally distributed (p < 0.001) and did not have equal variance (NS: p < 0.001;
DA: p < 0.005)) results showed that there was a statistically significant difference in NS
(χ2

(4) = 21.418, p = 0.0003) and DA (χ2
(4) = 18.392, p = 0.001) as presented in Table 2.

The posthoc test indicated significant differences in NS of snacks between Control and
‘Fruit’ (p = 0.04), Control and ‘Salty snack’ (p = 0.004), Control and ‘Sweets’ (p = 0.0002),
and between ‘Vegetable’ and ‘Sweets’ (p = 0.04). See Table 2 for more details and for the
condition differences between DA scores.

Table 2. Nutri-Score and Dietitian’s Assessment Score per condition.

Nutri-Score (NS) Dietitian’s Assessment Score (DA)

Conditions n Mean
(SD) df χ2 p Comparison

condition
Mean
(SD) df χ2 p Comparison

condition

4 21.418 <0.001 4 18.392 0.001

Healthy
conditions

Fruit 441 2.7 (1.6)

0.59 Vegetable

2.4 (1.5)

0.39 Vegetable

0.34 Salty snacks 0.30 Salty snacks

0.06 Sweets 0.29 Sweets

Vegetable 297 2.6 (1.7)
0.17 Salty snacks

2.4 (1.6)
0.10 Salty snacks

0.04 * Sweets 0.10 Sweets

Unhealthy
conditions

Salty snacks 354 2.8 (1.7) 0.30 Sweets 2.6 (1.6) 0.98 Sweets

Sweets 318 2.9 (1.7) 2.7 (1.6)

Control
condition

Control 353 2.4 (1.5)

0.04 * Fruit

2.2 (1.5)

0.03 * Fruit

0.16 Vegetable 0.25 Vegetable

0.004 ** Salty snacks 0.003 ** Salty snacks

<0.001 *** Sweets 0.002 ** Sweets

Total 1763 2.7 (1.6) 2.5 (1.6)

SD, standard deviation; χ2, results from Kruskal-Wallis test; df, degree of freedom; * p < 0.05; ** p < 0.01;
*** p < 0.001.

In addition, which food groups were most represented among the conditions was
evaluated. Interestingly, among all five conditions, the majority of photos of snacks
corresponded to the sweets food group, followed by fruits. See Table 3 for more de-
tails. This indicated that the majority of snacks consumed were chocolate, cookies, candy,
fruit/nut/granola/protein bars or similar, followed by different types of fresh fruits, fruit-
only smoothies or dried fruits. When comparing between countries, the Slovenian par-
ticipants submitted more sweet snacks (46.7%) than Australian participants (35%). In
addition, one-quarter of Slovenians and over 22% of Australians had fruits as a part of
their snacking occasions, and less than 3% of Australians and less than 2% of Slovenians
consumed vegetables as snacks. Moreover, background images had a significant effect on
snack choices (χ2

(45) = 100.95, p < 0.001), and from the visual presentation in Figure S3 in
Supplementary Materials, it can be seen that in the ‘Fruit’ condition, more photos of ‘Mixed
meals and other’ were submitted, and in ‘Sweets’ condition more photos of ‘Beverages’
were submitted. Post-hoc analysis indicated that only the proportion of snacks within
the ‘Mixed meals and other’ condition (Table 1 for more details) food group is significant
(p = 0.02). There was no significant difference between other intervention groups.
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Table 3. Food groups of snacks per condition.

Healthy Conditions Unhealthy Conditions Control Condition

All photos
n (%)

Fruit
n (%)

np = 47
(AU = 13; SI = 34)

Vegetable
n (%)

np = 34
(AU = 11; SI = 23)

Salty snacks
n (%)

np = 36
(AU = 9; SI = 27)

Sweets
n (%)

np = 35
(AU = 9; SI = 26)

Control
n (%)

np = 36
(AU = 10; SI = 26)

Fruits 412 103 (25) 67 (16.3) 92 (22.3) 82 (19.9) 68 (16.5)

Vegetables 35 5 (14.3) 8 (22.9) 5 (14.3) 13 (37.1) 4 (11.4)

Dairy 169 50 (29.6) 25 (14.8) 44 (26.0) 35 (20.7) 15 (8.9)

Grains 41 11 (26.8) 6 (14.6) 13 (31.7) 4 (9.8) 7 (17.1)

Meat, fish and eggs 18 4 (22.2) 1 (5.6) 7 (38.9) 0 (0.0) 6 (33.3)

Nut 130 26 (20.0) 16 (12.3) 27 (20.8) 38 (29.2) 23 (17.7)

Salty snacks 158 33 (20.9) 40 (25.3) 31 (19.6) 15 (9.5) 39 (24.7)

Sweets 770 190 (24.7) 129 (16.8) 136 (17.7) 141 (18.3) 174 (22.6)

Beverages 94 23 (24.5) 7 (7.4) 15 (16.0) 31 (33.0) 18 (19.1)

Mixed meals
and other

166 64 (38.6) 21 (12.7) 28 (16.9) 20 (12.0) 33 (19.9)

n = number of submitted photos; np = number of participants from Australia or Slovenia.

We also investigated whether background images were associated with the selection
of foods present in this image. For example, whether fruity background images stimulate
fruit consumption. We found only in the ‘Sweets’ condition that the percentage of sweets
containing photos was the highest (41.2%) compared to other conditions. For this purpose,
all photos containing food(s) corresponding to the background foods were considered.
This means that if fruit and cookies were consumed as a part of one snacking occasion,
the cookies were considered in the ‘Sweets’ condition, even if not solely cookies were in
the photo.

4. Discussion

Innovative interventions are needed to understand how people make food choices
within digital environments and which (if any) UI features influence the selection the most.
This study explored the feasibility of an app-based tool to investigate (physical and digital)
environmental influences on snack choice.

In the existing literature [35], it is seen that monitoring dietary intake can be very
demanding for people; thus, we wanted to develop an easy-to-use and intuitive app.
Hence, we intentionally removed the burden of taking pictures of separated foods or
ingredients when consuming a composite dish (e.g., all the ingredients used to prepare
the sandwich) and providing additional information by typing. Instead, the app allows
selecting pre-set options.

Contrary to the studies suggesting that meal planning and food prepared at home
is healthier (e.g., [36–38]), in our study, we found that the average NS or DA did not
significantly change between snacks obtained immediately prior to consumption and the
ones obtained more than one hour before consumption. This may be due to the fact that
the intervention was performed during the COVID-19 pandemic when people worked
remotely or mainly from home. This would also justify that more than 75% of snacks were
obtained at the moment of consumption, as participants did not need to prepare the foods
in advance. Similarly, it would explain the fact that the majority of snacks were eaten at the
dining table (Slovenians) or at the working desk (Australian). In addition, 75% of snacks
were consumed when participants were by themselves, which can again be a consequence
of the working-from-home requirement. However, in contrast to a study by Chae et al. [39],

141



Nutrients 2023, 15, 349

we found that the food quality of these shacks was higher compared to snacks eaten in the
company of others (either one, two, or more people).

We found that among participants from both countries, the majority of snack photos
contained some sort of sweets, but photos submitted by Slovenians contained more of
these compared to photos from Australians. This might be due to the holiday season
in Slovenia, which took place during the data collection when fried sweet pastries are
traditionally consumed. In addition, surprisingly, one-quarter of Slovenians and a bit
more than 22% of Australians had fruits as a part of their snacking occasions. In contrast,
only less than 3% of Australians and less than 2% of Slovenians consumed vegetables as
a part of the snacking occasions. A very recent study showed that the majority of Polish
adults are aware of the importance of vegetable and fruit intake, the negative effects of
the consumption of sugar and salt, and the related dietary risk factors [40]. Nevertheless,
many people still do not meet the recommended fruit and vegetable intakes (e.g., [41–43]),
even though research is consistent that fruits and vegetables have beneficial effects on our
overall physical and mental health [44–46]. This calls for innovative strategies to promote
nutritious snacks and overall food consumption, which can be challenging as people have
difficulties assessing snacks’ nutritiousness when snacks contain healthy and less healthy
components (e.g., fruit yoghurt containing large amounts of sugar or nuts with high energy
and/or salt content) [47]. Despite the widespread knowledge about the impact of diet
on health, people still have difficulties consuming and selecting nutritious foods. Hence,
promoting nutritious snack consumption of, for example, snack-sized vegetables (such as
mini carrots, which can be found in any well-stocked Australian store) and making them
more accessible could increase vegetable intake and reduce health-related risks.

In addition, findings here are consistent with results from other studies suggesting
that women make healthier food choices than men (e.g., [48]). Moreover, in agreement
with previous studies on adults in France and Australia, our findings suggest that snacks
consumed in the morning are healthier than the ones consumed later in the day [49,50].
Further research needs to investigate what drives these behaviours to promote healthier
snacking behaviours and choices.

The nudging theory suggests that manipulating the consumer’s environment can
change behaviour in a predictable way. Hence, it could be expected that people who are
exposed to healthy images would be nudged to choose healthier food [51]. However,
our results showed that NS and DA were the highest (i.e., more healthful) in the ‘Sweets’
condition. Moreover, the DA score was the lowest in the ‘Fruit’ and ‘Vegetable’ conditions.
This suggests that presenting images containing healthy foods can encourage unhealthy
food choices and vice versa; images of unhealthy foods (sweets) may nudge consumers
towards healthier food choices. While this is inconsistent with the previous results of other
studies conducted in real-life settings (not online) (e.g., [15]), there is literature supporting
our findings that healthy cues can lead to unhealthy choices (e.g., [52,53]). In the study
by Wilcox et al. [52], consumers that saw a healthy food option on a menu were more
likely to choose the least healthy option compared to when a healthy option was not
included. This effect is called vicarious goal fulfilment, where the mere presence of healthy
options fulfils the need to make healthy food choices and provides the individual with
a rationale for unhealthy choices. Therefore, it may be possible that seeing unhealthy
foods fulfilled participants’ desire to indulge and select unhealthy snack and thus they felt
satisfied enough to make a healthy choice. However, the small sample size within each
condition may have influenced these results, which should be interpreted with caution.
Additional studies are warranted to determine whether these findings can be repeated in a
larger sample size, and our findings provide a rationale for investigating this.

Moreover, results here showed that participants in the ‘Sweets’ condition submitted
more than 40% of snacks that corresponded to the sweet confectionary food group. These
conflicting results need further investigation, and future research should examine whether
the positive benefits of nudging strategies used in real-life settings have the same effect
in online settings. For example, can repositioning foods in online settings influence food
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choices the same as it does in field studies [3]? In addition, as UIs can easily be modified
in an online environment, it may be beneficial for our understanding of UI impact on
consumers to test different types of imagery. In our study, we used food imagery; however,
the potential impact of using nature imagery or warning graphic images (as seen on
cigarette packages) in an online setting still needs to be addressed. Hence, SnackTrack is an
open-source mobile app, and its source code is freely available (See Computer Codes S1–S3
in Supplementary Materials) for use and modification required for any research purposes
(CC-BY-NC, i.e., the Creative Commons Attribution-NonCommercial).

Limitations

The current study has some limitations that need to be acknowledged. Firstly, the
small sample size prevented us from detecting small effects. Participants overall submitted
fewer photos per person than anticipated, impacting the ability to assess the overall impacts
of the image-based nudging. This feasibility study confirmed that food intake monitoring
could be a burden to consumers, as participants were struggling with tracking their snack
intakes for 15 days. This might also be due to the fact that 25% of apps are used only
once after being downloaded [54]. Furthermore, sending reminders to participants to
encourage them to track food intake would be advisable, although this cannot guarantee
photo acquisition, as reminders are sent automatically and not necessarily immediately
before snacking occasion. In addition, the NS nutrient profiling system, as well as the
developed app, did not consider the portion size of foods. Since SnackTrack is not a dietary
assessment application, portion size estimation was beyond the scope of the study, which
was to assess the impact of the UI on food choices. Future research should incorporate
portion size into a nutrient profiling system and/or the app and compare nutrient profile
scores relative to nudging strategies.

Another limitation may be the understanding of the definition of snacking and the
perception of what is considered a snack. For example, in Slovenia, a lot of companies
offer warm meals for employees during working hours. Therefore, people frequently eat
a multi-course meal (e.g., soup, potatoes with meat and salad) between breakfast and
lunchtime. Even though we did not receive many photos of meals like this, we do have
to emphasise that ‘a meal between main meals’ might mean different things for different
people, cultures, etc.

Lastly, investigating the ability of imagery to nudge consumers over time is warranted.
As environmental cues affect eating habits and are processed subconsciously, consumers
might have been nudged the first time using the app. Currently, there is no strong evidence
of how much time it takes to influence consumers to change their dietary behaviours;
therefore, future research should seek to address this. For example, investigating how long
the exposure should be for (food) imagery to target and increase cravings and motivation to
eat certain foods (e.g., healthy foods) and if the exposure time is different for different types
of foods (e.g., healthy vs unhealthy) or during the day. In addition, how the healthfulness
of foods or diet quality changes over time while exposed to nudges (e.g., if more and more
unhealthy choices were made in the unhealthy condition) needs further investigation. In
order to investigate this, monitoring dietary intake and tracking behavioural changes or
nutritional quality of the snacks over a period of time is needed. Hence, finding a solution to
motivate participants to track their food intake is warranted. A potential solution could be
automatic food image recognition [55,56], which can further contribute to the development
of automated dietary assessment. Future research should seek to address this. Lastly,
we would like to emphasise that during the recruitment period, COVID-19 lockdown
restrictions were in place in both countries.

5. Conclusions

This pilot study demonstrates that food (online) environments play an important role,
and innovative strategies are needed for behavioural changes. Since promoting healthy
foods can impact consumer choices and have the opposite effect than intended, our findings
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suggest that future research needs to address this, especially in an online context. Further,
a clear description of implemented UI elements to investigate and quantify the effect on
consumers’ food choices is needed. In addition, while consumers have the knowledge to
make a healthy choice, the plethora of environmental stimuli influencing them is evidently
altering food choices. Although the current study has a relatively small sample size, it
still provides some interesting findings, such as insights into the healthy cues leading to
unhealthy choices and the time of food obtainment not having an effect on the healthfulness
of selected foods.
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Abstract: In the context of nutrient-driven epigenetic alterations, food-derived miRNAs can be
absorbed into the circulatory system and organs of recipients, especially humans, and potentially
contribute to modulating health and diseases. Evidence suggests that food uptake, by carrying
exogenous miRNAs (xenomiRNAs), regulates the individual miRNA profile, modifying the redox
homeostasis and inflammatory conditions underlying pathological processes, such as type 2 diabetes
mellitus, insulin resistance, metabolic syndrome, and cancer. The capacity of diet to control miRNA
levels and the comprehension of the unique characteristics of dietary miRNAs in terms of gene
expression regulation show important perspectives as a strategy to control disease susceptibility
via epigenetic modifications and refine the clinical outcomes. However, the absorption, stability,
availability, and epigenetic roles of dietary miRNAs are intriguing and currently the subject of intense
debate; additionally, there is restricted knowledge of their physiological and potential side effects.
Within this framework, we provided up-to-date and comprehensive knowledge on dietary miRNAs’
potential, discussing the latest advances and controversial issues related to the role of miRNAs in
human health and disease as modulators of chronic syndromes.

Keywords: cancer; chronic diseases; epigenetics; microRNA; nutrients

1. Introduction

Among lifestyle factors, diet displays a strong impact on human health. Over decades,
unhealthy dietary habits have been responsible for the spread of many severe chronic
degenerative diseases such as obesity, type 2 diabetes mellitus (T2DM), cardiovascular
diseases, and cancer [1]. Food intake may modify gene expression as well as disease
susceptibility through the regulation of several epigenetic modulators [1]. MicroRNAs
(miRNAs) play critical roles in gene regulation and biological processes [2,3]. They are
transcribed by RNA polymerase II, leading to the generation of a hairpin structure called
primary microRNA or pri-miRNA, which is further processed by the RNA endonucle-
ases located in the nucleus (Drosha) and in the cytoplasm (Dicer) to generate a duplex
of 22–25 nucleotides [2]. This latter is then divided into two mature sequences associ-
ated with the Argonaute protein (AGO), resulting in the formation of the RNA-induced
silencing complex (RISC), which can ultimately act as a translation repressor on target
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genes [3]. Gene expression regulation at intracellular and extracellular levels is improved
by mature transcript encapsulation into extracellular vesicles, such as exosomes, secreted
by multiple cell types as mediators of cell-to-cell communication [4]. Because of their
biocompatibility and biostability, extracellular vesicles are considered regulatory cargos in
a wide range of intercellular communication and crosstalk systems [5,6]. MiRNAs have
been described in body fluids as blood, serum, plasma, urine, saliva, and breast milk, and
changes in their circulating levels are related to a plethora of different chronic syndromes,
including obesity, cardiovascular and neurodegenerative diseases, T2DM, and cancer [7,8].
Preserving the human miRNA profile could contribute to the prevention of diseases and
the maintenance of good health. MiRNAs have been widely reported in plants, animals,
and humans [9]. Plant-derived miRNAs bind to recipient target transcripts with quite
perfect complementarity, acting as small interfering RNAs (siRNAs), while animal miRNAs
interact with the host mRNA targets with imperfect complementarity, thus inducing their
translational repression [10,11]. Given this imperfect complementarity, a single exogenous
miRNA (xenomiRNA) is able to recognize multiple target sites and modulate different
target genes in the host [10,11]. After ingestion, xenomiRNAs could modulate the gene
expression by a cross-kingdom pattern or horizontal transfer of genetic information to
the host [10,11]. Bioactive dietary compounds, by affecting directly and indirectly gene
activity, have been related to epigenetic changes, such as DNA methylation, histone acety-
lation, and the modulation of miRNA expression in both physiological and pathological
conditions [12,13]. However, the clinical relevance of food-derived xenomiRNAs in human
diseases is still undefined. Several studies have demonstrated that the intricate interplay
between miRNAs and nutrients could regulate health and chronic diseases, hence pointing
to food modification as a pivotal tool in different diseases [14,15]. However, further studies
to reveal the precise mode of action of dietary active compounds and how nutrients and
bioactive molecules affect miRNA expression are still required. This review aims to provide
an update on the role of dietary miRNAs in health and diseases by underlining the benefits,
obstacles, and controversies of the relationship between food-derived miRNAs and the
pathogenesis of chronic diseases.

2. Dietary XenomiRNAs in Health and Disease

XenomiRNAs represent a family of exogenous miRNAs characterized by several
dietary sources, animals and vegetables, and are able to integrate into the total miRNA
profile of a recipient [16]. Once in the host, these small molecules can be absorbed by the
gastrointestinal tract, packaged into vesicles, released into the bloodstream, and delivered
to multiple cells and tissues, thus promoting healthy state or affecting the development of
chronic diseases, including cancer [17–19]. In the following sections, the role of xenomiR-
NAs from both animals and vegetables as regulators of several chronic conditions will be
extensively discussed (Figure 1).

2.1. XenomiRNAs from Animal Sources

The following subsection is dedicated to the most studied and characterized xenomiR-
NAs derived from animal sources and their involvement in chronic syndromes and cancer.

2.1.1. Eggs

Analysis of RNA sequencing revealed the content of several miRNAs, such as gga-
mir-2188, gga-mir-30c-5p and gga-mir-92-3p, in the edible parts of chicken eggs, suggesting
these noncoding RNAs as interesting tools to take into account for the improvement of egg
nutritional value [20]. More recently, Fratantonio et al. described the availability of miRNA-
related exosomal vesicles from chicken eggs in mice and humans [21]. Accumulated in
the brain, intestine, and lung, miRNA-exosomes regulated spatial learning and memory
function in C57BL/6J mice, while egg-derived miRNA levels increased in human peripheral
blood following exosomal oral administration (Figure 1) [21].
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Figure 1. XenomiRNAs from animal and vegetable sources. Exogenous miRNAs from animal and
vegetable sources are absorbed by the gastrointestinal tract, packaged into vesicles, and delivered via
blood stream to cells and tissues. Here, exogenous miRNAs are able to regulate the development
of chronic diseases, such as inflammation, fibrosis, metabolic disorders, neurological conditions,
cardiovascular diseases, and cancer, by modulating different cellular pathways. The up arrows
stand for upregulation, while the down ones indicate downregulation. GSK-3β, glycogen synthase
kinase-3β; IL, interleukin; JAM-A, junctional adhesion molecule A; LDL, low-density lipoprotein; LPS,
lipopolysaccharide; MALAT1, metastasis-associated lung adenocarcinoma transcript 1; miR/miRNA,
microRNA; NEAT1, nuclear paraspeckle assembly transcript 1; NF-κB, nuclear factor kappaB; RISC,
RNA-induced silencing complex; SLCO2B1, Solute Carrier Organic Anion Transporter Family Mem-
ber 2B1; SLM, spatial learning and memory; Tab1, TGF-β activated kinase 1 (MAP3K7) binding
protein 1; TCF7, transcription factor 7; TGF-β1, transforming growth factor-β1.

2.1.2. Meat

The effects of the chronic administration of cooked pork-derived exosomal vesicles
were evaluated in mouse model [22]. The upregulated miR-1, miR-133a-3p, miR-206 and
miR-99a plasma levels resulted in glucose and insulin metabolism impairment, as well
as in lipid droplet accrual in mice liver, supporting the role of pork-derived miRNAs
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in the development of metabolic disorders (Figure 1) [22]. The bta-miR-154c has been
recently characterized by comestible parts of beef. This xenomiRNA is able to contrast
the human digestion processes being absorbed from Caco-2, SW480, and SW620 colorectal
cancer cells [23]. However, the comprehension of the specific role of miR-154c in colorectal
carcinoma requires further investigation [23].

2.1.3. Milk

The classification of milk as an “epi-nutrient”, rich in bioactive compounds and
functional molecules, as well as its involvement in counteracting chronic syndromes and
cancer, have been recently investigated [24–28]. A total of 678 miRNAs were identified in
bovine milk-derived exosomal vesicles [29,30]. These miRNAs are involved in a wide range
of cell metabolic pathways, such as miR-181 and miR-155, related to the normal function
and differentiation of T and B cells, miR-let-7c, miR-17, miR-92, miR-223 implied in the
regulation of immunity and inflammatory cells, and miR-30a, a regulator of autophagy in
post-acute myocardial infarction (Figure 2) [31–33].

Figure 2. Milk-derived miRNAs and human health. Identified in exosomal vesicles, miRNAs
contained in milk are involved in a wide range of metabolic pathways, as the normal function and
differentiation of T and B cells, homeostasis of oral cavity, pathogenesis of Parkinson disease, anti-
atherogenic action, promotion of angiogenesis, and breast and prostate cancer. MiRNAs contained
in milk are also able to counteract diabetes and colorectal cancer development, as well as regulate
autophagy in post-acute myocardial infarction. The green arrows stand for promoting activity, while
the red ones indicate an opposing role.

The most abundant miRNA in milk exosomes is miR-148a, able to modulate oral
cavity homeostasis as well as to inhibit 5′ AMP-activated protein kinase (AMPK) and phos-
phatase and tensin homolog (PTEN), both suppressors of mammalian target of rapamycin
complex 1 (mTORC1), a pivotal regulator of multiple cell metabolic pathways [31–33]. More-
over, milk-derived miR-148a impairs insulin secretion with diabetogenic action through
its ability to promote pancreatic β-cell de-differentiation via mTORC1-high/AMPK-low
phenotype [33]. It has been reported that miR-148a and miR-21 alter the α-synuclein home-
ostasis, causing its overexpression and aggregation, with toxic effects on dopaminergic
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neurons and pancreatic β-cells, thus exerting a possible role in the pathogenesis of Parkin-
son disease and T2DM [34]. MiRNAs belonging to the miR-148 family affect the immune
response, suppressing calcium/calmodulin-dependent protein kinase IIα (CaMKIIα) and
the subsequent toll-like receptor (TLR)-mediated expression of major histocompatibility
complex II (MHC II) in dendritic cells [31]. Among miRNAs derived from milk exosomes,
miR-125a is involved in the modulation of immune response to bacterial and viral aggres-
sions, while the human homolog miR-718, still involved in immune response regulating
p53, also regulates vascular endothelial growth factor (VEGF) and insulin growth factor
(IGF) pathways [35], and miR-146 exerts a regulatory function in TLR signaling and in
the resolution of bacterial infections [36]. As bovine milk, human breast milk-derived
miRNAs play a crucial role in modulating development and differentiation of immune
system cells and counteracting the onset of metabolic disorders [37,38]. In the first six
months of lactation, miR-181a and b, miR-155, miR-125b, and the cluster miR-17-92 actively
regulate the T- and B-cell maturation and the tumor necrosis factor α (TNF-α) activation,
modulating the immune response of the baby [38], while miR-22-3p counteracts the devel-
opment of insulin resistance and the onset of T2DM, attenuating the Wnt pathway [37].
Milk-derived miRNAs are also involved in different pivotal metabolic pathways. The
presence in milk exosomes of miR-181a-5p has been related to anti-atherogenic effects and
reduced vascular inflammation, due to its ability to downregulate nuclear factor kappaB
(NF-κB) levels [39]. Another miRNA characterized from milk exosomal vesicles is miR-29,
capable of targeting IL-23, a cytokine involved in intestinal damage. To this aim, treatment
with milk vesicles containing miR-29 stimulated intestinal stem cell proliferation and gut
recovery under several pathological conditions [40], while incubation with miR-31-5p from
milk-derived exosomes improved in vitro endothelial function and promoted angiogenesis
and diabetic wound healing in vivo [41]. Recent studies reported that oral administration
of exosomal vesicles prevented colon shortening, intestinal epithelium disruption, infil-
tration of inflammatory cells, and tissue fibrosis in a mouse ulcerative colitis model via
inhibition of the TLR4-NF-κB signaling pathway and nucleotide-binding oligomerization
domain, the NLR family pyrin domain containing 3 (NLRP3) inflammasome activation [30].
Transfection with the milk-derived miR-22 promoted cell proliferation by inhibition of
CCAAT/enhancer-binding protein δ (C/EBPδ) expression and promotion of intestinal de-
velopment in human intestinal epithelial cells [42]. On the other hand, the milk-exosomal
miR-148a and miR-30b have been correlated to adipogenic effects, supporting a correlation
between milk consumption and obesity incidence [43]. In vitro and in vivo studies reported
that milk exosome-derived miRNAs also exert oncogenic or oncosuppressor properties
(Figure 2). An association has been reported between cow milk consumption and large
B-cell lymphoma development, sustained by miR-148a-3p and miR-155-5p/miR-29b-5p
increase via let-7-5p/miR-125b-5p [44]. As oncomir, miR-21 promotes cell growth and an-
abolism, encouraging cell proliferation and cancer development by activating mTORC1 [45].
MiR-21 and miR-155 have been related to the most advanced stages of breast cancer pro-
gression, being involved in the development of tamoxifen resistance, metastasis formation,
and worst prognosis [46]. Commercial milk consumption has been correlated to an in-
creased risk of estrogen receptor-positive breast cancer development, due to the content
of multiple oncogenic factors, as miR-148a-3p and miR-21-5p [47]. Milk-derived miRNAs
have been associated with prostate cancer tumorigenesis promotion. In vitro studies have
shown that milk-derived miR-148 increased prostate cancer proliferation by inhibiting
cyclin-dependent kinase inhibitor 1B (CDKN1B) and promoted DNA methyltransferase
1 (DNMT1)-dependent epithelial-mesenchymal transition (EMT) [45]. Another signifi-
cant milk-derived miRNA, miR-125b, increases the development of prostate xenograft
cancer targeting proapoptotic genes, as p53, p53-upregulated modulator of apoptosis
(PUMA), and BCL2 Antagonist/Killer 1 (BAK1) [48], and regulates several tumorigenic
pathways, including NF-κB, p53, phosphatidyl inositol 3-kinase (PI3K)/protein kinase B
(AKT)/mTORC1, erb-b2 receptor tyrosine kinase 2 (ERBB2), and Wnt [45]. Epidemiological
studies highlighted the association between milk consumption and reduced risk of colorec-
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tal cancer [49]. The expression of miR-148a is downregulated in colorectal cancer (CRC),
where it exerts a tumor-suppressor activity interfering in NF-κB and signal transducer
and activator of transcription 3 (STAT3) pathways and modulating cancer related immune
response via inhibition of the programmed death ligand-1 (PD-L1) levels [45]. The in vitro
antineoplastic effect of miR-148a-3p overexpression also occurs through mitochondrial
impairment, lipid peroxidation, and ferroptosis sustained by the Acyl CoA synthetase
long-chain family member 4 (ACSL4)/transferrin receptor (TFRC)/Ferritin axis and direct
solute carrier family seven-member 11 (SLC7A11) downregulation in the CRC model [50].
Another buffalo milk-derived miRNA, miR-27b, exerted antineoplastic effects on HCT116
and HT-29 CRC cells by inducing mitochondrial oxidative stress, lysosome accumulation,
and apoptotic cell death mediated by endoplasmic reticulum (ER) stress [51].

2.2. XenomiRNAs from Vegetable Sources

Several miRNAs characterized from different vegetables and involved in chronic
diseases, including cancer, have been evaluated (Figure 1). It has been described the ability
of miR-156a, contained in different vegetables, such as cabbage, spinach, and lettuce, to
target junctional adhesion molecule A (JAM-A), thus suppressing the development of
atherosclerosis in human aortic endothelial cells through the inhibition of monocyte adhe-
sion, occurring under inflammatory stress [52]. Similarly, the miR-167e-5p, characterized
by Moringa oleifera, exerted a time- and dose-dependent anticancer action in Caco-2 cells
acting on the β-catenin pathway [53]. The miR-159, particularly abundant in broccoli, is
able to suppress breast tumor development, both in vitro and in vivo models [54,55]. In
silico prediction identified two miRNA sequences, bra-miR156g-5p and Myseq-330, in
broccoletti Brassica rapa sylvestris, as targeting apoptosis-related human genes, although
further in vitro studies on pancreatic cancer cells did not support a miR-based modulating
role in cancer growth [56].

2.2.1. Rice

An extensive study on miRNAs derived from Oryza sativa rice revealed their binding
affinity for multiple human genes involved in cardiovascular and neurological diseases and
cancer [57]. The Oryza sativa-derived osa-miR-172d-5p exerted in vitro beneficial effects in
human lung fibroblasts, suppressing transforming growth factor (TGF)-β activated kinase
1 (MAP3K7) binding protein 1 (Tab1) and TGF-β-induced fibrotic gene expression in a
bleomycin-induced lung fibrosis model [58]. Analyses on mice and human serum after
rice consumption revealed miR-168 circulating levels associated with reduced clearance of
plasmatic low-density lipoprotein (LDL) [59,60], while the rice aleurone-derived hvu-miR-
168-3p increased the glucose transporter 1 (GLUT1) expression and reduced blood glucose
levels by specifically inhibiting the electron transport chain complex I in both in vitro and
in vivo models [61].

2.2.2. Ginger

The action of different xenomiRNAs from vegetable sources in the modulation of
oncological pathways has been reported. A report on stomach tissues of patients with
different gastric conditions, such as gastritis, metaplasia, and cancer, unveiled higher
plant-derived miR-168 levels in tissues of patients affected by intestinal metaplasia [62]. In
particular, the ginger-derived miR-1078, by regulating leptin, is related to lipopolysaccha-
ride (LPS)-induced interleukin (IL)-6 expression, whereas miR-167a acts as a gut microbiota
modulator targeting Lactobacillus rhamnosus GG SpaC pilus adhesin [63,64]. Among the
different miRNAs contained in the ginger-derived exosomes-like nanoparticles (GELNs),
mdo-miR-7267-3p increased the production of IL-22, thus inducing mice colitis [65], while
the plant-derived miR-34a, miR-143, and miR-145 act as tumor suppressors in the mouse
CRC model [66].
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2.2.3. Soybean

In vitro studies showed that the soybean-derived miR-159a exerted an antitumor
activity, suppressing Caco-2 proliferation and triggering apoptotic cell death [67], while
gma-miR-4995 targets the transcripts of two long noncoding RNAs, metastasis-associated
lung adenocarcinoma transcript 1 (MALAT1) and nuclear paraspeckle assembly transcript
1 (NEAT1), strongly expressed during the metastasis formation of several cancer types. The
inhibitory action of gma-miR-4995 on MALAT1 and NEAT1 results in the attenuation of
cell proliferation and apoptosis induction in CRC cell lines [68]. The soybean exosome-like
nanoparticles (ELNs)-derived miR-5781 is able to modulate the inflammatory response by
targeting IL-17A [62], while miR-159a might prevent hepatic fibrosis suppressing glycogen
synthase kinase-3β (GSK-3β)-mediated NF-κB and TGF-β1 pathways, thus impairing TGF-
β1- and platelet-derived growth factor (PDGF)-related hepatic stellate cell activation [69].

2.2.4. Fruits

The ELNs from 11 different edible fruits (blueberry, coconut, grapefruit, Hami melon,
kiwifruit, orange, pea, pear, and tomato) contain several miRNAs capable of specifically
targeting genes encoding inflammatory mediators [63]. The apple-derived mdm-miR-
7121d-h can downregulate the intestinal solute carrier organic anion transporter family
member 2B1 (SLCO2B1), thus influencing enteric macromolecules absorption in the human
intestine [70].

3. Food-Derived Nutrients as miRNA Regulators in Chronic Diseases

Nutrients affect the miRNA profile through the direct or indirect modulation of
gene expression. Multiple macro- and micronutrients, such as fatty acids, carbohydrates,
vitamins and phytochemicals, are able to regulate miRNA levels [31], thus rendering
food epigenetics more intriguing since several pathological patterns and their related
pathways are still unravelled. Herein, we report the capability of many phytochemicals,
belonging to the macrocategory of polyphenols (resveratrol, curcumin, quercetin, genistein,
epigallocatechin gallate), and nonpolyphenols (fatty acids and vitamins), to affect miRNA
expression and the involvement of these noncoding RNAs in chronic diseases and cancer
(Figure 3).

3.1. Inflammatory and Degenerative Diseases

Several bioactive compounds, such as resveratrol, curcumin, polyunsatured fatty acids
(PUFA), and quercetin act as antioxidants by modulating the expression of miRNA involved
in crucial inflammatory pathways (Figure 3). Resveratrol displayed anti-inflammatory
actions by inducing miR-663 and miR Let7A upregulation and a decrease of miR-155 in
human monocytes stressed with LPS [71–73]. This polyphenolic molecule ameliorated
liver fibrosis and reduced hepatocyte apoptosis by inhibiting miR-190a-5p expression,
upregulated by profibrogenetic factors such as TGF-β1 and CCl4 [74]. The reduction of
miR-155 levels to counteract the LPS-induced inflammation has also been reported in
macrophages treated with curcumin [75] as well as in mouse macrophages and human mi-
crovascular endothelial cells. The treatment with PUFA induced the negative regulation of
inflammatory-related miRNAs levels, such as miR-146a, miR-146b, miR-21, miR-125a, and
miR-155 [76]. In vitro treatment with apple-derived exosomes displayed anti-inflammatory
activity via the promotion of miR-146 expression in human macrophages [77]. Recently, the
potential therapeutic role of quercetin, resveratrol, curcumin, and vitamin D against the
psoriasis-related inflammatory and proliferative pathogenetic pathways via miR-155, miR-
146, and miR-125b regulation has been described [78]. The protective action of quercetin in
endometriosis has been reported both in vitro and in vivo. Treatment with quercetin led to
miR-145 upregulation, thus negatively regulating the TGF-β1/small mother against the
decapentaplegic (SMAD)2/SMAD3 pathway and modulating the pathological process of
endometrial fibrosis [79]. Additionally, quercetin downregulated cyclin D1 levels, opposing
cell proliferation and inducing apoptosis, by enhancing miR-503-5p, miR-1283, miR-3714,
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and miR-6867-5p levels [80]. In Alzheimer disease, quercetin exhibited a neuroprotective
role in maintaining miRNA homeostasis in neuronal cells by preventing miR-125b, miR-26a,
and miR-2218 altered expression [81]. Treatment with resveratrol and selenium nanopar-
ticles reduced metabolic dysfunction and neuroinflammation via increased amyloid-β
clearance, sirtuin (SIRT)1 upregulation, and STAT3, IL-1β, and miR-143 downregulation in
a rat model of Alzheimer disease [82].

 
Figure 3. Diet-derived nutrients and miRNA expression. Bioactive compounds, such as curcumin,
quercetin, vitamins, fatty acids, EGCG, resveratrol, and genistein, affect human miRNA expression
and regulate several pathways, thus modulating the development of pathological chronic states,
including inflammatory diseases, metabolic disorders, and cancer. The up arrows stand for upregula-
tion, while the down ones indicate downregulation. AKT, protein kinase B; EGCG, epigallocatechin
gallate; FOXO1, Forkhead Box O1; JMJD1A, Jumonji domain-containing 1A; LIN28A, Lin-28 Ho-
molog A; LPS, lipopolysaccharide; miR, microRNA; PAK2, p21 activated kinase 2; MMP, matrix
metalloproteinase; PGC1α, peroxisome proliferator-activated receptor gamma coactivator 1α; PI3K,
phosphatidyl inositol 3-kinase; PTEN, phosphatase and tensin homolog; SMAD, small mother against
decapentaplegic; TGF, transforming growth factor.
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3.2. Metabolic Diseases

Many phytochemicals are able to counteract the pathogenesis of metabolic conditions
by acting as miRNA regulators (Figure 3). Resveratrol exerted beneficial action on age-
related alterations, as senile sarcopenia, by promoting peroxisome proliferator-activated
receptor-gamma coactivator 1α (PGC1α) expression and myocyte differentiation by miR-21
and miR-27b upregulation and a decrease of miR-133b, miR-30b, and miR-149 levels [83].
In addition, the resveratrol-induced miR-21 upregulation alleviated cognitive impairment
due to insulin resistance and diabetes in mice [84]. The link between saturated fatty acids
(SFA) and poor health outcomes and metabolic disorders [85] is already well established;
additionally, it is reported that SFA effects on human health could also depend on their
influence on miRNAs [86]. Rat myoblast cells treated with palmitic acid (PA) developed
insulin resistance and T2DM triggered by miR-29a increase [86]. In addition, PA decreased
insulin-induced activation of the PI3K-AKT pathway, enhancing the expression of miR-
3180-3p and miR-4632-5p, thus favoring insulin resistance development in HepG2 cells [87].
Stimulation with PA treatment induced mouse cardiomyocyte injuries derived from atrial
arrhythmia by targeting miR-27b [88]. High fat and hypercaloric diets can modulate the lev-
els of miRNAs involved in lipid metabolism, cell homeostasis, and fibrogenesis. Evidence
demonstrates that fat-rich dietary regimens are associated with downregulation of miR-122
and upregulation of miR-200a, miR-200b, and miR-429 in liver, determining the onset of
nonalcoholic fatty liver disease (NAFLD) [89,90]. Similarly, treatment with Moringa oleifera
prevented liver damage and nonalcoholic steatohepatitis (NASH) progression via SIRT1 up-
regulation and miR-21a-5p, miR-103-3p, miR-122-5p, and miR-34a-5p downregulation [91].
The role of vitamins in many metabolic processes, as well as in modulating the immune sys-
tem and disease prevention, has been extensively reported [92]. To this aim, recent reports
revealed that treatment with the carotenoid astaxanthin has been able to promote miR-382-
5p expression in hepatic stellate cells, thus opposing liver dysfunctional fibrosis [93]. The
potential of vitamin D3 and all trans retinoic acid formulations in the prevention of dia-
betic cardiovascular complications via miR-126 upregulation has been revealed in diabetic
mice [94]. Evidence described the ability of quercetin to ameliorate diabetic nephropathy
damage by miR-485-5p upregulation and yes-associated protein 1 (YAP1) suppression in
human mesangial cells [95] and to attenuate testosterone secretion dysfunction in diabetic
rats by reducing ER stress through miR-1306-5p/hydroxysteroid 17-β dehydrogenase 7
(HSD17B7) axis modulation [96]. The combined treatment of catechin epigallocatechin
gallate (EGCG) and quercetin prevented insulin resistance by increasing the expression of
miR-27a-3p and miR-96-5p, which directly target Forkhead Box O1 (FOXO1), reducing the
production of glucose and the transcription of gluconeogenic enzymes [97]. In addition,
ECGC showed therapeutic potential in obesity inhibiting white and beige 3T3-L1 and
D12 preadipocyte growth by upregulated miR-let-7a and subsequent high-mobility group
AT-hook 2 (HMGA2) suppression [98] and inhibiting the MAPK7 pathway by increased
miR-143 levels [99]. Clinical data from a cohort of women affected by overweight and
insulin resistance revealed that blood orange juice consumption (500 mL per day) for four
weeks resulted in upregulated miR-144-3p, miR-424-5p, miR-144-3p, and miR-130b-3p and
decreased let-7f-5p and miR-126-3p levels in peripheral blood mononuclear cells, leading
to attenuated IL-6 and NF-κB mRNA expression [100].

3.3. Cancer

Given the beneficial effects mediated by nutrients on miRNA profile, several studies
dissected their use as an oncological approach in different neoplastic contexts (Figure 3).

3.3.1. Digestive System Cancers

Resveratrol exerted anti-inflammatory effects and attenuated colitis-induced tumori-
genesis by increasing miR-101b and miR-455 levels [101]. In colorectal cancer, resveratrol
decreased the expression levels of characterized oncomiRs, as miR-17, miR-21, miR-25,
and miR-92a-2 [102], and exerted a pivotal regulation on many tumor suppressors, such as
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PTEN and SMAD3, as well as on the oncogenic TGF-β pathway related to progression and
metastasis of colorectal cancer by targeting the expression levels of miR-1 and miR-146b-
5p [103]. The resveratrol-related modulation of the tumor promoter TGF-β1 was further
associated with upregulated miR-663 levels as reported in the SW480 cell line [104]. Genis-
tein exhibited in vitro and in vivo anticancer effect inhibiting miR-95 and its targets AKT
and serum and glucocorticoid-regulated kinase 1 (SGK1) on HCT116 cells [105,106] and
enhanced miR-1275 levels thus suppressing Eukaryotic Translation Initiation Factor 5A2
(EIF5A2)/PI3K/AKT pathway in hepatocellular carcinoma [107]. In mice colorectal cancer
tissues, the walnut-based diet PUFAs have been associated with reduced levels of miR-1903,
miR-467c, and miR-3068, along with augmented miR-297a expression levels, resulting in
anti-inflammatory, antiangiogenetic, antiproliferative and pro-apoptotic effects [108,109].
In vivo studies showed that vitamin D suppressed colorectal cancer cell proliferation, down-
regulating histone demethylase 1A (JMJD1A) by increasing miR-627 levels [110,111]. The
EGCG treatment was able to suppress miR-483 levels via hypermethylation of its promoter
region, modulating the expression of metastatic markers as E-cadherin and vimentin in
a mouse model of hepatocellular carcinoma [112], while resveratrol opposed the tumor
progression via downregulation of miR-155-5p in gastric cancer cells [113].

3.3.2. Hormone-Dependent Cancers

Resveratrol opposed the overexpressed levels of miR-17, miR-18b, miR-20a, miR-20b,
miR-92b, miR-106a, and miR-106b in prostate cancer [114,115], whilst genistein was able
to restore in vivo and in vitro miR-574-3p expression levels, generally downregulated in
prostate cancer cells [116,117]. Treatment with vitamin D positively regulated the levels
of miR-100 and miR-125b in primary prostate cancer tissues, opposing tumor progres-
sion [118,119], while in breast cancer T47D and SK-BR-3, cell line treatment with retinoic
acid strongly increased miR-10a expression and retinoic acid receptor β (RARβ), whose
loss is associated with breast carcinogenesis [120]. Vitamin D was also shown to decrease
breast cancer cell capacity to elude natural killer lymphocyte attacks through the reduction
of miR-302c and miR-520c expression [121,122]. The effect of curcumin treatment on miR-21
was effective in inhibiting the growth of MCF-7 breast cancer cells [123]. Curcumin treat-
ment also positively regulated miR-181b, miR-34a, miR-16, miR-15a, and miR-146b-5p and
down-regulated miR-19a, and miR-19b expression in estrogen receptor-positive primary
cells and several breast cancer cell lines with effects on inflammatory cascade, cell cycle
progression, survival, and invasiveness [124,125]. The curcumin-dependent miR-146b-5p
upregulation suppressed the transactivation of the breast stromal fibroblasts, responsi-
ble for the epithelial-to-mesenchymal transition in breast cancer stromal fibroblasts [126].
In vitro studies proved that EGCG counteracted breast cancer progression, attenuating the
expression of miR-25 [127], while genistein reduced the expression levels of onco-miR-155,
the regulator of several tumor suppressors as PTEN and p27, and impaired cell mobility
via p21 activated kinase 2 (PAK2) and miR-23b upregulation in breast cancer cells [128,129].
Resveratrol modulated the oncosuppressor ARH-I expression and limited the “awakening”
of ovarian cancer cells, reducing the oncomiR-1305 [130].

3.3.3. Respiratory Tract Cancers

In lung cancer cells, curcumin treatment was able to inhibit cell invasion via upregula-
tion of miR-874, which directly targets matrix metalloproteinase-2 (MMP-2), and miR-98,
which suppresses MMP-2 and MMP-9 pathways by targeting LIN28A [131]. In human
non-small cell lung carcinoma (NSCLC) A549 cell line, curcumin-induced apoptosis and
reduced migration and invasion through miR-206 upregulation and suppression of the
PI3K/AKT/mTOR signaling pathway [132]. In addition, treatment with curcumin sup-
pressed tumor progression by increasing miR-192-5p expression and c-Myc reduction in
NSCLC cells A427 and A549 [133]. EGCG repressed c-myc expression via upregulation of
tumor suppressors miR-let-7a-1 and miR-let-7g in lung cancer cells [134,135]. Quercetin
displayed anti-cancer properties by opposing cell survival and enhancing apoptosis in
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NSCLC cells by increased miR-34a-5p and downregulation of a long noncoding RNA small
nucleolar RNA host gene 7 (SNHG7) [136], while in oral squamous cell carcinoma Cal-27
cells quercetin inhibited cell proliferation and metastasis via accumulation of miR-1254
and subsequent downregulation of CD36 [137], and suppressed proliferation and MMP-9
and -2 levels via a miR-16/homeobox A10 (HOXA10) axis increase [138]. In vitro treatment
with quercetin promoted apoptosis and repressed metastatic feature in esophageal cancer
cells by upregulating miR-1-3p and suppression of Transgelin 2 (TAGNL2) expression [139],
while an increase in genistein-induced mir-34a led to production of reactive oxygen species
(ROS) and apoptosis in head and neck cancer [140].

3.3.4. Neuroectodermal Cancers

Recent reports described the curcumin-induced miR-222-3p upregulation, thus nega-
tively modulating the expression levels of its target SOX10, causing the inactivation of the
SOX10/Notch pathway and limiting proliferation, migration, and invasion of melanoma
cells [141]. Similarly, treatment with EGCG upregulated miR-let-7b, thus suppressing
growth and development in melanoma cells [142]. Resveratrol induced apoptosis via
miR-21 in human glioma cells [143] and genistein inhibited the retinoblastoma cell vi-
ability by miR-145 upregulation [144]. The glycoside flavonoid purple sweet potato
delphinidin-3-rutin (PSPD3R) suppressed in vitro and in vivo glioma proliferation regulat-
ing autophagy by inducing the AKT/cAMP response element-binding protein (CREB)/miR-
20b-5p/autophagy related 7 (Atg7) pathway [145].

4. Latest Dietary miRNA-Based Animal Models and Clinical Trials

Most of the evidence on the effects of food-borne bioactive compounds on the regula-
tion of human miRNAs in various diseases comes from preliminary in vitro studies, recently
validated in animal models. The antidiabetic effects of quercetin and ECGC were proved
in mice fed with an enriched-polyphenol diet (0.05% w/w) ad libitum for 10 weeks [97].
Results revealed the capacity of quercetin and EGCG enrichment to increase miR-27a-3p
and miR-96-5p and inhibit gluconeogenesis and FOXO1 pathways, with enhanced effects
when combined (Table 1) [97]. BALB/c mice overexpressing or not miR-483-3p were treated
for two weeks with ad libitum 0%, 0.1%, or 0.5% EGCG solution, then HepG2 cells were
inoculated, and the diet prolonged for two months [112]. Supplementation with EGCG
reduced hepatocarcinoma lung metastasis and opposed EMT via miR-483-3p inhibition
(Table 1) [112]. Although few clinical trials evaluating the relationship between food-borne
miRNAs and human health have been conducted, the number of clinical trials is continu-
ously increasing (www.clinicaltrials.gov) (Table 1). New insights into alterations of skeletal
muscle miRNA expression when consuming 1 g/kg/h carbohydrate during the first 3 h of
recovery from aerobic exercise (NCT03250234) have been recently described [146]. Authors
reported that carbohydrate consumption during an 80 min bout of steady-state treadmill
exercise led to increased expression of miR-19b-3p, miR-99a-5p, miR-100-5p, miR-222-3p,
miR-324-3p, and miR486-5p immediately following and/or within 3 h from recovery com-
pared with a nutrient-free control, thus resulting in downregulation of breakdown protein
gene expression and better muscle recovery (Table 1) [146].

Results from the RESMENA study (NCT01087086) evaluated the effect of the Mediter-
ranean dietary pattern on miRNA levels in white blood cells of 40 patients with metabolic
syndrome. Data showed that 8-week hypocaloric diet (30% caloric deficiency) based
on Mediterranean diet reduced the expression of miR-155, miR-125, miR-130, miR-132,
and miR-422, associated with cancer, atherogenic and adipogenic processes, and other
inflammatory conditions (Table 1) [147]. The effects of 60 months with a typical Mediter-
ranean regimen (Med diet) versus a low-fat high complex carbohydrate (LFHCC) diet
were correlated to T2DM development and differences in miRNA plasma levels in COR-
DIOPREV study (NCT00924937) [148]. Following LFHCC consumption, patients with
low plasma miR-145 levels showed a higher risk of developing T2DM, as well as the
subjects assuming a Med diet with low levels of miR-29a, miR-28-3p, and miR-126 and
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high miR-150 expression (Table 1) [148]. Current therapeutic options for the treatment of
antiphospholipid syndrome showed the efficacy of daily ubiquinol treatment (200 mg for
1 month) in the regulation of a profile of monocyte miRNAs and identified novel and spe-
cific miRNA-mRNA regulatory networks associated with atherothrombosis development
(NCT02218476) [149]. A completed clinical trial (NCT01634841) provided a systematic
investigation of the role of walnuts in preventing or slowing age-related cognitive decline
and macular degeneration [150]. Authors screened miRNA profiles in serum samples
(before and after intervention) of eight randomly selected participants from the walnut arm,
showing 53 miRNAs modulated after one year assuming 15% of daily energy as walnuts, 36
of them being upregulated and 17 downregulated [150]. Compared with participants in the
control diet, walnuts consumed for 1 year significantly increased the serum concentration
of miR-551 related to the inhibited progression of several cancers [150]. The antineoplastic
effects of vitamin D were evaluated in prostate cancer [118]. A cohort of prostate cancer
patients was treated with three different vitamin D3 doses (400, 10,000 or 40,000 IU/day) in
the time between randomization and prostatectomy (approximately 3–8 weeks). Vitamin
D3 assumption determined an increase in tumor suppressors miR-100 and miR-125b in both
pathological and healthy prostatic tissue [118]. The HYPODD study correlated the vitamin
D supplementation to miR-21 circulating levels in the pathogenesis of cardiometabolic dis-
orders [151]. Hypovitaminosis D correction (50,000 UI/week for 8 weeks and then 50,000
UI/month for 10 months) ameliorated the cardiovascular risk profiles in hypertensive
patients without affecting the miR-21 circulating expression (Table 1) [151]. The effects of
4-week time-restricted eating (TRE), a popular form of intermittent fasting, determined
downregulation of a miRNA panel (miR-4649-5p, miR-2467-3p, miR-543, miR-301a-3p, miR-
3132, miR-19a-5p, miR-495-3p, and miR-4761-3p), which, in turn, could inhibit cell growth
pathways while activating cell survival and promoting healthy aging (NCT03590847) [152].
A study conducted on 125 subjects with hypercholesterolemia (ACTRN12619000170123)
evaluated the effect of daily assumption of a nutraceutical combination containing 400 mg
phytosterols, 100 mg bergamot extract, 20 mg olive extract, and 52 μM vitamin K2 up to
12 weeks of treatment [153]. The evaluated nutraceutical combination did not change the
serum lipid profile and inflammation-related miRNAs and biomarkers [153].

Table 1. Dose effect sizes, in vivo models, target miRNAs, and biological relevance to foods, con-
stituents, and dietary regimen or supplementation.

Food,
Constituent or

Regimen
Dose Effect Size Model

Target
miRNA

Biological
Relevance

Refs.

Quercetin 0.05% w/w Mouse miR-27a-3p,
miR-96-5p Antidiabetic [97]

EGCG

0.05% w/w Mouse
miR-27a-3p,
miR-96-5p,

miR-483
Antidiabetic [97]

0%, 0.1%, 0.5% solution ad
libitum Mouse miR-483

Anticancer properties in
hepatocellular

carcinoma
[112]

Walnut 30–60 g/d Human miR-551 Anticancer properties [150]

Vitamin D

400, 10,000 or 40,000 IU/day Human miR-100,
miR-125b

Anticancer properties in
prostate cancer [118]

50,000 UI/week for 8 weeks,
50,000 UI/month for

10 months
Human miR-21

Lower cardiovascular
risk in hypertensive

patients
[151]
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Table 1. Cont.

Food,
Constituent or

Regimen
Dose Effect Size Model

Target
miRNA

Biological
Relevance

Refs.

Carbohydrates
1 g/kg/h in 3 h after 2 cycle

ergometry glycogen
depletion

Human

miR-19b-3p,
miR-99a-5p,
miR-100-5p,
miR-222-3p,
miR-324-3p,
miR-486-5p

Enhanced recovery after
exercise [146]

Ubiquitinol 200 mg/d Human 20 different
miRNAs

Anti-phospholipids
syndrome [149]

Mediterranean
diet

8-week hypocaloric diet Human
miR-155, miR-125,
miR-130, miR-132,

miR-422

Anti-inflammatory,
anticancer,

anti-atherogenic
[147]

low-fat high complex
carbohydrate vs.

Mediterranean diet for
60 months

Human
miR-145, miR-29a,

miR-28-3p,
miR-126, miR-150

Diabetic risk [148]

Nutraceutical
combination

400 mg phytosterols, 100 mg
bergamot extract, 20 mg

olive extract, 52 μM vitamin
K2

Human miR-21, miR-146a
miR-126

No significant effects on
lipid and inflammatory
profile, as on miRNA

levels

[153]

5. Questions Opening on the Potential Impact of Dietary miRNAs on Health
and Disease

Increasing evidence highlight the potential of dietary miRNAs to modulate human
pathophysiology, suggesting new dietary-based intervention approaches [154]. However,
a preventive strategy based on xenomiRNAs denotes multiple limitations, due to their
poor bioavailability, the restricted knowledge of the potential side effects related to high
consumption, and the appropriate dietary intake according to their stability due to manufac-
turing processes and food storage [155]. The bioavailability of food-targeted miRNAs after
ingestion is still a controversial issue. In vitro and in vivo evidences reported upregulated
miR-29b, miR-200c, miR-21-5p, and miR-30a-5p plasma levels after milk consumption,
supporting the availability of these molecules [17,156]. On the other hand, given the base
sequence complementarity between miR-21-5p and miR-30a-5p in humans and animals,
the precise assessment of xenomiRNA uptaken by diet is quite uncertain [157]. Moreover,
the increase in miRNA plasmatic concentration could be ascribed to endogenous responses
to other milk-derived compounds [158]. Analyses by real time quantitative PCR (RT-qPCR)
and RNA-sequencing on human blood did not provide supporting evidences about the
absorption of specific bovine miRNAs after milk consumption [159], as well as results
on milk-fed mice highlighted the absence of miRNA absorption and revealed their rapid
degradation in intestinal fluids [160]. Analyses by RT-qPCR performed on post-prandial
plasma of pigtail macaques reported absent or low-levels of nonspecific amplified miRNAs,
thus supporting the scarce intestinal absorption of plant xenomiRNAs [161]. Likewise,
the plant-derived miR-168 has been detected in feces and gastrointestinal mucosa while
being undetectable in blood, confirming that the potential availability of gastrointestinal
tract is not accompanied by systemic absorption [162]. On the other hand, the detection
of the plant miR-172 in gastrointestinal tract, serum and feces of mice fed with plant
RNA extracts, confirmed the possibility of a dietary-derived miRNA amount absorbed by
intestinal tract [163]. Growing evidence reported xenomiRNAs as food contaminants, de-
scribing some plant-derived miRNAs as a consequence of experimental contamination and
artifacts [19,164]. In addition, the biological and functional role of dietary miRNAs from
different sources in human health is still controversial. Different milk-derived miRNAs
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have been reported to modulate oncogenic and adipogenic pathways, promoting the devel-
opment of B-cell lymphoma, hormone-dependent breast and prostate cancer [43–45,47], as
well as the ginger-related miRNA has been associated with colitis development [64] and the
pork-derived miRNAs to the development of metabolic disorders in mice [22]. The evalua-
tion of food-derived xenomiRNA effects cannot refrain from considering the co-existence
of a great variety of dietary bioactive compounds. In the absence of supplementary intake
of dietary exogenous miRNAs, many phytochemicals or animal-based food derivatives
may modify the risk of diseases, targeting the reported biological effects [29,165]. Indeed,
several food-derived compounds exert their regulatory effects on different diseases either
by upregulating or downregulating different signaling pathways, as well as acting on many
epigenetic patterns [166]. Dietary constituents are able to affect epigenetic mechanisms,
including DNA status modulation, histone methylation, and acetylation, by aiming key
epigenetic modulators such as DNA methyltransferases and histone deacetylases, thus
resulting in local or global changes in epigenetics and subsequent gene transcription and ex-
pression levels [29,165,166]. Attractive strategies from a better knowledge of nutrimiromics
are undeniable [167], although further studies are needed to determine the pharmacoki-
netics and the possible side effects of dietary miRNA-based intervention in human health.
Based on current evidence here summarized, it has to take into account both the promising
results of food-derived miRNAs and negative effects exerted by the dietary molecules
on human health, thus their dual role in chronic diseases still represents an open door in
nutrition-based strategies.

6. Conclusions

Herein, we provided an up-to-date comprehensive review of food-derived miRNA
activities in human health and disease, reporting both beneficial and controversial issues of
dietary miRNAs as regulators of chronic conditions. Recent reports aim to elucidate the as-
sociation between altered miRNA expression and pathological processes contributing to the
onset of several chronic diseases. The crucial roles of different miRNAs in the development
of T2DM, insulin resistance and obesity [168–171] have been described, as well as in the
progression of other chronic syndromes, such as asthma, allergy, and chronic kidney disease
(CKD) [172–176]. This evidence points out nutrient-regulated miRNAs and food-derived
miRNAs as intriguing players in food-related health and disease, although the knowledge
on miRNA specific role is partially known and still debatable, requiring future studies to
broaden knowledge on possible molecular targets and their modulation. In this regard,
lifestyle habits, affecting the expression levels of miRNAs, represent a crucial element in the
perspective of preventive and personalized medicine. A healthy diet with a personalized
choice of nutrients based on individual needs related to age and state of health, i.e., ranging
from health to disease or disability/rehabilitative conditions, is essential for maintaining
the state of health and to slow down the aging clock. To this end, dietary miRNAs could
represent intervention tools in precision nutrition, although with several limitations to
overcome, including bioinstability, poor availability, unknown side effects, and multiple
molecular targets. Within this framework, future preclinical and clinical studies will benefit
from multidisciplinary and translational design taking into consideration some host-related
aspects such as microbiome, circadian rhythm and self-susceptibility, and miRNA-derived
limitations, as scarce bioavailability and undefined content in body fluids, which undoubt-
edly add complexity in dissecting the still controversial role of dietary miRNAs in human
health and diseases.
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Abstract: The effective management of the 33 million children with moderate acute malnutrition
(MAM) is key to reducing childhood morbidity and mortality. In this review, we aim to evaluate the
effectiveness of specially formulated foods (SFFs) compared to non-food-based approaches to manage
MAM in children >6 months old. We conducted a search on ten databases until 23 August 2021 and
included five studies, covering 3387 participants. Meta-analysis of four studies comparing SFFs to
counselling or standard of care showed that SFFs likely increase recovery rate, reduce non-response,
and may improve weight-for-height z-score, weight-for-age z-score and time to recovery, but have
little or no effect on MUAC gain. One study on a multicomponent intervention (SFFs, antibiotics and
counselling provided to high-risk MAM) compared to counselling only was reported narratively. The
intervention may increase weight gain after 24 weeks but may have little or no effect on weight gain
after 12 weeks and on non-response and mortality after 12 and 24 weeks of enrollment. The effect
of this intervention on recovery was uncertain. In conclusion, SFFs may be beneficial for children
with moderate wasting in humanitarian contexts. Programmatic recommendations should consider
context and cost-effectiveness.

Keywords: moderate wasting; moderate acute malnutrition; specialized formulated foods;
fortified-blended foods (FBF); ready-to use supplementary foods (RUSF); nutrition counselling

1. Introduction

Children who suffer from moderate wasting (also referred to as moderate acute
malnutrition (MAM), which is characterized as a weight-for-height z-score (WHZ) < −2
and ≥−3 or a mid-upper arm circumference (MUAC) < 125 mm and ≥115 mm in children
6–59 months), face a threefold higher risk of mortality as compared to adequately nourished
children [1].

If not treated, the condition can easily lead to severe acute malnutrition (SAM), which
entails an even more pronounced risk of near-term mortality [1]. Those that survive expe-
rience adverse health effects and negative developmental outcomes. Recent prevalence
estimates suggest that in 2020, nearly 31 million children <5 years of age had moderate
wasting [2]. The actual number of children impacted by MAM every year is likely much
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larger than this estimate because many factors, such as the incidence of moderate wasting
and MUAC-based case definitions, are not considered in this figure [3–5].

The effective management of children with MAM is therefore key to reducing child-
hood morbidity and mortality, and to reaching the World Health Assembly (WHA) targets
of lowering wasting prevalence to below five percent by 2025 and less than three percent by
2030 [6]. Until very recently, the World Health Organization (WHO) had no guidelines for
the management of MAM, but the Essential Nutrition Actions encompassed some guidance
based on breastfeeding promotion and support and nutrition education or counselling.
Furthermore, in humanitarian emergencies where the increased nutrient and energy re-
quirements for moderately wasted children cannot be met through locally available foods,
specially formulated foods can be provided. Such foods typically take the form of fortified
blended foods (FBFs) or ready-to-use supplementary foods (RUSFs) that are provided as
part of outpatient-based, supplementary feeding programs [7–9].

Overall, the practice for managing MAM differs by location, national-level guidance,
and implementing organization. More recently, innovations and adaptations in the manage-
ment of acute malnutrition, including MAM, have been implemented with aims to improve
efficiency in operations, maximize coverage and reduce overall costs. The types of program
adaptations vary, but many include reducing the frequency of clinic-based follow-up visits,
training caregivers to identify acute malnutrition in their own children, treating children
closer to the communities through community health workers, simplifying admission
criteria, and/or combining the treatment of SAM and MAM in one program [10–12].

In 2020, WHO initiated the development of a comprehensive guideline focused on the
prevention and management of acute malnutrition in infants and children. This guideline
now incorporates recommendations for the treatment of MAM for the first time. As part
of this, the WHO commissioned two systematic reviews on the management of moderate
wasting. The first review explored the effectiveness of different types, quantities and
durations of dietary management with specially formulated foods (SFFs) and has recently
been published [13]. The aim of this subsequent review was to evaluate the effectiveness of
food-based approaches compared to other interventions with or without non-specially for-
mulated food to manage MAM in infants and children over six months of age. Furthermore,
an aim was to identify which subgroups of children are most likely to benefit from SFFs.

2. Materials and Methods

2.1. Inclusion and Exclusion Criteria

The inclusion and exclusion criteria have been briefly outlined in Table 1 using the
Participant, Intervention, Comparators, Outcomes and Study Design (PICOS) criteria.

Table 1. Eligibility criteria.

Criteria Details

Study Participants
Children aged over six months with MAM, defined as WHZ ≥ −3 and <−2 and/or a MUAC of

≥11.5 cm and <12.5 cm or a WHZ between >70% and <80% of the median and without any oedema,
treated either as inpatients or outpatients.

Intervention
Food-based approaches for the treatment of MAM with or without SFFs, including

multicomponent interventions.

Comparison
Intervention with non-specially formulated foods, non-food based interventions, standard of care

or none.

Outcomes
Anthropometric recovery, anthropometric outcomes (such as WHZ, weight for age z-score (WAZ),
MUAC, weight and height gain), non-response, sustained recovery, recovery time, deterioration to

SAM, and mortality.

Type of Study
Included: Experimental studies (Randomized controlled trials (RCTs) both individual and cluster
randomised and quasi experimental/non-RCTs).Excluded: Observational studies, animal studies,

grey literature, reviews, conference abstracts, and studies with external comparison groups.
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The review included studies evaluating the impact of food-based approaches to man-
age MAM. Studies including wider definitions of undernutrition were only included if
the results were presented separately for moderately wasted children based on at least
one of the criteria, either MUAC or WHZ. Specifically, studies assessing the following
comparisons were included:

Comparison 1: All food-based vs. non-food-based approaches or none.
Comparison 2: Specially formulated foods vs. non-food-based approaches or none.
Comparison 3: Specially formulated foods vs. non-specially formulated foods.
Comparison 4. Multicomponent interventions vs. standard of care or none.
The intervention categories (Figure 1) are based on the inputs involved in each ap-

proach. All food-based approaches include the provision of any type of food, regardless of
its composition or originally intended use. Non-food-based approaches include any inputs
other than direct food distribution, such as cash or counselling. While counselling often
includes instructions for caregivers to provide additional foods and specific types of foods
to their malnourished children, the food itself is not directly provided as an input of the
program or health service. Therefore, counselling is considered a non-food-based approach.
No intervention (labelled as “none” above) is defined as providing either inputs, assistance,
or services of any kind.

Figure 1. Flow chart of intervention categories.

SFFs for the treatment of MAM are characterized as foods designed, produced, dis-
tributed, and utilized in at least one of two distinct ways: (1) foods tailored for specific
dietary requirements; or (2) foods intended for particular medical purposes as outlined by
the Codex Alimentarius for International Foods [14,15]. In this review, foods classified as
“for special dietary uses” pertain to those that can be widely distributed without the need
for medical supervision, e.g., RUSF, FBFs, or other diverse forms of lipid-based supplements
(LNS). These foods are also frequently used in the management of MAM, but may also
have other uses. Foods “for special medical purposes” are intended to be distributed with
medical oversight, e.g., ready-to-use-therapeutic food (RUTF). Non-specially formulated
foods, often called “local foods” or “home foods”, refer to the foods that are commonly
consumed by the population without being specifically designed to address malnutrition.
This may include imported foods, foods grown locally, or provision of food by develop-
ment partners or humanitarian organizations in response to food scarcity. Multicomponent
interventions are defined as those including any combination of the above categories. Such
interventions were included, but analyzed separately.
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2.2. Search Strategy and Study Selection

An extensive search was conducted by formulating a search using the PICO criteria as
described in Table 1, and the full search strategy can be found in Supporting Table S1. Search
was conducted on 10 electronic databases including Medline/PubMed, Embase, Web of
Science Index Medicus, CINAHL, Lilacs, the Cochrane Central Register of Controlled Trials
(CENTRAL), and eLENA (WHO), Index Medicus for the WHO Eastern Mediterranean
Region, and African Index Medicus. No restriction was applied on language or date. The
date of the final search was 23 August 2021. We cross-referenced the bibliographies of all
included studies, relevant systematic reviews and scoping review on MAM conducted for
WHO by this research group in November 2020, to identify studies that may have been
missed in the initial search.

Studies identified through database search were exported into EndNote and under-
went deduplication. The records were then uploaded into Covidence [16] software for
title/abstract and full-text screening. Two reviewers independently screened papers, at
both the title/abstract and full-text screening stage, to determine relevance based on the
aforementioned selection criteria. Discrepancies were resolved through discussion or by
contacting a third reviewer who was a subject expert.

2.3. Data Extraction

Data were extracted from the included studies by two independent reviewers into
an Excel spreadsheet. Discrepancies were resolved through discussion or by consulting
a third reviewer if consensus was not achieved. Data were extracted on the following:
study setting and methods, participants characteristics, inclusion/exclusion criteria, interven-
tion/comparison characteristics, outcomes of interest (at baseline and endline), follow-up
details, and additional information such as study limitations, funding, and conflict of interest.

2.4. Risk of Bias (ROB) Assessment

Two authors conducted individual assessments of the quality of all eligible studies
using the updated Cochrane risks of bias tool, ROB-2 [17]. Any differences in evaluations
were resolved through consensus or by consulting a third author.

2.5. Data Analysis

Analysis was conducted on Review Manager (RevMan) 5.4 software [18]. All the
estimates were verified by a second author. Dichotomous outcomes are presented as risk
ratios (RR), while the continuous outcomes are presented as mean difference (MD) or
standardized mean difference (SMD) along with 95% confidence intervals (CI). Data were
analyzed separately for the four comparisons, as mentioned above.

In the comparison of SFFs versus non-food-based or none (Comparison 2), the non-
food-based category encompassed a diverse range of intervention types. Nevertheless, a
meta-analysis was conducted as the studies fit into this comparison. A separate analysis
was conducted for single and multicomponent interventions. All cRCTs were adjusted for
clustering so no further adjustment of clusters was deemed necessary during the analysis.

We considered creating funnel plots to investigate potential biases related to small
studies and publication biases. However, this was not possible due to the limited number
of studies available under each outcome.

2.6. Subgroup and Sensitivity Analysis

Subgroup analyses based on study context, age group, duration of intervention, type
of dietary intervention or comparison group, type and dosage of specially formulated food,
facility vs. community-based approaches, HIV status and morbidity, concurrent stunting,
breastfeeding status, household socio-economic status as well as means of identification
(routine screening vs. presentation to a facility) were planned. We were able to perform
subgroup analysis based on the type of comparison group for SFFs comparison only;
however, we were unable to perform subgroup analysis based on other criteria because of
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very few studies being included in the review and due to insufficient information being
available. We performed sensitivity analysis on the outcomes to assess the impact of
high/unclear risk of bias relating to sequence generation and allocation concealment.

Furthermore, a subgroup analysis was planned to identify which children require
SFFs, across settings and contexts, but unfortunately this was not possible given the small
number of studies identified.

2.7. Evidence Profiles

We constructed GRADE evidence profiles for primary outcomes, summarizing the
quality of evidence in accordance to the Grading of Recommendations, Assessment, Devel-
opment, and Evaluation (GRADE) criteria [19]. It encompasses evaluating factors including
within-study risk of bias, indirectness, inconsistency, imprecision, and risk of publication
bias. The certainty of evidence for each outcome was rated as “very low” “low”, “moderate”
or “high”.

Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) guide-
line was followed for reporting (See Supporting Table S2). The review protocol was
registered with the International Prospective Register of Systematic Reviews (PROSPERO:
CRD42021273394).

3. Results

3.1. Search Results

We identified a total of 32,180 records for screening. After de-duplication, 23,462 records
underwent title and abstract, followed by full-text screening. A total of five papers was
included for data extraction and analysis (Figure 2).

 

Figure 2. PRISMA flow diagram.
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Figure 3 outlines the number of studies included by comparison group. Four studies
fit into the first two comparisons. Specially-formulated foods is a subgroup of all food-
based approaches, therefore any studies fitting into comparison 2 were also included in
comparison 1 (Figure 1). All four studies identified for these two comparisons included
interventions using SFFs, including either foods for special medical purposes or special
dietary uses. We did not identify any study that looked at non-specially formulated foods
only. Therefore, there were no differences in the number of studies between comparison 1
and comparison 2. Going forward in this paper, we will refer to comparison 2 for these
included studies.

 

Figure 3. Studies identified by comparison group [20–24].

3.2. Characteristics of Included Studies

Five studies, including 3387 participants, were included in this review [20–24]. Studies
were conducted between 2011 and 2021 in Burkina Faso [22], Sierra Leone [23], Malawi [21],
Iran [20] and Bangladesh [24]. Out of the five studies, three were individually randomized
RCTs [20,23,24] and two were cluster randomized RCTs [21,22].

3.2.1. Comparison 2: Specially-Formulated Foods vs. Non-Food-Based or None

A total of four studies fit into comparison 2, namely the studies by Hossain et al.,
2011 [24], Nikièma et al., 2014 [22], Javan et al., 2017 [20] and Vanelli et al. [23]. Table 2
provides a description of these four studies. The studies differed greatly in terms of study
design, types of interventions, admission and discharge criteria for treatment, types of
SFFs, and dosing of those formulated foods also differed greatly (Table 2). One study
used a dose of 150 kcal/day for children < 12 months and 300 kcal/day for children
12–24 months [24], two studies used a dose of approximately 250 kcal/day [20,22], one
study used a much higher dose of 200 kcal/kg/day in addition to a food ration providing
1000–1200 kcal/child/day [23].
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3.2.2. Comparison 4: Multicomponent Intervention versus Non-Food-Based or None

One study [21] was a multicomponent intervention. In this study by Lelijveld et al.,
children identified as high-risk MAM received a combination of 520 kcal/day of RUTF,
amoxicillin, and nutrition counselling in the intervention group, while low risk MAM
children received counselling only.

In the control group, both high-risk and low-risk MAM children received counselling
only. In this review, we included only the high-risk subsample given that the low-risk
group received counselling in each group and therefore did not meet the PICOS criteria.
High-risk MAM children were those with at least one of the following characteristics:
MUAC < 11.9, weight for age z-score (WAZ) < −3.5, primary caregiver is not the mother,
and non-breastfed if the child is under 2 years. These characteristics have been associated
with failure to recover in some Targeted Supplementary Feeding Program (TSFP) in Sierra
Leone; thus, “high-risk” equates to failing to respond to the treatment provided in a TSFP.

3.3. Quality of Included Studies

Out of five studies, four had some methodological concerns related to the randomiza-
tion process, deviation from the intended interventions, and selection of the reported result
and one study was judged to be at high risk of bias (Supporting Figure S1).

3.4. Effects of Intervention

Four out of the five studies fit into comparison 1 and 2 with 2677 participants; and one
study fit into comparison 4 (multicomponent intervention vs. standard of care) including
710 children. The same four studies were identified for comparison 1 and comparison 2 as
all included interventions using SFFs and specially-formulated foods is a subgroup of all
food-based approaches (Figure 1). No additional studies were identified that fit only the
broader definition of interventions in comparison 1’s “all food-based approaches” category.

The results in terms of effect of intervention in comparison 1 and 2 and comparison 4
are presented below. One of the main objectives of this review was to carry out a subgroup
analysis to determine which children might need supplementary foods; unfortunately, due
to the limited data available, this was not possible.

3.4.1. Comparisons 1 and 2: Specially Formulated Foods versus Non-Food-Based or None

Analysis of the four studies included in this comparison category [20,22–24] suggests
that SFFs, when compared to non-food-based interventions or none, likely increase the
recovery rate (RR: 1.29; 95% CI: 1.19 to 1.40; n = 2348; three studies; moderate certainty
evidence; Figure 4) and have little or no effect on deterioration to severe wasting (RR:
0.78; 95% CI: 0.59 to 1.03; n = 1974; one study; moderate certainty evidence). SFFs may
increase WHZ (MD: 0.32; 95% CI: 0.18 to 0.45; n = 365; two studies; low certainty evidence),
WAZ (MD: 0.26; 95% CI: 0.14 to 0.38; n = 365; two studies; low certainty evidence), MUAC
gain (MD: 0.25 cm; 95% CI: 0.09 to 0.41; n = 301; one study; low certainty evidence),
and weight gain (MD 0.26 g/kg/day; 95%CI: 0.11 g/kg/day to 0.41 g/kg/day; n = 64;
low certainty evidence), but may have little or no effect on the height for age z-score
(HAZ) (MD: 0.10; 95% CI: 0.00 to 0.19; n = 365; two studies; low certainty evidence). SFFs
likely reduce non-response by 52% (RR: 0.48; 95% CI: 0.39 to 0.60; n = 1974; one study;
moderate certainty evidence) and may decrease the time to recovery (MD: −1.12 weeks;
95% CI: −2.10 to −0.14; n = 1368; one study). The impact on height gain and mortality
was uncertain. The effect on sustained recovery was not reported. Forest plots for all the
outcomes are shown in Supporting Figures S2–S12 and the full evidence profile can be
found in Supporting Table S3.
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Figure 4. Forest plot of specially formulated foods compared to non-food-based approaches or none.
Outcome: anthropometric recovery rate [20,22,23].

Subgroup analysis by a comparison group (i.e., by standard or care group or by
counselling) suggests an increase in the recovery rate (RR: 1.29; 95% CI: 1.19 to 1.39; one
study) when SFFs were compared with counselling (Supporting Figure S13). However,
there was an uncertain effect of specially formulated food on mortality when compared
with the standard of care or counselling only (Supporting Figure S14).

Sensitivity analysis was performed for the comparison specially formulated food vs.
other or none by excluding studies with unclear risk of bias for both sequence generation
and allocation concealment. Notably, the removal of the study by Javan et al., 2017, did not
show a significant change in the recovery rate, WHZ, WAZ and HAZ [20].

3.4.2. Comparison 4: Multicomponent Intervention versus Non-Food-Based or None

The findings from one study [21] found an uncertain effect of a multicomponent inter-
vention provided to high-risk MAM children only, on recovery rate after 12 and 24 weeks
of enrolment when compared to standard of care. The multicomponent intervention may
decrease deterioration to severe wasting by 23% (RR 0.77; 95% CI: 0.6 to 0.98; one study;
n = 710; Figure 5) after 12 weeks of intervention, but it may have little or no effect on dete-
rioration to severe wasting after 24 weeks of enrollment. The multicomponent intervention
may also have little or no effect on WHZ, WAZ, HAZ, MUAC gain after 12 and 24 weeks of
enrollment. It may increase weight by 0.12 g/kg/day (MD 0.02 g/kg/day; 95% CI: 0.22 to
0.22; one study; n = 710) after 24 weeks of enrollment but may have little or no effect on weight
gain after 12 weeks of enrollment and on non-response and mortality after 12 and 24 weeks
of enrollment. The study did not report on height gain, sustained recovery, and on time to
recovery. Forest plots for all the outcomes are shown in Supporting Figures S15–S23 and the
full evidence profile can be found in Supporting Table S4.

Figure 5. Forest plot of multicomponent intervention compared to non−food−based or none. Out-
come: deterioration to SAM [21].
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4. Discussion

4.1. Summary of Results

This systematic review summarizes findings from five studies, all of which are RCTs.
Evidence indicates that providing SFFs, regardless of formulation or dosing, to children
with MAM likely increases recovery, decreases non-response with no effect on deterioration
to SAM when compared to other approaches (i.e., counselling) or no intervention. There
is low certainty evidence that interventions with SFFs may reduce time to recovery and
may increase total weight gain, WHZ, WAZ and MUAC. The intervention may not have an
effect on height and HAZ gain. The certainty of evidence relating to mortality was judged
to be very low, as none of the studies were sufficiently powered to assess it. Death as an
outcome tends to be a rare event in MAM treatment programs. Thus, studies would need
to include an extremely large sample size in order to achieve sufficient statistical power to
include mortality as a primary outcome, which is often impractical.

The evidence of the multicomponent intervention with RUTF and antibiotics compared
to counselling in high-risk MAM children only indicates that it may have little or no effect
on recovery, WHZ, WAZ, HAZ and non-response after 12 weeks of intervention, that the
multicomponent intervention may decrease deterioration to severe wasting after 12 weeks
of intervention and likely has little or no effect on MUAC and weight gain. However, this
study was not powered for subgroup analysis of high-risk MAM children.

We did not find any study reporting on comparison 3, i.e., specially formulated foods
vs. non-specially formulated foods

4.2. Overall Completeness and Applicability

The existing body of evidence is quite small given only five studies were identified to
fit the inclusion criteria for this analysis. Furthermore, these studies only addressed three
of the four different comparisons that we sought to conduct. In these studies, the “other
approaches” included nutrition counselling alone or standard of care, which was either
nutrition counselling with a vitamin mineral supplement and/or a general food ration for
malnourished children and/or growth monitoring. Despite differences in interventions
in the control group, results and direction of effect remained consistent. While studies
were few and specific to the certain contexts in which they were implemented, results
may be applicable to other contexts, since nutrition counselling and general food rations
are common alternatives to MAM treatment. It is however important to note that both
nutrition counselling and general food rations can vary significantly across programs and
contexts, which could influence the results of further comparisons.

No studies were identified to assess the effectiveness of SFFs compared to non-specially
formulated foods, nor were any identified regarding a comparison between non-SFFs versus
other interventions.

Given the small number of studies, we were not able to carry out subgroup analyses to
determine which categories of MAM children require SFFs. Nonetheless, the Lelijveld et al.
(2021) study [21], by design, aimed to investigate an intervention based on risk stratification
within MAM children. While the study was designed to provide a package of interven-
tions to children deemed “high-risk”, the authors noted that the criteria for identifying
risk may not have been completely appropriate as two criteria (“Mother not the primary
caregiver” and “less than 2 years and not breastfeeding”) were identified as not being
correlated with an increased risk of deterioration. Rather, having a low MUAC for chil-
dren under 12 months, history of SAM and being a twin were found to be significant risk
factors for deterioration among control group children [21]. Two observational studies
from Ethiopia not included in this systematic review identified similar risk factors as those
noted by the authors in the Lelijveld et al. (2021) study. The first includes a prospective
study that followed MAM children without treatment for seven months and found 54%
of children recovered, 32.5% remained MAM, and 9.3% encountered a single episode of
SAM. Risk factors of poor outcomes, including no recovery from MAM over the seven
month period and/or deterioration to SAM, consisted of having a low MUAC and/or
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low WHZ at baseline, poor child feeding practices, and household food insecurity [25]. A
second prospective cohort study in Ethiopia found that without treatment, approximately
two-thirds of children from food-insecure and one-third from food-secure households, did
not experience recovery from MAM. Dietary diversity and maternal factors, and maternal
MUAC demonstrated to be associated with adverse health outcomes [26]. Worse anthropo-
metric measurements upon admission and discharge as well as household food insecurity
were cited as factors associated with poor post-discharge outcomes as well in two longitudi-
nal studies investigating relapse in Malawi [27,28]. These studies indicate that moderately
wasted children from vulnerable households and those with lower anthropometry status
could be at greater risk for poor outcomes and may benefit from more targeted treatment
strategies. Other indicators, such as multiple anthropometric deficits, captured by low
WAZ, have been shown to be associated with high risk of mortality [29]. A study by Myatt
et al. (2019) using data from Senegal found that low WAZ and MUAC were independently
associated with near-term mortality [30]. The study also established that a combination
of MUAC and WAZ successfully identified all near-term deaths associated with severe
anthropometric deficits, encompassing concurrent wasting and stunting [30]. Consistent
with these findings, authors of the Lelijveld et al. (2021) study found that a combination
of three risk factors: MUAC < 12.0 cm, WAZ < −3, and declining anthropometry during
treatment for MAM can effectively predict 90% of cases leading to deterioration into SAM
with a specificity rate of 67% in context of Sierra Leone [21]. Further trials are required
to confirm the efficacy and cost-effectiveness of prioritizing treatment to children with
such risks.

As there were too few studies in this review to allow for subgroup analysis to answer
the question of whom should be prioritized for treatment, the WHO commissioned a
prognostic factor systematic review as part of the guideline development process to explore
the question of who might most benefit from supplementary foods separately [31]. Through
this process a series on individual child factors and social factors were identified, namely,
which are in line with the above-mentioned studies. These include a MUAC between
115–119 mm, WAZ < −3 SD, age < 24 months, failing to recover from moderate wasting
after receiving other interventions (e.g., counselling alone), having relapsed to moderate
wasting, history of severe wasting, co-morbidity and personal circumstances such as mother
died or poor maternal health and well-being [31].

4.3. Agreements and Disagreements with Other Studies or Reviews

The findings of this systematic review are consistent with previously published sys-
tematic reviews on the topic. A recent systematic review conducted in 2020 explored
effectiveness of food interventions versus no treatment or nutrition counselling in the
management of moderate wasting [32]. Of the included studies, seven concluded that
food products demonstrated better anthropometric outcomes in comparison to counseling
and/or micronutrient supplementation. Conversely, two studies did not identify a sig-
nificant advantage of food product interventions, and an additional two studies yielded
inconclusive results. The inclusion criteria used in this systematic review were less strict
than the ones used in the current analysis, therefore additional studies were identified
and included, i.e., studies that did not disaggregate by MAM status as well as studies that
only had a small proportion of MAM children were included. It is also worth noting that
the studies that did not find an effect only included a small proportion of MAM children
and did not disaggregate results by MAM status. In line with our findings, the authors
concluded that evidence suggests that supplementary foods indeed contribute to recovery
and exhibit to be more effective than counselling; however, the specific type and duration
of the supplementary food provided are crucial factors to be considered. Furthermore, the
authors highlighted the potential to enhance the effectiveness by focusing on improving
the quality and adherence to counseling interventions. A more recent systematic review by
Gluning et al. (2021) also found that children had a greater likelihood of recovery if they
received a specially formulated food than if they did not [33].
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4.4. Implications for Practice

The findings of this systematic review indicate that SFFs are likely beneficial for chil-
dren with moderate wasting in terms of recovery and other anthropometric outcomes.
While the primary aim of wasting interventions is to save lives, any specific recommen-
dations for the use of SFFs in the treatment of MAM may also want to consider potential
impacts on other outcome indicators, such as body composition and functional outcomes.
Concerns have been raised regarding a potential impact of routinely providing specially for-
mulated lipid-based products (e.g., RUSF and RUTF) to children with MAM on increasing
obesity rates, given the escalating challenge of the double burden of malnutrition, whereby
populations are experiencing both high rates of undernutrition and also growing rates of
overweight. While this review was limited to outcomes in anthropometry and mortality,
to our knowledge there is no evidence supporting concerns that treatment of moderately
wasted children would contribute to an increase in population-wide rates of overweight
and obesity. The study by Lelijveld et al. (2021) did not find any evidence indicating
excessive or unhealthy weight gain (based on skinfold thickness) in individuals, in those
who received RUTF compared with those who did not receive it [21]. The mean z-scores
for skinfold thickness in both groups remained below the global average [21]. This was
similar to findings of a study in Kenya, which found that children undergoing treatment
for MAM with RUTF exhibited comparable body composition to those treated with RUSF
and neither group revealed excessive adiposity [34]. Furthermore, two RCTs comparing
fortified blended foods to lipid-based products for treatment also indicated the absence of
any adverse effects on body composition [35,36].

Cost-effectiveness is also a practically relevant outcome of interest given many resource
constraints in areas where prevalence of child moderate wasting is high. Unfortunately,
information to date on cost and cost-effectiveness of acute malnutrition treatment is lim-
ited [37]. Among the studies included in this review, only Lelijveld et al. (2021) mentioned
costs, and even so, such data were limited to RUTF costs only. Nonetheless, the study
found similar RUTF costs per child treated (USD13 and USD19) and recovered (USD27 and
USD23) at the intervention and control sites, respectively. Other studies testing a range
of supplements for treatment of MAM found supplements costs ranged from USD5 to
USD17 per child [38–40], while total program costs ranged from USD28-USD112 per child
treated [39,41], where a large variation in costs can be explained by contexts as well as
which costs are included in the overall estimate. One study found the treatment of MAM
with RUSF to be cost-effective [39].

4.5. Implications for Further Research

The available evidence to answer the research questions included in this review is very
limited, leaving obvious gaps in the evidence-base that require further research. Specifically,
studies are needed that compare non-specially formulated foods/dietary approaches to
other approaches (including counselling or cash) and that compare SFFs to non-specially
formulated foods. Formulations and dosing of supplements provided in the intervention
groups of the four studies differed significantly. Additional research is required to ascertain
the optimal type, composition, and dosage of supplements in terms of both effectiveness
and cost-effectiveness.

Only one of the studies in this review [23] achieved a recovery rate > 75%, meeting
the Sphere minimum standard for recovery in MAM programs [42]. Nikièma et al. found
recovery rates of 74.5% and 74.2% in the CSB++ and RUSF arms, respectively. In the
intervention groups of the studies by Javan et al. (2017) and Lelijveld et al. (2021), 68% and
48% recovered, respectively [20,21]. In the control groups recovery rates ranged from 31.6%
to 61.6% [20–23]. Further research is needed to determine what programmatic, contextual,
or other barriers exist for programs to reach overall higher recovery rates and whether the
definition of recovery is appropriate and achievable in all populations.

This review incorporated three studies that included a counseling intervention as
part of their research design. In two studies, program attendance and protocol adherence
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were lower in the counselling arms than in the arms that provided the SFFs [21,22]. In an
explorative restricted analysis on non-defaulter children, Nikièma et al. stated that when
analyses were adjusted for attendance, the differences between food-supplementation
groups and the child-centered counselling groups diminished. Interviews with a subset of
women who were less adherent or had dropped out from the program revealed that many
did not perceive the advice as useful and encountered difficulty in cooking recommended
recipes, given their dependence on their husbands to buy the ingredients. Additionally, the
extended waiting time at the healthcare center on the day of counselling was identified as a
demotivating factor [22]. Further research is essential to gain a more comprehensive under-
standing of the impact pathway of counselling and if effectiveness could be improved either
through provision of incentives to increase adherence or by better adapting the content or
modality of counselling to local causes of malnutrition and dynamics within households. It
would also be worth exploring whether a more holistic package of interventions with more
focus on morbidity as a cause could improve outcomes of MAM programs. Very high rates
of morbidity and inflammation have been found in children with MAM [38,43], but that
to date limited attention is placed on the detection and management of illness in children
with MAM beyond routine medication which usually includes deworming, vitamin-A, and
iron and folic acid supplementation.

Given the large number of children affected by MAM every year, the likely heterogene-
ity of this population, and the cost of treatment, prioritization of treatment may be needed
in some contexts. As mentioned above, this review was not able to conclusively answer
the question of whom should be prioritized for treatment. Therefore, a separate prognostic
review was commissioned by the WHO, which identified a number of individual and
social factors to help determine which MAM children should be prioritized for use of
supplementation with specifically formulated foods [31], but noted that research is needed
to evaluate the response to interventions in MAM children who have identified prognostic
factors and that the prognostic factor review was limited to findings primarily from African
contexts [31]. Research should also be conducted to determine the cost-effectiveness of
a risk stratification approach in various contexts, which will likely differ across contexts.
Cost-effectiveness studies should cost longer term programs, include wider health sys-
tem costs as well as those for treatment of complicated and uncomplicated SAM, given
the impact that treating MAM early can have on the prevention of SAM and duration
of treatment.

5. Conclusions

Although data are limited, our results suggest that the provision of specially formu-
lated food may be beneficial for children with MAM. We were not able to answer the
question of who should be prioritized for treatment as part of this review due to the paucity
of data. The findings of this review contributed to the WHO guideline formulation per-
taining to the prevention and management of wasting and nutritional oedema in infants
and children, which now recommends that in humanitarian crisis or high-risk contexts all
children should be considered for a supplementary food in addition to counseling and the
provision of home foods. The guideline also highlights a number of individual and social
factors that can aid in prioritizing children for treatment, but acknowledged the need for
further research.
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Abstract: The work environment is a factor that can significantly influence the composition and
functionality of the gut microbiota of workers, in many cases leading to gut dysbiosis that will result
in serious health problems. The aim of this paper was to provide a compilation of the different studies
that have examined the influence of jobs with unconventional work schedules and environments on
the gut microbiota of workers performing such work. As a possible solution, probiotic supplements,
via modulation of the gut microbiota, can moderate the effects of sleep disturbance on the immune
system, as well as restore the dysbiosis produced. Rotating shift work has been found to be associated
with an increase in the risk of various metabolic diseases, such as obesity, metabolic syndrome,
and type 2 diabetes. Sleep disturbance or lack of sleep due to night work is also associated with
metabolic diseases. In addition, sleep disturbance induces a stress response, both physiologically
and psychologically, and disrupts the healthy functioning of the gut microbiota, thus triggering an
inflammatory state. Other workers, including military, healthcare, or metallurgy workers, as well as
livestock farmers or long-travel seamen, work in environments and schedules that can significantly
affect their gut microbiota.

Keywords: workers; gut microbiota; military; seafarers; healthcare; farmers; probiotics

1. Introduction

The work pressure and stressful conditions to which workers are exposed in certain
jobs can affect their health and safety [1]. Currently, it is estimated that 33% of employees
work outside of their country’s regular working hours. In fact, according to the US Bureau
of Labor Statistics, there are approximately 15 million Americans who work late afternoons,
evenings, rotating shifts, or other irregular hours [2]. In Europe, almost one in four workers
work night shifts [3]. These work schedules affect the social lives of workers, causing
frequent changes in their schedules and lifestyle habits, including changes in sleep patterns
and eating habits. Moreover, these unconventional schedules are associated with increased
morbidity among workers [4].

In terms of dietary behavior, it was reported that the total energy intake, either on average
or in kcal or kcal/week, of workers on a rotating shift schedule does not differ significantly
from those working on a conventional schedule [5]. However, there are significant differences
in the distribution of caloric intake in the different meals of the day, as well as in the type of food
intake [5]. In fact, shift workers have been found to have lower intakes of dietary fiber (because
of lower fruit and vegetable intake). This has been linked to excessive energy intake and the
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development of overweight and obesity, as foods containing higher amounts of dietary fiber
prevent overweight and obesity by avoiding excessive calorie intake through satiety-based
signaling [6]. In addition, workers tend to compromise on variety in their diet, often eating
on a prearranged schedule that is out of sync with the individual’s circadian rhythms. For
example, they substitute individual foods for mixed meals and opt for fast or simple meals that
are often characterized by a low nutritional value, high-calorie density, high sodium content,
and excessive consumption of sugary drinks [7]. In fact, on average, during the first year of
employment, new shift workers tend to increase their body mass index (BMI) by about one
point, which is attributable to a combination of factors, such as higher-calorie food choices
during the working day, lower diet quality, and reduced time spent on leisure activities [8].

In addition, it is known that working hours, the type of work, or even the job position
are factors that can affect the gut microbiota (GM) of workers. These alterations may increase
the likelihood of developing various metabolic and inflammatory diseases, such as obesity,
diabetes, inflammatory bowel diseases, and asthma [9]. In addition, they may also increase
the risk of neurological disorders, such as depression, anxiety, and Parkinson’s disease [10,11].
It has been shown that an altered feeding rhythm can alter the GM, leading to dysbiosis [12].
Recent research has indicated the existence of a “circadian clock-gut microbiota axis” in which
the GM regulates the circadian clock regulation, with evidence of bidirectional communication
between them [13–16]. Currently, studies on changes in the GM due to shift work and jet lag
focus mainly on the disruption or interruption of this axis [17]. Several recent studies have
also shown that GM is crucial for the pathogenesis of stress-related diseases and neurodevel-
opmental disorders, in addition to the development of brain function [18]. Indeed, it has been
shown that even short-term exposure to stress can alter the relative proportions of key human
GM phyla [19]. Similarly, experimental modifications of the human genome influence the
stress response, anxiety, and hypothalamic-pituitary-adrenal neuroendocrine stress axis [18].
In addition, recent studies suggest that the GM may change depending on the type of work
performed, for example, when exposed to chemicals, metals, and particulate matter, and that
the GM may modulate the effect of these exposures [12].

The aim of this review is to gather information on how unconventional work affects
the health and the GM of workers, as well as the effect of using probiotics to modulate the
GM, restore dysbiosis, and improve the quality of life of these workers.

2. Effects of Work in Unconventional Schedules on Human Health

Shift work refers to work activities that take place at times other than traditional
daytime hours. While it is true that alternative working hours are often necessary and can
facilitate productivity, it is also important to recognize that these unconventional working
hours can have an adverse impact on our health and well-being [20]. Several observational
studies have shown that shift workers face an increased risk of developing obesity, type 2
diabetes mellitus (DM2), and metabolic syndrome compared to those working equivalent
daytime hours [3]. In addition, as the years of shift work accumulate, the risk increases.
This phenomenon applies to both night work and rotating shifts [3].

Unconventional shift work, especially at night, is associated with an increased risk
of cardiovascular disease, cancer, diabetes, hypertension, chronic fatigue, sleep disorders,
increased body weight, and therefore, a higher mortality rate [20–22]. Workers on rotating
shifts have a higher prevalence of irritable bowel syndrome, abdominal pain, constipation,
and diarrhea than workers on conventional schedules [23–26]. It has been suggested that
inadequate nutrition, irregular meal timing, and psychological disorders may contribute to
this high prevalence [5]. On the other hand, workers with unconventional work schedules
are more likely to suffer from anxiety symptoms due to work schedule problems and
disturbed sleep patterns, triggering increased anxiety levels [27].

2.1. Changes in Dietary Pattern

Most workplaces have shifted to less physically demanding tasks (for example, au-
tomation), while portability and the availability of dense, high-energy “snacks” have
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increased in the workplace. This may also be due to an increase in the intake of foods
with excess fats, oils, and refined flour, such as junk food. In addition, a lack of physical
activity is triggered by a lack of time and feeling more tired. For these reasons, the need to
implement nutrition education programs combined with physical exercise is the greatest
among shift workers.

A meta-analysis of 24 studies [28] that targeted these workers and included measures
as simple as offering fruit at reduced prices in vending machines, providing access to pro-
fessional nutritional advice, or encouraging physical exercise by giving away sports passes
or organizing sports competitions among company members achieved an average weight
reduction of 1.2 kg and a decrease in BMI of 0.47 kg/m2 after one year of implementation.
At first glance, this decrease may not seem very significant, but considering that most of the
population aged 18–49 years gains, on average, between 0.5 and 1 kg per year, it cancels out
the average weight gain resulting from the increasing age of the workforce. Shift workers
have been found to have a higher BMI, higher cholesterol and triglyceride levels, and a
higher risk of high blood pressure than workers on conventional schedules. Therefore,
their risk of developing cardiovascular diseases is up to 40% higher than in conventional
shift workers [8,29].

In terms of feeding patterns [30], mice exposed to a 4-week schedule were observed
to experience changes in their feeding patterns, consuming food irregularly. This altered
feeding schedule was significantly associated with a loss of circadian rhythm and changes
in the composition of the gut microbiome in mice. In addition, an association was found
between an increased F/B ratio and changes in fat mass and inflammation. Based on these
findings, it was hypothesized that the changes in the microbiome observed from baseline
to the first energy restriction period might be repeated, and possibly more pronounced, in
samples collected during the second energy restriction period [30].

2.2. Hormonal Changes

The elevated risk of cardiometabolic problems in shift workers may also be due to
hormones involved in metabolism, such as ghrelin (which increases appetite) and leptin (which
reduces appetite), which are regulated by transcription factors in the biological clock. These
hormones play a key role in controlling appetite and eating behavior by sending stimulatory
and inhibitory signals to the central nervous system, in particular the hypothalamus [31].
During the night, especially in the time interval between 9 p.m. and 4 a.m., circulating blood
levels of ghrelin remain very high and are accompanied by low circulating levels of leptin [31].
This imbalance in the ghrelin/leptin ratio means that people who are awake at this time
of the day have a greater appetite and are therefore more likely to gain weight. Moreover,
this imbalance is intensified in people who suffer from sleep deprivation and/or poor sleep
quality. Therefore, this imbalance will chronically increase in workers on rotating or night
shifts, which partly explains their higher propensity to obesity [31]. Shift work can also lead to
increased circulating levels of resistin, an endocrine hormone implicated in the development
and progression of insulin resistance, as well as cortisol, a hormone traditionally associated
with stress. This is probably related to a lower insulin response at night, which is an important
activator of lipoprotein lipase, an enzyme found in the capillary walls that stimulates the
hydrolysis and removal of triacylglycerol [31]. A large body of scientific literature published
in recent years demonstrate a link between shift and/or night work and insulin resistance,
diabetes, dyslipidemia, and metabolic syndrome [32]. The link between shift work and higher
insulin resistance is thought to be due to decreased melatonin production. Melatonin is a key
factor in insulin synthesis, secretion, and action. In addition, its concentration also regulates
the expression of the glucose transporter GLUT 4. Relevant work in this area has shown
that shift work leads to increased insulin resistance and an increased inflammatory state [32].
In addition, cortisol levels have been shown to increase in stressful situations and during
prolonged low-calorie diets. These two factors are closely related to shift work, so when
stress or blood pressure increases, cortisol levels also increase. When cortisol is high, it is very
difficult for the body to regulate blood sugar, and it also inhibits the loss of body fat and the
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gain in muscle mass. The same is true when the duration of sleep is short and cortisol levels
rise and exacerbate the above [33].

Currently, chronic low-grade inflammation has been recognized to play an important
role as a biological factor in stress-related ill health [34]. Both sleep disturbance and sleep
deprivation have been reported to be associated with changes in different immunological
parameters that favor a pro-inflammatory state, which may underlie the negative health
effects of sleep disturbance. The slightest loss of sleep has negative health consequences,
both physiological and mental, as well as negative effects on performance [35]. This
evidence suggests that sleep-mediated immune disruption, together with evidence that
pathogen-induced immune responses can negatively affect the sleep cycle, demonstrates
that there is a bidirectional relationship between sleep and immunity, which may have
profound implications in immune-related human diseases [36]. Any disturbance in sleep
can affect the physiological systems that govern immune cell distribution and cytokine
activity. A normal sleep cycle plays a key role in regulating the hypothalamic-pituitary-
adrenal axis, which controls the circadian rhythm. Systemic cytokine levels show an
increase in the mid-morning and late afternoon, reflecting glucocorticoid secretion [37].

2.3. Sleep Disruption

Sleep loss and acute circadian disruption, whether due to total sleep deprivation, sleep
restriction, or sleep fragmentation, have been found to be physiological stressors. These
changes are analyzed in relation to fluctuations in cortisol levels that occur with sleep
loss and circadian disruption. Cortisol elevation following sleep loss and acute circadian
disruption is thought to reflect activation of the hypothalamic-pituitary-adrenal (HPA)
axis [38]. Indeed, cortisol has significant effects on glucose metabolism. It affects the
body’s glucose balance by stimulating gluconeogenesis (the production of glucose from
sources other than glucose) and reducing peripheral glucose utilization, which can lead
to an increase in blood glucose levels. In addition, studies investigating sleep duration
disruption have found that sleep loss and acute circadian disruption are associated with
increased cortisol levels, especially in the afternoon and early evening [38,39]. This suggests
that sleep loss may contribute to metabolic dysfunction, at least in part, via the activation
of a cortisol-mediated physiological stress response.

Experimental sleep studies suggest that sleep deprivation can increase adrenal gland
activity [38]. Consequently, sleep deprivation may generate physiological stress that
alters metabolic homeostasis, leading to a series of low-intensity inflammatory processes
that contribute to metabolic dysfunction. If true, this could also provide a new theory
for the observed relationship between sleep deprivation, circadian dysregulation, and
inflammatory markers [40].

It has been hypothesized that sleep restriction may trigger pro-inflammatory changes
in the gut microbiome. These changes could drive the metabolic and cognitive effects
observed after sleep restriction [41–43]. In a randomized study of healthy Caucasian
volunteers who followed regular eating and exercise schedules, participants were subjected
to two nights of partial sleep deprivation and two nights of normal sleep. It was observed
that in fecal samples taken after two nights of partial sleep deprivation, there was an
increase in the abundance of Firmicutes bacteria and a decrease in Bacteroidetes bacteria
compared to those taken after two nights of normal sleep [41,42]. These changes in relative
bacterial abundance are similar to the patterns observed in fecal samples from obese
people, as described in a study by Benedict et al. [44]. Human research has shown that the
presence of higher counts of Firmicutes, which are more prevalent in rotating and night
shift workers [43], is associated with an increased predisposition to obesity and metabolic
diseases [43,44]. Another study [24] reinforces the results obtained above by showing that
humans who experienced an 8 h circadian offset due to flights across different time zones
showed a change in the composition of the gut microbiome and a pronounced increase in
the phylum Firmicutes [24].
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Several previous studies, such as that by Zhang et al. [43], have shown that in sleep-
restricted rats, an increased Firmicutes/Bacteroidetes (F/B) ratio, which has been associated
with changes in fat mass and inflammation, is observed during rest. There is support for
the idea that cortisol levels in the afternoon or early evening may be altered by shorter
sleep periods or lack of sleep, as well as by acute circadian mismatch. This physiological
response to stress triggered by sleep deprivation is likely to be related to changes in
GM. The above-mentioned detailed relationship between cortisol and the GM suggests a
possible explanation for the connection between stress triggered by sleep disruption or
sleep deprivation, circadian disruption, and possible changes in the GM [43].

2.4. Work Environment

As mentioned above, the community composition and diversity of GM microorgan-
isms are susceptible to change and are affected by various factors, such as diet, activity,
sleep patterns, genetics, drugs, and environment, including the type of work and shift work
(Figure 1) [45,46].

Figure 1. The different factors that can affect the human gut microbiota. Source: own elaboration.
(Created in BioRender.com).

Sleep loss and acute circadian disruption are considered physiological stressors that
contribute to this susceptibility [46]. For example, in a study by Thaiss et al. [24], jet lag was
induced in a group of mice by subjecting them to an 8 h advance in their daily schedule
for three days and showed evidence that host circadian misalignment results in microbial
dysbiosis, leading to metabolic imbalances.

On the other hand, it is necessary to consider that a specific work environment can
also influence the GM and thus the health of workers [47,48]. Table 1 lists the different
studies related to the environment of different types of unconventional work and their
effects on GM. For example, the chemical and physical conditions present in hospitals
give rise to microbial communities that differ widely from those found in the natural
external environment [49]. Even within the same workplace, different areas often have their
own microecological characteristics. For example, in hospital intensive care units (ICUs),
where intensive medical activities are conducted, and frequent exposure to infectious
pathogens occurs, microbial communities are particularly hazardous [49–51]. Indeed, the
microbiology of the hospital environment has been shown to impact the health of hospital
staff [52]. In addition, healthcare workers have been found to have a higher incidence of
Clostridium difficile infections in their workplaces, suggesting that they may act as potential
vectors of infectious diseases [53,54].
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There is a bidirectional relationship between the GM and circadian rhythm. Thus, the
circadian clock influences the composition of the GM; similarly, the GM also regulates the
circadian rhythm. Studies are currently focusing on the disruption of this bidirectional
axis [12]. Indeed, human GM has been shown to play a key role in the development
of brain function, and consequently, in stress-related diseases and neurodevelopmental
disorders [12].

3. Effects of Different Types of Unconventional Work on the Human Gut Microbiota

A link between impaired GM and type II diabetes mellitus (DM2), as well as metabolic
syndrome, has also been demonstrated [59]. The physiological and psychological stress
that occurs during shift work negatively influences intestinal permeability and affects
health via impaired GM. In a healthy gut environment, the epithelial barrier is a well-
maintained structure designed to restrict the impact of pathogens and promote and support
the fight against ‘beneficial’ inflammatory bacteria [59]. Maintaining an appropriate balance
between beneficial and pathogenic bacteria in the mucosa and within the gut is crucial for
gut stability. Both the integrity of the epithelial barrier and the protective gut environment
can be disrupted by various environmental challenges, including stress [59].

In the human GM, it has been observed that approximately 10–35% of the operational
taxonomic units (OTU) show diurnal variations in abundance, according to Bijnens and
Depoortere [3]. For example, oscillations in the abundance of Parabacteroides, Lachnospira,
and Bulleida have been identified, as mentioned in a study by Thaiss et al. [24]. In addition,
short-chain fatty acids (SCFA) show a rhythmic pattern and decrease throughout the day in
humans [3]. In vivo studies have shown that oral administration of SCFA induces a phase
shift in several peripheral tissues, as observed in a study by Tahara et al. [60]. Importantly,
the change in microbiome composition observed in jet-lagged individuals was completely
restored after two weeks of recovery from jet lag [24].

3.1. Healthcare Workers

A study by Zheng et al. [57] showed marked differences in the diversity and structure
of the GM between healthcare workers and non-healthcare workers. Short-term contract
workers were found to have higher microbial diversity than long-term contract workers.
Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria were found to constitute the
majority of the predominant phyla in the GM of all participants. However, the phylum
Firmicutes was found to be more abundant in short- and long-term workers than in non-
medical individuals. On the other hand, the phylum Bacteroidetes were less abundant
among healthcare workers. As for Proteobacteria, they were slightly more abundant in
short-term workers, although this difference was not statistically significant [57].

Alterations in the microbiomes of medical workers may have important implications
for their health. In this study [57], a deviation in the distribution of medical workers’
enterotypes was observed, with an increase in Firmicutes abundance and a decrease in
Bacteroides and Prevotella levels. It was assessed whether the hospital department (ICU vs.
non-ICU) and job position (resident physician vs. nursing staff) of the medical workers
had an impact on the composition of the GM. Significant differences in GM composition
between individuals belonging to different hospital departments and occupying different
job positions were observed in both short- and long-term groups of workers [57]. Significant
differences in the composition of the microbiome were observed between ICU and non-ICU
workers. Compared to non-ICU workers, it was observed that ICU workers showed a
significant increase in the abundance of Dialister bacteria, Enterobacteriaceae, Phascolarctobac-
terium, Pseudomonas, Veillonella, and Streptococcus, and a marked decrease in Faecalibacterium,
Blautia, and Coprococcus bacteria.

It was observed that the GM of ICU workers, who specialize in the treatment of criti-
cally ill patients, shows a significant increase in Enterobacteriaceae, Pseudomonas, Veillonella,
and Streptococcus bacteria [57]. These findings support the idea that exposure to the hospital
environment and interaction with critically ill patients may influence the composition of
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the microbiome of ICU workers, particularly the abundance of certain bacterial genera.
Members of the Enterobacteriaceae family are common ICU pathogens. These bacteria are
among the pathogens most frequently associated with nosocomial infections in hospital
settings, including ICUs [57]. The enrichment of Enterobacteriaceae members in medical
workers could be related to exposure to the ICU environment [57].

The risk of colonization by C. difficile, a bacterium associated with nosocomial in-
fections, tends to increase steadily during hospitalization. This suggests that there is a
cumulative risk of daily exposure to C. difficile, possibly in the form of spores, which may
persist in the hospital environment for months [53]. These spores could be a potential
source of infection and contribute to the transmission of C. difficile to the microbiome of
exposed medical workers. Colonization with non-toxigenic strains of C. difficile may offer
some protection against the development of disease caused by toxigenic strains. This means
that the presence of non-toxigenic strains in the microbiome may compete with toxigenic
strains, thus limiting their growth and pathogenic activity [53].

3.2. Farm Workers

Another worker group studied was farmers. Studies have been conducted on the
impact on the microbiota of people working on farms with animals compared to those
working in urban environments [55]. Farmers had higher microbial richness and diver-
sity compared to individuals living in urban environments. These results support the
hypothesis that residing in urban environments may imply exposure to a less diverse
microbial flora, which is associated with an increase in allergic and inflammatory diseases.
In addition, they showed a greater similarity to the gut profile of pigs, as evidenced by
an increase in bacteria of the genus Bacteroides and the family Clostridiaceae, as well as a
decrease in bacteria of the phylum Firmicutes [55].

Only one study has investigated changes in the oral microbiota associated with expo-
sure to agricultural pesticides. Stanaway et al. [61] found a persistent association across
seasons between the detected blood concentration of the insecticide azinphos-methyl and
the taxonomic composition of the oral microbiome, specifically a significant reduction in
the genus Streptococcus [62].

3.3. Military Personnel

Another group in which microbiota-related studies have been conducted is the military
personnel. In the study by Walters et al. [63], the relationship between variations in the
microbiota of soldiers overseas and the incidence of traveler’s diarrhea (TD) infection
was investigated. Ruminococcaceae was found to be more abundant in soldiers who tested
positive for TD, while Ruminiclostridium spp. had a higher relative abundance in soldiers
who tested negative for TD. In addition, Haemophilus spp. and Turicibacter spp. were found
to be associated with the alleviation of gastrointestinal distress [63].

3.4. Long-Travel Seamen

On the other hand, seafarers also face extreme situations and disruption of conven-
tional patterns [64]. Indeed, the difficult conditions they experience during long sea voyages
increase the risk of illness and death compared to workers on land. The ocean environment
presents a variety of adverse conditions, such as high humidity, high salinity, intense
exposure to sunlight and ultraviolet radiation, heavy waves, monotonous environments,
disrupted circadian rhythms, sleep disturbances, and limited access to fresh fruits and
vegetables [64,65]. In addition to vitamin deficiency, chronic diseases affecting the immune
system and digestive tract have become the main health risk for people working at sea [62].
The human GM plays a key role in the host immune system and is essential for maintaining
human health [66]. Recent studies have highlighted the importance of the diversity of gut
microbial species and functional genes in the development of various chronic metabolic
diseases. Although attention has been paid to the health of seafarers over long voyages,
research in this area remains limited [62,67]. In a study by Zhang et al. [68], it was shown
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that a long sea voyage not only led to changes in the composition of the GM but also
reduced the diversity of its functional characteristics. In this study, the microbiome of
sailors in the placebo group underwent significant alterations during a long sea voyage,
involving changes in key gut bacterial species and a significant reduction in genes for
carbohydrate-active enzymes, which are critical for maintaining GM homeostasis and host
health [69]. These enzymes help us break down these complex carbohydrates into SCFA,
either directly or via a cross-feeding mechanism [70]. This, in turn, promotes gut health
and improves fitness. Conversely, the low diversity of gut microbes possessing functional
genes represented by these degradative enzymes is closely associated with the growth of
pathogens that can trigger chronic diseases [68]. At the same time, during prolonged sea
voyages, the limited availability of fresh fruits and vegetables may also be a crucial factor
contributing to a decrease in gut microbial diversity [67].

3.5. Metal and Tunnel-Workers

GM and health are also affected in workers exposed daily to dust, metalworking
fluids (MWFs), and pesticides. Two studies investigated possible changes in the GM in
workers exposed to silica and ceramic dust. A study by Zhou et al. [71] analyzed the
characteristics of the GM in patients with early stage pulmonary fibrosis caused by daily
exposure to silica in the work environment. It was observed that, at the phylum level, the
abundance of Firmicutes and Actinobacteria was lower in patients with silicosis than in
healthy control individuals. These findings may be useful for the early diagnosis of silicosis
and prevention of pulmonary fibrosis [71]. Furthermore, Ahmed et al. [72] conducted a
study on the composition of the nasal microbiota in workers exposed to dust in ceramic
factories. It was observed that dust-exposed workers had a significant increase in the
relative abundance of the phylum Proteobacteria, specifically Haemophilus spp., with a
lower presence of Actinobacteria and Bacteroidetes compared to controls [72].

Another study by Wu et al. [73] performed an invasive characterization of the mi-
crobiota in lung biopsies obtained from workers exposed to MWFs. Lung biopsies were
performed on symptomatic MWF-exposed workers and showed the presence of bacterial
species characteristic of MWFs in a new and distinctive MWF-related lung condition. This
condition was characterized by lymphocytic bronchiolitis and alveolar ductitis, with B-cell
follicle formation and emphysema [74]. Wu et al. [73] also showed the presence of an OTU
designated as Pseudomonas in the lung, skin, and nasal samples from exposed workers, as
well as in MWFs. Traces of Pseudomonas pseudoalcaligenes were found in these samples, and
these readings were a close match for the P. pseudoalcaligenes readings of the metal working
fluid samples, which suggests that the bacterial DNA found in the tissue samples could
have originated from the metal working fluid. Interestingly, this OTU was not found to be
differentially enriched in the air samples, suggesting that the main mode of transmission of
this microorganism is via direct rather than airborne contact [73].

In addition, it is interesting to note that the alterations observed in the GM of the
tunnel workers were similar to those found in patients with mental disorders, especially
mood disorders [1], and point to the importance of maintaining a proper balance in the
GM to promote mental and emotional well-being [1]. Regarding the high abundance of
Actinobacteria and Coriobacteriaceae in patients with mental disorders, as mentioned in the
study by Lu et al. [1], a possible correlation with dyslipidemia has been suggested. This
suggests that the composition of the GM may be related to metabolic and cardiovascular
health in patients with mental disorders. In addition, the presence of Bifidobacterium
bacteria has been found to be significantly higher in patients with major depressive dis-
order and bipolar disorder with current major depressive episodes. Several studies have
found lower levels of Faecalibacterium in patients with mental disorders, including bipolar
disorder [1]. Faecalibacterium is a bacterial genus associated with the production of SCFA,
which are important metabolites for gut health. A decrease in SCFA-related bacteria, such
as Faecalibacterium, could indicate a dysbiosis in anti-inflammatory activities in workers
and possibly in patients with mental disorders. SCFA, produced by intestinal bacteria
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during the fermentation of food substrates, can modulate the immune response and have
anti-inflammatory effects. Therefore, a decrease in these bacteria and the corresponding
SCFAs could be related to an inflammatory state and dysfunction in microbiota-gut-brain
interactions. Furthermore, it has been postulated that SCFA may directly or indirectly
mediate GM-brain interactions via various signaling pathways, such as immune, endocrine,
neural, and humoral pathways [1].

4. Use of Probiotics to Restore Dysbiosis in Workers

Due to studies showing that both the type of work and unconventional working hours
can negatively affect the GM, the use of probiotics has been suggested to alleviate these
consequences. Table 2 compiles studies showing the effects of probiotic supplementation
on GM and biochemical markers in workers. In fact, they could be used in a personalized
way for everyone under the concept of precision probiotics [75].

Probiotics are defined as live microorganisms that, when consumed in adequate
amounts, provide health benefits to the host [76]. Commonly, probiotics include bacterial
strains of the genera Lactobacillus and Bifidobacterium [77,78]. To date, most probiotic-related
studies have focused on describing variations in the GM and have concluded that limited
structural changes in the GM are a common phenomenon following probiotic consumption.
These changes are characterized by an increase in the number of beneficial microorganisms
and a decrease in pathogens [79,80]. Some clinical studies have investigated the application
of probiotics in the treatment of various diseases. For example, their efficacy has been
studied in liver disease [81], cardiovascular disease [82], kidney disease [83], irritable bowel
syndrome [84], relief of allergy symptoms [85], and against viral infections [82]. Although
the results of all these studies were not necessarily positive, probiotics have been found to
have common effects on the regulation of GM.
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Evidence of the beneficial effects and immune-modulating capacity of probiotics
suggests that investigating the use of probiotic supplements to ameliorate sleep disruption-
induced changes in night work-associated inflammation is a promising avenue [92]. It is
certain that probiotics can transiently colonize the GM [92,93]. It has been postulated that
these microorganisms exert beneficial health effects by modifying the immune system.

A study by West et al. [22] investigated the acute effects of two different probiotic
strains, Lactobacillus acidophilus DDS-1 and Bifidobacterium animalis spp. lactis UABla-12, on
the immune system of night shift workers. These strains, alone or in combination, have pre-
viously been shown to reduce the severity of abdominal pain and irritable bowel syndrome
symptoms [88,90,93], improve functional constipation [94], provide symptomatic relief in
cases of lactose intolerance [94], and show protective effects against atopic dermatitis [95]
and respiratory infections [96]. Night shifts are associated with significant changes in the
markers of stress and immunity, and probiotic supplementation was found to moderate
the severity of these changes. These results suggest that there are wider health implications
associated with night work than with circadian disruption [21,97]. They also provide
initial evidence for the use of probiotics to attenuate the effects of stress associated with
night work.

Another study [27] investigated the acute effects of probiotics on stress indices, acute-
phase responses, and inflammation during two nights of night work. It was observed
that the most significant changes occurred during the anticipatory stress before the night
shift [27]. Anticipatory stress refers to stress associated with upcoming events [90] and
is related to illness [98] and dysregulation of the HPA axis and the immune system [99].
The study results provide initial evidence that L. acidophilus and Bifidobacterium lactis can
improve the biological impact of stress and that B. lactis can also improve sleep quality.
In addition, a high recovery rate of the ingested probiotic species was observed. This
study presents a novel approach to understanding the role of probiotic supplementation in
inducing stress and immune system alterations. Furthermore, it confirms previous findings
that L. acidophilus and B. lactis can colonize the gut and be detected in feces [94].

On the other hand, there are also studies exploring the possibility that probiotics
may play a role in maintaining microbiome homeostasis during long sea voyages. One
example is the study by Zhang et al. [68], who investigated the possible effects of
probiotics on improving the physical fitness of seafarers. In this study, a questionnaire
was designed that included scores related to bowel movement (such as stool consistency
and volume; the presence of constipation, diarrhea, and bloody stools; and the frequency
of defecation), pain in the stomach, pain in the legs, headache, chest pain, muscle pain,
and stress/anxiety at the end of the journey. Following probiotic supplementation,
significant differences were found in the reduction in stress and anxiety scores [87,91].
These results indicate that probiotics have the potential to prevent the onset of anxiety
during a long sea voyage [72]. Another 30-day longitudinal study on Chinese seafarers
revealed that probiotics were able to maintain the homeostasis of the GM during a long
sea voyage. The probiotics used in the study included strains such as Lactobacillus casei,
Lactobacillus plantarum, L. rhamnosus, and B. lactis, which demonstrated excellent probiotic
properties in previous studies [68,100].

Another option to reduce anxiety or depression would also be the supplementation of
SCFA or dietary fiber intake [41], as recent research indicates that SCFA or the microbiota
may influence brain function, such as anxiety or depression [100]. Therefore, it is possible
that microbiota-derived metabolites reach the brain, and future studies are required to
understand the impact of chronic SCFA administration on the circadian clock system in
the brain [41]. The results indicate that bacterial fermentation end products, such as SCFA,
show a decrease throughout the day [101]. The two most abundant genera associated with
time were Roseburia and Ruminoccocus, which accounted for 2% and 3% of the bacterial
community in our participants, respectively. In addition, both Roseburia and Eubacterium
decreased throughout the day. Both genera are butyrate producers, and a decrease in
butyrate concentrations throughout the day was reported [101].
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Associations between the time of day and bacterial abundance could be related to
specific bacterial characteristics, such as bile resistance. For example, Oscillospora and
Bilophila, which increased during the day, are bile tolerant, which could give them a com-
petitive advantage during waking hours when increased bile secretion occurs due to food
intake [101]. Alternatively, these fluctuations could be influenced by factors independent
of the presence of food in the gastrointestinal tract. Circadian variations in the murine
microbiota are observed even when parenteral nutrition is the only source of food. Other
factors may include hormonal signals from the hosts. For example, Enterobacter aerogenes
may be affected by melatonin, a circadian hormone [101].

A narrative review suggested that probiotics, prebiotics, and postbiotics may improve
sleep quality and reduce stress by influencing sleep latency, sleep duration, and cortisol
levels. However, it is important to note that stronger evidence and further validation are
required to support these findings, as well as to understand the underlying mechanisms
in detail. This can be achieved via appropriate methodological adjustments and further
research [102].

5. Conclusions

The effects of shift and night work, as well as unconventional work, on human
health have various aspects related to both personal characteristics and working and
living conditions. Shift work is known to be a risk factor for many health disorders,
such as gastrointestinal, psychological, and cardiovascular disorders, but it also disturbs
the homeostasis of the sleep/wake cycle and circadian rhythms, as well as hinders
family and social life, which triggers other problems. Furthermore, there is a plausible
basis for the hypothesis that the suppression of melatonin secretion due to shift or
night work may contribute to GM dysbiosis. Furthermore, the work environment or
working environment may influence GM, leading to gut dysbiosis in many cases. It has
been suggested that the use of probiotics could be a mechanism to restore the intestinal
microbiota in workers. The results obtained suggest that probiotic supplementation
may be effective in protecting and preserving the diversity and stability of the intestinal
microbiota under the special conditions present in various jobs. However, more research
is still needed on how the microbiota is affected by probiotics and their use at the
individual and personalized level.
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Abstract: In recent years, investigators have focused on neural vulnerability factors that increase
the risk of unhealthy weight gain, which has provided a useful organizing structure for obesity
neuroscience research. However, this framework, and much of the research it has informed, has
given limited attention to contextual factors that may interact with key vulnerabilities to impact
eating behaviors and weight gain. To fill this gap, we propose a Contextualized Neural Vulnerabilities
Model of Obesity, extending the existing theory to more intentionally incorporate contextual factors
that are hypothesized to interact with neural vulnerabilities in shaping eating behaviors and weight
trajectories. We begin by providing an overview of the Neural Vulnerabilities Model of Obesity, and
briefly review supporting evidence. Next, we suggest opportunities to add contextual considerations
to the model, including incorporating environmental and developmental context, emphasizing how
contextual factors may interact with neural vulnerabilities to impact eating and weight. We then
synthesize earlier models and new extensions to describe a Contextualized Neural Vulnerabilities Model
of Obesity with three interacting components—food reward sensitivity, top-down regulation, and
environmental factors—all within a developmental framework that highlights adolescence as a
key period. Finally, we propose critical research questions arising from the framework, as well as
opportunities to inform novel interventions.

Keywords: neural vulnerabilities; obesity; context; eating behavior; reward sensitivity; regulation;
executive control; inhibitory control; adolescence

1. Contextualizing the Neural Vulnerabilities Model of Obesity

In recent years, a framework for conceptualizing obesity risk in the context of specific
neural vulnerabilities has emerged [1,2] and provided a useful organizing structure for
work in the field of obesity neuroscience. Within this framework, specific individual-level
factors, particularly high reward sensitivity to high-calorie foods, and low top-down regu-
lation abilities (most notably, inhibitory control) are considered critical risk factors for the
development of unhealthy eating and, ultimately, obesity. A growing literature documents
considerable individual differences in both sensitivity to food rewards and regulation abili-
ties (particularly aspects of executive control, which is also often referred to as executive
function), and links these critical neural vulnerability factors to obesogenic eating behaviors
and excess weight gain [1,3]. However, the Neural Vulnerabilities of Obesity framework, and
much of the research informed by this perspective, has given relatively limited attention to
contextual factors that may interact with key vulnerabilities to impact eating behaviors and
weight gain in important ways. To fill this gap, we propose a Contextualized Neural Vulner-
abilities Model of Obesity, extending existing theory to more intentionally incorporate the
consideration of various contextual factors that are hypothesized to interact with individual
reward sensitivity and regulation abilities in shaping eating behaviors and, ultimately,
long-term weight trajectories. Our hope is that this extension of the neural vulnerabilities
model will provide a useful conceptual framework for increasingly rich and contextualized
investigations into the interplay between brain, environment, behavior, and health.
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In this paper, we begin by providing an overview of the Neural Vulnerabilities Model of
Obesity and a brief review of the empirical evidence supporting the model. Next, we suggest
opportunities to add contextual considerations to the model, including the incorporation of
environmental and developmental context, with an emphasis on how contextual factors
may interact with neural vulnerabilities to impact eating and weight trajectories. We then
attempt to synthesize earlier models and new extensions to describe a Contextualized Neural
Vulnerabilities Model of Obesity with three major interacting components – approach factors
for unhealthy eating (including food reward sensitivity), top-down regulation abilities
(including executive control of attention to food cues, executive control of appetitive
response, and emotion regulation), and environmental factors (including availability and
cues for unhealthy consumption in the home, neighborhood, family, and peer contexts)
– all within a developmental framework highlighting adolescence as a potentially key
period. Finally, we propose critical falsifiable research questions arising from the conceptual
framework, as well as opportunities to inform novel interventions.

2. The Neural Vulnerabilities Model, Extensions, and Supporting Literature

The Neural Vulnerabilities Model of Obesity provides a framework for conceptualizing
neural factors that may predispose an individual to the over-consumption of calorically-
dense foods and excess weight gain. As reviewed by Stice and Burger [1], the extant
literature suggests two specific vulnerabilities with particularly consistent links to obesity:
high reward sensitivity, as reflected in neural hyper-sensitivity to high-calorie foods; and
regulation deficits, particularly low inhibitory control. These dual vulnerabilities may also
work in tandem, as in an accelerator/brake metaphor, with high reward sensitivity creating
a strong approach motivation toward unhealthy food (the “accelerator”) and regulation
serving as a “brake” on excessive consumption. From this perspective, individuals with an
overactive accelerator (i.e., too much reward sensitivity), and weak or ineffective brakes
(i.e., too little regulation) may be at risk for habitual over-consumption of unhealthy
foods. Notably, the factors of reward and regulation—and the idea that they may work
in tandem to affect behavior—generally map onto broader neuroscience models of self-
regulation failure, such as the Balance Model of Self-Regulation, which has also been applied
to eating behavior [4,5]. Interestingly, the opposite pattern of low reward responsiveness
and very high regulation—not enough accelerator, and too much brake—may characterize
individuals at risk of anorexia nervosa (AN). Specifically, women with, or recovered from,
AN show a weaker responsivity of the reward and motivational regions (e.g., insula,
striatum, anterior cingulate cortex [ACC]) to images and tastes of high-calorie foods versus
the healthy controls [6–9]. In addition, women with, or recovered from, AN show greater
recruitment of the inhibitory regions (e.g., dorsolateral prefrontal cortex [dlPFC], inferior
frontal cortex) in response to high-calorie food images and obesity-related words than do
healthy controls [10,11], and they also show less delay discounting for money than do
controls, implying elevated self-control [12,13].

Further extending the neural vulnerabilities model, researchers have developed in-
creasingly sophisticated frameworks focusing on how specific regulatory deficits can lead
to unhealthy eating patterns and excess weight gain. Hall and Marteau [14] proposed a
conceptual model highlighting executive control deficits as a key mechanism impacting a
wide variety of health behaviors, obesity, and overall health risks in adults. In a develop-
mental extension of this model, Nelson and colleagues [15] detailed how deficits in specific
components of executive control (including working memory, inhibitory control, and flexi-
ble shifting) in adolescence could contribute to breakdowns of attentional, behavioral, and
emotional control, leading to unhealthy eating and weight trajectories. Taken together,
these frameworks proposing key roles for a variety of regulatory abilities, particularly those
falling under the umbrella of “executive control”, extend the neural vulnerabilities model,
which has focused primarily on inhibitory control deficits, to include related abilities with
a potential relevance to obesity.
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A substantial and growing empirical literature supports the role of reward sensitivity
and regulation as key neural vulnerability factors for obesity. First, numerous studies
have linked a high reward sensitivity with a greater risk for unhealthy food consumption
and obesity (see [16] for review). Particularly pertinent to neural vulnerabilities, elevated
reward region response to both tastes of high-calorie food and cues for high-calorie food
have been associated with overeating and/or obesity in prospective studies. Specifically, el-
evated responsivity of brain regions implicated in reward valuation (striatum, orbitofrontal
cortex) to high-calorie food images and cues has predicted future unhealthy weight gain
in longitudinal studies with adolescents and young adults [17–20]. Along these lines, we
recently found that elevated activation of reward regions (e.g., caudate and putamen) upon
receiving sips of a chocolate milkshake significantly predicted greater weight gain over a
one-year period in a large sample drawn from several longitudinal studies of adolescents
and adults [21]. Second, a large body of literature has found associations between specific
deficits in top-down regulation abilities and dietary and obesity risk. For example, although
results have been mixed, studies spanning the developmental spectrum have reported
significant correlations between executive control (and related abilities) and unhealthy
eating behaviors and/or obesity (see [22,23], for reviews). Moreover, while the majority of
this literature has focused narrowly on deficits in inhibitory control (see [1], for review), a
growing number of studies have linked other aspects of executive control (such as working
memory or flexible shifting; refs. [3,24,25]), or more comprehensive measures incorporating
multiple executive control abilities [26,27], to eating and weight outcomes. Third, a more
limited set of studies has examined interactions between reward sensitivity and regulation in
predicting diet and weight trajectories. For example, in a rare study explicitly testing the
interaction between the relative reinforcing value of food and inhibitory control, Loch and
colleagues [28] reported that this interaction did not significantly predict the change in
adiposity over three years in a sample of children and adolescents. However, rigorous
large-sample studies, leveraging neural measures to explore interactions between reward
sensitivity and regulation in predicting eating behavior and obesity trajectories, are needed.

3. Adding Context to the Neural Vulnerabilities Model

Although the Neural Vulnerabilities of Obesity and related models have guided
valuable studies explicating the role of reward sensitivity and top-down regulation in
obesity risk, this framework, and much of the research informed by it, gives limited
attention to contextual factors. Such factors, including environmental and developmental
context, are potentially important in achieving an even more sophisticated understanding
of individual risk of unhealthy eating and obesity, which could guide novel interventions.
Specifically, as we discuss below, contextual factors may confer risk not only through
their direct effects on weight status (which are well-documented in the literature; e.g.,
refs. [29,30]), but also in how such factors potentially interact with neural vulnerabilities of
reward sensitivity and top-down regulation to impact weight trajectories. We highlight the
particular promise of integrating environmental and developmental contextual factors into
the neural vulnerabilities framework.

Environmental Context. Environmental factors could be critical in creating the context
in which reward and regulation operate. For example, in highly obesogenic home and
neighborhood environments—characterized by ubiquitous access to, and cues for, unhealthy
consumption—the impact of specific neural vulnerabilities (i.e., high reward, low top-down
regulation) could be amplified. Individuals who are highly sensitive to food reward may
be especially vulnerable to the consumption cues in such environments, including being
drawn to attend to and consume highly appetizing (but nutritionally-poor) foods. Relatedly,
individuals with poorer top-down regulation abilities may struggle to direct their attention
and behavior in healthy ways when confronted with an obesogenic environment. For
example, low executive control of attention may lead to over-attending to food stimuli,
making it especially difficult to disengage from tempting stimuli when they are prevalent
in the environment [15,31]. Further, deficits in response inhibition may be more likely to
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lead to impulsive and unhealthy consumption when access to unhealthy foods is easy
and immediate. Conversely, in less obesogenic environments, temptation and the need
for top-down regulation may be substantially lower, thus moderating the impact of these
vulnerabilities. While a large and growing literature has documented the main effects
of home, neighborhood, and school environments on diet and weight status, very little
research exists exploring interactions between individual neural vulnerabilities and the
environmental context. Integrating environmental factors into the neural vulnerabilities
framework could help guide such research by contextualizing the roles of reward and
regulation within the physical environment.

Food insecurity represents a unique environmental factor that may interact with neural
vulnerabilities to impact eating and obesity trajectories. The uncertainty that comes with
not having reliable access to food could distort reward and regulatory processes, with
concerns focusing mostly on consumption whenever food is available, with less attention
given to the nutritional quality of the food (see [32] for a review of associations between
food insecurity and dietary quality). Further, regulation of portion size may become a less
salient goal in the context of food insecurity; rather, such circumstances may encourage
overeating whenever food is available, thus enhancing the rewarding value of food while
undermining regulation abilities. Such processes may contribute to the paradoxical link
between food insecurity and obesity [33] and must be understood as an interaction between
context and vulnerability factors.

In addition to the physical environment, the social or relational environment in which
an individual is embedded creates a critical context for eating and obesity trajectories.
Specifically, the behaviors, attitudes, and goals of individuals in close proximity to, and
who regularly interact with, the focal person could have a considerable impact in shaping
the context in which eating occurs. Families play a critical role in establishing norms around
eating. For example, parents who model eating dessert after every meal, and encourage
children to do the same, influence the context in which food reward and regulation develop
and are deployed. Additionally, friends, partners, and other peers such as roommates or
co-workers could be important in supporting or not supporting health goals. For example,
having a partner who is supportive of pursuing healthy eating and exercise goals could
help mitigate high food reward sensitivity and reduce regulatory demands by helping
maintain a home environment that is conducive to these goals. In contrast, living with
someone who does not support health goals – for example, by consistently bringing home
energy-dense/nutrition-poor foods – may exacerbate neural vulnerabilities by increasing
temptation in the home environment. And while the main effects of such social factors on
diet and obesity are relatively well-documented (see [34], for review), the ways in which
these factors interact with individual reward sensitivity and regulation abilities to predict
unhealthy weight gain has been largely overlooked and represents an opportunity to
integrate the critical context into research guided by the neural vulnerabilities framework.

Just as physical and social environments create the “external context” in which neural
vulnerabilities exist, there is also an “internal context” of individual-level characteristics
that could interact with reward sensitivity and regulation. Perhaps most notably, negative
affect could create an internal context in which reward and regulation operate. Depression,
anxiety, and loneliness, for example, are prevalent manifestations of negative affect that
likely have complex interplays with reward processing, regulation, and eating [4,35].
While the literature surrounding the main effects of negative affect on eating behaviors
is considerable (see [36], for review), the interaction between negative affect and neural
vulnerabilities in the context of diet and obesity is less frequently studied. The internal
context of high negative affect may create conditions that ultimately lead to enhancing
the rewarding value of food, both immediately and over time. For example, Wagner and
colleagues [35] found that inducing negative affect increased reward region activation in
response to appetizing food images compared to a neutral mood control condition. Further,
negative affect may create a drive to eat appetizing (yet ultimately unhealthy) foods as a way
of combatting negative emotions (a “food as self-medication” hypothesis). In their meta-
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analysis, Cardi and colleagues [37] reported that experimentally-induced negative mood
was associated with greater food consumption. There is also evidence that experimentally-
induced stress increases reward region response to milkshake tastes [38]. Because such
energy-dense foods are often immediately gratifying, their consumption in the context of
negative affect could be negatively reinforced through the temporary reduction of unpleasant
emotions, thus increasing this behavior when negative emotions are experienced. Along
these lines, Ranzenhofer and colleagues [39] assessed negative affect before and after a
laboratory meal in a sample of adolescent girls with loss of control eating, and they found
that a higher pre-meal negative affect was associated with greater snack and dessert intake,
and that there was a significant decrease in negative affect from pre-meal to post-meal.

Relatedly, when negative affect is repeatedly paired with high calorie consumption,
the experience of negative affect can theoretically become a cue for eating, even in the
absence of hunger, which increases obesity risk. Further, individuals with poor top-down
regulation abilities may be especially at risk of falling into these maladaptive processes
because they struggle to regulate and respond to negative emotions in healthier ways [15].
Findings from our longitudinal research on developing executive control and obesity
risk hint at such a process. We have found that the interaction between negative affect
temperament and executive control predicts both unhealthy eating (including high sugar
and sugar-sweetened beverage intake [27]) and BMI gain across adolescence [40], with
deficits in executive control being particularly predictive in the context of high negative
affect. Further, Yang et al. [41] reported an interaction between negative affect and reward
region response to appetizing foods, with high negative affect amplifying the association
between neural response to food and future weight gain.

Developmental Context. In addition to environmental context, adding developmental
context to the neural vulnerabilities framework could be valuable. Reward sensitivity,
regulation abilities, and eating behaviors all have unique developmental trajectories [42–44],
and it is essential to consider the dynamic interplay between these factors at key points in
development. Although studies have found associations between neural vulnerabilities and
weight from early childhood through adulthood [17,26], we argue that adolescence may be
a particularly critical period for consideration within the neural vulnerabilities framework
given its importance in the development of eating habits and weight trajectories, as well
as it being a time in which the interplay between reward, regulation and the environment
may be especially relevant. Adolescence is a unique developmental period characterized
by increasing autonomy, which “raises the stakes” for health behaviors and “presses” the
adolescent to deploy top-down regulation to direct behavior toward health. Adolescence is
also a time of heightened reward sensitivity and emotional reactivity but still-developing
regulatory abilities [45], creating a potential developmental imbalance that undermines
the top-down control of attention and behavior [46]. Further, adolescents have limited
control over their food environments (e.g., they do not typically grocery-shop or decide
where they live or go to school), but these environments could be critical in shaping their
eating behavior. Because of the combination of increasing health behavior autonomy,
heightened reactivity, immature regulation abilities, and vulnerability to environmental
context, adolescence represents a unique developmental context in which to understand
obesity risk from a contextualized neural vulnerabilities perspective. The importance of
this developmental period is further highlighted by the elevated rates of obesity relative
to earlier childhood and escalating rates over time [47], as well as generally low dietary
quality for adolescents relative to other age groups [44]. Relatedly, adolescence may be
an ideal time for intervention to prevent obesity before processes that lead to the habitual
overvaluation and overconsumption of energy-dense foods become entrenched. However,
much of the extant literature on reward, regulation and obesity has focused on adults, and
thus misses critical developmental context.
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4. A Contextualized Neural Vulnerabilities Model of Obesity

Integrating the considerations discussed above, we propose a Contextualized Neural
Vulnerabilities Model of Obesity (see Figure 1). The model is comprised of three major
components—reward sensitivity factors, top-down regulation abilities, and environmental
factors—all of which are embedded within a developmental context. While each component
is expected to have direct effects on eating behaviors and weight trajectories, the novel
contribution of this model is in its focus on potential interactions between components to create
a more contextualized conceptualization of obesity risk that will inform new directions in
research, as well as targeted prevention and intervention.

Figure 1. Contextualized Neural Vulnerabilities of Obesity Model.

The three components of the Contextualized Neural Vulnerabilities Model, as well as their
interactions, are depicted in Figure 1. First, reward sensitivity factors represent individual
differences in the reinforcing value of energy-dense/nutrition-poor food, including those
high in fat or added sugar, and highly processed foods. It is expected that individuals
who are highly sensitive to the rewarding qualities of such foods will be motivated to
consume unhealthy foods at a high rate, thus contributing to habitual over-consumption
and risk for excess weight gain. An emerging obesity neuroscience literature suggests that
elevated reward region response in a variety of situations—including viewing images of
high-calorie foods, anticipation of receiving high-calorie food tastes, and actual high-calorie
food tastes—may all be relevant in predicting future weight gain [1,21]. Furthermore, it
may be useful to distinguish between early-emerging, biologically-determined individual
differences in neural responsivity to high-calorie foods and reward region responses to cues
that have come to be associated with hedonic pleasure over time. While the former may
represent a static individual vulnerability, the latter is conceptualized as more of an emergent
risk factor that develops through a conditioning process. This process may unfold over time
with repeated pairing of cues with hedonic pleasure, resulting in an increased attention
and reactivity to cues in reward regions, which in turn increases the risk of overeating and
weight gain.

Second, regulation factors refer to an individual’s ability to exert top-down regulation
to direct attention and behavior in intentional ways. Considerable individual differences
in such abilities (often conceptualized as executive control or some of its components)
have been documented across the developmental spectrum [48–51], and deficits in specific
abilities (e.g., inhibitory control, working memory, cognitive flexibility) could impact
an individual’s ability to achieve health goals (see [14,15], for discussion). By far the
most robust literature in this area has focused on low inhibitory control as a risk factor
for future weight gain. Inhibitory control deficits in response to high-calorie foods in
delay-discounting tasks, which reflect a bias toward immediate rewards, have reliably
predicted future weight gain [52–55]. Similar results have emerged from studies using

211



Nutrients 2023, 15, 2988

self-report measures of inhibitory control [56–58]. Individuals with inhibitory control
deficits also show a poorer response to weight loss treatment and poorer weight loss
maintenance [59–61]. Further, individuals who showed less recruitment of inhibitory
control regions (dorsolateral prefrontal cortex) during a delay discounting task showed
significantly less weight loss in response to weight loss treatment [60] and less weight loss
maintenance over a one-year follow-up [61]. Moreover, while the majority of the literature
on regulation and obesity has focused on inhibitory control, specifically, other aspects of
executive control, particularly working memory and flexible shifting, have begun to receive
more attention, both conceptually [14,15] and empirically (see [3,24], for relevant reviews).
Therefore, recognizing the potential role of a range of regulatory abilities in eating and
obesity, our model includes a broad conceptualization of top-down regulation factors as
potentially important neural vulnerabilities for obesity.

One potentially important distinction here is between general top-down regulation
(which occurs across a wide variety of stimuli and contexts) and top-down regulation that
occurs within the specific context of food. Research rigorously examining the relative impact
of these distinct types of regulation is currently lacking, but it is possible that both forms
could be relevant for obesity, with general regulation abilities creating a broad foundation
for a more food-specific regulation that develops over time. For example, healthy-weight
adolescents with versus without a parental history of obesity show greater reward region
response to both monetary reward and tastes of high-calorie foods [62,63]. Theoretically, a
general deficit in inhibitory control increases the likelihood of beginning to consume high-
calorie foods, and the habitual intake of high-calorie foods may create even greater deficits
in inhibitory control because it contributes to greater reward region responsivity to cues for
high-calorie foods, which is a risk factor for future weight gain [64]. That is, the process of
overeating appears to increase a key neural vulnerability factor for future unhealthy weight
gain. Research has captured this incentive sensitization conditioning process wherein a
previously neutral visual cue acquires motivational significance when it is repeatedly paired
with tastes of chocolate milkshake, resulting in an increase in caudate, putamen, and ventral
pallidum response to the visual cue [65]. Consistent with expectations, individuals who
showed the greatest increase in striatal responsiveness to the cue showed a significantly
higher future weight gain [65].

Third, environmental factors include a wide range of contextual considerations that
shape diet and weight trajectories. In our conceptualization, these include both “external
context” factors and “internal context” factors. External context refers to environments
outside the individual such as key physical food environments (e.g., home, neighborhood,
school, work) and social or relational systems (e.g., parents, peers, partners), which together
comprise the food environment that surrounds the individual on a daily basis [66]. Im-
portant aspects of the external food environment include the availability and accessibility
of healthy and unhealthy foods (e.g., what foods are easily accessible within the home
and community [67]) and environmental cues for consumption (e.g., advertisements for
fast food, consumption patterns of others around the individual, social norms around
eating [68]). Internal context refers to contextual influences within the individual that
can affect dietary behavior, most notably the presence of negative affect (e.g., depression,
anxiety, loneliness), which can become a cue for eating high-calorie foods [35]. Broadly
speaking, obesogenic environmental contexts—characterized by the high availability of
unhealthy foods and various internal and external cues for their consumption—may “set
the stage” for habitual unhealthy eating and long-term excess weight gain.

In addition to the main effects of reward sensitivity, regulation abilities, and environ-
ment factors, several interactions between these model components are hypothesized to
impact dietary and weight outcomes. Existing models have already highlighted some po-
tential roles of reward x regulation interactions, with a greater reward sensitivity expected
to create a stronger drive toward overeating, thus requiring stronger regulation abilities
to meet dietary goals [4]; however, research rigorously testing such interactions is limited.
Our contextualized extension also proposes critical interactions between key neural vulner-
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abilities (reward sensitivity and regulation abilities) and environmental factors. Individuals
with a high food reward sensitivity may be particularly vulnerable to food environments
in which highly appetizing foods are readily available and consumption cues are ubiqui-
tous, creating temptation for consumption that may be inconsistent with dietary goals (a
reward x environment interaction). Similarly, successfully navigating such challenging
environments may require stronger regulation abilities, with obesogenic environments
exposing deficits in regulation more than healthy environments which may buffer the risk
in individuals with weaker regulation abilities (a regulation x environment interaction).
Taken together, these complex interactions suggest that dietary and obesity risk emerge
from the combination of risk factors in context, with high reward sensitivity creating a
motivational approach toward unhealthy foods, the environment creating opportunities for
consumption of such foods, and then low regulation resulting in breakdowns in intentional
control over eating in the presence of both motivation and opportunity.

Finally, the entire proposed model is further contextualized within a developmental
perspective that recognizes that the three model components unfold in unique ways across
different developmental periods. Certain regulation abilities, such as executive control,
follow an extremely protracted developmental course, with critical growth periods in
preschool and adolescence, and maturation continuing into the 20s, before declining later
in adulthood [43,69]. Reactivity to rewards may also change across development [42],
although normative patterns and individual differences in the trajectories of food reward
sensitivity specifically are not well-understood. Similarly, environmental factors must
be considered within the developmental context as the centrality of certain relationships
(e.g., parents versus peers) and environments (e.g., home versus school, community, or
workplace) changes over time. Furthermore, all of these considerations occur against
the backdrop of significant shifts in autonomy over health behaviors from childhood to
adolescence to adulthood, which may influence the impact of different risk factors. While
our contextualized model may be usefully applied to diverse developmental periods, we
highlight adolescence as a particularly important time to consider the interactions between
reward sensitivity, regulation, and environment. As noted, adolescence is a time when
surging reward sensitivity may overwhelm still-developing regulatory abilities, particularly
in the context of emerging health behavior autonomy and environmental cues for unhealthy
consumption. This combination may make adolescence an especially vulnerable period,
particularly for those with deficits in regulation.

5. Pathways to Obesity

One implication of the proposed Contextualized Neural Vulnerabilities Model is that
there may be diverse pathways to obesity for individuals with different combinations
of neural and contextual risk factors. For example, high food reward sensitivity in an
environment with easy access to high-calorie foods may overwhelm even relatively strong
regulatory abilities, leading to over-consumption. Alternatively, deficits in regulation
abilities may combine with cues in the social environment that encourage overeating to
increase risk for excess weight gain. However, while we can envision numerous starting
points on the path to obesity, we propose that diverse pathways converge on the common
process of the habitual over-consumption of high-calorie foods (see Figure 1). Habitual
over-consumption, in turn, triggers a conditioning process resulting in the overvaluation
of anticipated rewards from high-calorie foods, thus increasing attention and reactivity to
these foods and related cues. Once this process of over-consumption and overvaluation
begins, it can be difficult to interrupt and reverse, leading to long-term risk of excess weight
gain. From this perspective, any factors that lead to the initiation of overeating can kick off
a cascade of processes that heighten food rewards, undermine regulation, and entrench
overeating patterns. If such a model were supported, the implications for intervention,
particularly addressing “upstream” risk factors to prevent initial over-consumption, would
be clear.
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6. Informing a Contextualized Neural Vulnerabilities Model of Obesity Agenda

The proposed model informs a novel research agenda in contextualized obesity neu-
roscience, raising key research questions to test and refine components of the model.
In addition to exploring the main effects of the three components on eating behavior/weight
gain (with innovative research programs in these areas already underway), there is a need
for studies incorporating all three components together. Such research could have two pur-
poses. First, because much of the research exploring elements of the neural vulnerabilities
model has examined individual components in isolation, studies incorporating multiple el-
ements could help determine which components are the most impactful and, therefore, the
most promising targets for intervention. Second, our model points toward explicating the
interactions between different components and their impact on eating behavior and weight
gain. Below, we propose some research questions that could be particularly informative
in testing and refining the model, and ultimately informing contextualized approaches to
intervention and prevention. For each, we offer specific predictions based on our model.
Findings consistent with our predictions would support the model, whereas findings that
contradict our hypotheses would suggest the need to revise the model.

Reward x Regulation. Research question: How is the effect of top-down regulation
abilities on diet/weight trajectories moderated by individual differences in reward sensi-
tivity? Prediction: We expect a significant reward x food regulation interaction, such that
regulation deficits are most predictive of unhealthy dietary and weight trajectories in the
context of high reward sensitivity. This prediction is based on the idea that strong regulation
is needed in the context of high reward sensitivity (which creates a strong approach to
unhealthy foods), and that the combination of high reward sensitivity and low regulation
is especially conducive to developing unhealthy eating.

Environment x Regulation. Research question: How is the effect of top-down regulation
abilities on diet/weight trajectories moderated by individual environmental factors (both
“external” and “internal”)? Prediction: We expect a significant environment x food regula-
tion interaction, such that regulation deficits are most predictive of unhealthy dietary and
weight trajectories in the context of high obesogenic external environmental factors (e.g., high
availability of unhealthy foods in the home and neighborhood; high parental modeling of
the consumption of energy-dense foods; low partner or friend support for health behavior
goals). Similarly, we expect a significant environmental x food regulation interaction, such
that regulation deficits are most predictive of unhealthy dietary and weight trajectories in
the context of internal factors such as high negative affect (e.g., high temperamental negative
affect; high symptoms of depression, anxiety, and/or loneliness). These predictions are
based on the idea that strong regulation is needed in the context of highly obesogenic
environments (which creates the opportunity and cues for unhealthy consumption), and
that the combination of a highly obesogenic environment and low regulation is especially
conducive to developing unhealthy eating.

Reward x Environment. Research Question: Does the combination of high reward
sensitivity and an obesogenic environment (external and internal) result in an additive or
multiplicative risk of unhealthy dietary and weight trajectories? Prediction: Environmental
factors (both external and internal) will moderate the effect of individual differences in
reward sensitivity on the prediction of dietary and weight trajectories, such that more
obesogenic environments will exacerbate the effect of a high reward sensitivity on eating
and weight outcomes. This prediction is based on the idea that high reward sensitivity will
create a strong motivation to consume unhealthy foods and that obesogenic environments
provide the opportunity for such consumption. We also expect an interplay between food
environments and reward sensitivity, such that living in a more obesogenic environment,
particularly during critical developmental periods such as adolescence, may condition
individuals to overvalue energy-dense foods. This emergent sensitivity to food cues is
expected to be a risk factor for future overeating and weight gain.

Food-Specific versus General Regulation. In addition to the proposed interaction
analyses, it is also critical to empirically address the relative contributions of food-specific
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regulation versus general (i.e., non-food) regulation abilities in predicting dietary and
weight trajectories. Studies including rigorous measures of both food-specific and gen-
eral regulation in predicting diet and weight trajectories are currently lacking, leaving a
potentially important question regarding optimal intervention targets unanswered. On
the one hand, deficits in food-specific inhibitory control are highly correlated with generic
inhibitory control (r = 0.70) [28], suggesting that the two constructs are highly related,
as one would expect. However, there is also evidence that response inhibition training
with high-calorie foods produces weight loss compared to a control condition that com-
pleted the same response inhibition training with non-food images [70–72]. Future research
should further explicate the roles of food- versus non-food regulation to inform targeted
treatment approaches.

Developmental Studies. Across the diverse research questions raised, there is a critical
need for studies that are informed by a developmental perspective. For example, it would
be highly informative to conduct research that charts the developmental trajectories of the
contextualized neural vulnerabilities model components over time. We know little about
how constructs such as food reward sensitivity and food-specific regulation change across
development, and if there are critical periods during which these factors are particularly
influential on diet and weight trajectories. These gaps limit our ability to identify key
periods when targeted intervention may be most impactful in modifying risk factors and,
in turn, changing health trajectories. As noted, we have proposed conceptual reasons for
why adolescence might be a particularly important period for observational longitudinal
studies (and possibly intervention trials), but rigorous studies of the contextualized model
components in this development stage are sparse.

Exploring Differential Risk Pathways to Obesity. It is also important to consider
the possibility that individuals may take qualitatively different risk pathways to obesity,
rather than all experiencing a single risk pathway. Answering this question may require
that we move away from ordinary least squares analyses that seek to fit a single model
to the data, and use machine-learning techniques that can detect qualitatively different
risk pathways to negative health and mental health outcomes. We have argued that clas-
sification tree analyses are particularly well suited to uncovering qualitatively different
risk pathways with prospective data [73]. Although a literature search did not identify any
prospective study that has used classification tree analyses to predict the future onset of
obesity, one study did use it to predict the future onset of binge eating over a two-year
follow-up among adolescent girls who initially did not report binge eating [74]. Classifica-
tion tree analyses select the most potent risk factor and identify the cut-point that shows
the greatest potency for differentiating who will, versus will not, experience onset of the
outcome (binge eating). Overvaluation of weight/shape for determining self-worth was the
first predictor: 20% of girls in the upper 50% of weight/shape overvaluation showed onset
of binge eating, whereas only 2% of those in the lower 50% of the distribution showed
binge eating onset. The fact that weight/shape overvaluation emerged first signals that it
had greater predictive power than all of the other variables included in the model, which
included dieting, BMI, body dissatisfaction, pressure for thinness, depressive symptoms,
self-esteem, emotional eating, modeling of eating-disordered behaviors, and low social
support. Among girls with low weight/shape overvaluation, 9% of those in the upper 25%
of depression scores showed binge eating onset, versus 0% for those with lower depression.
Among girls with high weight/shape overvaluation, 27% of those with a BMI of 18 or
greater showed binge-eating onset, versus 0% for those with a lower BMI. Among girls
with a high weight/shape overvaluation and a BMI > 18, 42% showed onset of binge
eating if they were in the upper 40% of dieting versus 16% for those with lower dieting.
Thus, the results revealed a four-way interaction between weight/shape overvaluation,
depression, BMI, and dieting. Findings suggested that an elevated BMI amplified the
predictive relation between weight/shape overvaluation and binge eating onset. This
amplifying interaction indicates that the attitudinal risk factor of appearance overvalu-
ation only operates among adolescent girls who have an age- and gender-adjusted BMI
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that places them in the slightly overweight range; thus, for girls who conform to the thin
ideal, weight/shape overvaluation was not associated with binge eating onset. The results
indicated another amplifying interaction, wherein dieting increased the predictive effects
of the combination of weight/shape overvaluation and elevated BMI, with almost half the
participants with this triple confluence of risk factors showing binge eating onset. Last,
the results suggested an alternative pathway interaction, wherein among adolescent girls
with lower weight/shape overvaluation, elevated depression emerged as a risk pathway,
theoretically because depression increases the reward value of food or people turn to
eating for mood improvement. That is, this classification tree suggested two qualitatively
distinct risk pathways to binge eating onset; one involving a combination of weight/shape
overvaluation, elevated weight, and dieting, and another involving elevated depression.

It would be useful for future prospective studies to apply classification tree analyses to
the prediction of obesity onset over a multi-year follow-up because this might allow us to
identify qualitatively different risk pathways to obesity. Results may inform more precision
medicine-based prevention programs and treatments.

Randomized Controlled Trials. Finally, there are notable opportunities for research
that develops and tests interventions that address key components of the model, particu-
larly during critical developmental periods such as adolescence. Randomized controlled
trials, including randomized prevention trials, may be an ideal follow-up for confirming
findings from prospective observational risk factor studies (such as those suggested above),
and determining the impact of targeted interventions based on a contextualized neural vul-
nerabilities model framework. Below, we provide a more detailed discussion of potential
prevention and intervention implications.

7. Limitations and Opportunities for Further Development

Like all models, the contextualized neural vulnerabilities model described in this
paper has limitations that should be acknowledged and considered as opportunities for
further model refinement. First, our model does not explicitly focus on the biological
foundations of neural vulnerabilities or the biological processes associated with obesity
that could exacerbate neural vulnerabilities. For example, inflammatory processes, re-
duced cerebrovascular function, and disruptions in the gut microbiome could each further
compromise cognitive and regulatory processes in ways that create additional risk for
unhealthy eating and weight gain over time. Such complex bidirectional effects between
neural vulnerabilities and biological processes associated with obesity may be particularly
important over the long-term once unhealthy weight gain begins. Research that explicitly
explores such processes and integrates the findings into the model would be useful. Second,
our model focuses on two specific neural vulnerabilities, high reward sensitivity and regu-
latory deficits, because these factors have the most research support linking them to obesity
risk; however, other neural vulnerabilities may also be relevant. As additional factors are
identified in the literature as meaningful neural vulnerabilities for obesity, these factors
should be integrated into the contextualized model with a focus on how they interact with
key contexts to impact eating and weight trajectories.

8. Implications for Prevention and Intervention

The proposed model, if supported, could inform novel obesity prevention and in-
tervention strategies. Specifically, if the three components are impactful, either via direct
effects or through their interactions, this could create multiple points for intervention. We
briefly present here some ideas for possible prevention and intervention targets.

If research supports a key role for food reward sensitivity in dietary and obesity risk,
interventions could focus on reducing such sensitivity via targeted training. One potential
way of reducing elevated reward region response to tastes of high-calorie foods could be
to use dietary supplements that block certain taste receptors (e.g., sweet taste receptors),
although rigorous trials examining the efficacy of such supplements in preventing weight
gain are needed. This review also suggests that reducing the reward region response to

216



Nutrients 2023, 15, 2988

cues for high-calorie foods might be useful in preventing future weight gain. Random-
ized trials have found that computer-training in which participants are cued to make a
behavioral response to pictures of fruits and vegetables and to inhibit a behavioral response
to high-calorie foods that the participant reports overeating over a 4- to 6-week period
significantly reduces reward region response to pictures of high-calorie foods, palatability
ratings of and willingness to pay for high-calorie foods, and produces objectively-measured
body fat loss that persists through 2-year follow-up [70–72]. Reducing food reward sen-
sitivity may be particularly beneficial for individuals with deficits in regulation because
reducing the motivational drive to consume energy-dense foods could lower the demand
on regulation abilities.

Enhancing regulation abilities is another possible strategy for prevention and inter-
vention. If food-specific regulation proves particularly important, training could seek to
build these specific abilities (rather than more general, non-food regulation) in the context
of realistic food stimuli. Training interventions to down-regulate appetitive responses to
energy-dense foods could leverage technologies such as virtual reality to create realistic,
contextualized opportunities to practice food regulation. Further, interventions focusing
on supporting skill application in context could provide prompts to remember health goals
and direct attention away from tempting but unhealthy cues in the environment to increase
the chances of enacting healthy decisions in difficult situations. Relatedly, interventions
that focus on developing health goals and enhancing motivation to implement those goals
(e.g., by creating cognitive dissonance regarding lifestyle behaviors that contribute to un-
healthy weight gain [70–72]), even when confronted with tempting food stimuli, could
support efforts to deploy regulation abilities toward health. Alternatively, for individuals
with significant deficits in specific regulation abilities, compensatory strategies or “work
arounds” might be helpful. For example, for those with poor working memory, targeted
messages reminding the individual of their health goals, either periodically or in specific
tempting situations, could help to keep such goals top of mind and encourage decisions
that are consistent with these goals.

Finally, interventions to modify the external and internal food environment contexts
could be useful. A number of interventions already seek to change external contexts such
and home, school, work, and neighborhood food environments—with a focus on reduc-
ing the availability of and cues for unhealthy foods and increasing the accessibility of
healthy alternatives—and have produced positive effects on weight outcomes [75,76]. Such
strategies could be especially important for individuals with high food reward sensitivity
or regulation deficits that put them at risk for unhealthy consumption, as reducing the
opportunities to consume energy-dense foods could help mitigate these risks. Modify-
ing internal contexts by reducing negative affect that can drive emotional eating could
also help reduce the demands on food regulation. Alternatively, because environments
may not always be modifiable, individuals who encounter particularly challenging food
environments may benefit from extra support to enhance food regulation or reduce food
reward sensitivity to increase their chances of successfully meeting health goals despite
environmental challenges.

To summarize, there is potential for creating novel, comprehensive, multi-component
intervention approaches that address all three components of the Contextualized Neural
Vulnerabilities Model of Obesity. Furthermore, informed by longitudinal observational risk
studies with an emphasis on explicating processes and pathways, it may be possible
to create targeted screening processes that identify individuals at heightened risk for
developing habitual unhealthy eating and obesity. At a minimum, screening could involve
assessments of the three model components, and individuals with significant risk in one or
more areas could be candidates for targeted prevention efforts. Understanding unique risk
pathways may also create opportunities for personalizing prevention efforts by identifying
combinations of risk factors and tailoring intervention components to the unique needs
of the individual. To facilitate such personalized approaches, it would be necessary to
develop a “menu” of effective intervention modules for addressing each of the three main
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components, and then intervention could be personalized by picking and choosing which
intervention strategies best fit a particular case.
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Abstract: The human gastrointestinal tract contains large communities of microorganisms that are
in constant interaction with the host, playing an essential role in the regulation of several metabolic
processes. Among the gut microbial communities, the gut bacteriome has been most widely studied in
recent decades. However, in recent years, there has been increasing interest in studying the influences
that other microbial groups can exert on the host. Among them, the gut virome is attracting great
interest because viruses can interact with the host immune system and metabolic functions; this is
also the case for phages, which interact with the bacterial microbiota. The antecedents of virome-
rectification-based therapies among various diseases were also investigated. In the near future, stool
metagenomic investigation should include the identification of bacteria and phages, as well as their
correlation networks, to better understand gut microbiota activity in metabolic disease progression.

Keywords: Microviridae; Caudovirales; fecal viral transference; virome; obesity; diabetes; inflammatory
bowel disease

1. Introduction

The human gut microbiota (GM) is tightly connected to human health through a
complex biological system that consists of bacteria, fungi, archaea, and viruses, among
other components [1]. The bacterial composition of the GM has been widely investigated in
the last two decades in terms of composition, diversity, functionality, and the relationship
with human metabolic diseases [2,3]. However, much less attention has been given to other
components of the GM, such as viruses. Recent works found that the number of virus-like
particles (VLPs) in the gut ranges in a ratio of viruses to bacteria from approximately 0.1
to 10, suggesting that the number of viruses in the human body is close to the number of
bacteria [4].

After the colonization of the intestine during birth, the human gut virome (GV) evolves
steadily during infancy/childhood, entering a period of major changes during the first
2 years of life, and then stabilizes in later childhood [5,6]. In the first months of life, the GV
is dominated by viruses that infect bacteria (phages), whereas eukaryotic viruses increase
in both abundance and diversity throughout childhood [6]. In a healthy adult, the human
GV comprises phages, viruses that infect other cellular microorganisms, viruses that infect
human cells, and viruses derived from food and found in the digestive tract in a transient
manner [4,6]. Among eukaryotic viruses, eukaryotic DNA viruses, such as those of the
family Circovidae; RNA viruses, such as Enteroviridae, Parechoviridae, and Picornaviridae;
and plant viruses, primarily of the family Vigaviridae, are frequently found in infants, as
are some types of potentially pathogenic viruses, such as those belonging to the genera
rotavirus, norovirus, and sapovirus [6].
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With respect to phages, at the beginning of infancy, phages of the order Caudovi-
rales (tailed phages) predominate, primarily those belonging to the families Siphoviridae,
Podoviridae, and Myoriviridae. Subsequently, however, the presence of phages of the order
Caudovirales decreases as the presence of phages of the family Microviridae, order Petivirales
(icosahedral phages without tails), increases during the first 2 years of life [4,7,8]. Within
the order Caudovirales, CrAss-type phages, a family of DNA-tailed phages that can infect
bacteria of the phylum Bacteroidetes, are currently considered to be the most abundant
phages in the adult human GV [5,9,10]. Such CrAss phages are rarely detected in the
gastrointestinal tract of infants during the first month of life but subsequently increase in
prevalence, accounting for more than 90% of the GV content in an adult human [6,11].

Progressive maturation of the infant GM leads to a reduction in GV abundance and
diversity simultaneously compared with those observed for the bacteriome [1]. Subse-
quently, GV tends to resemble what it will be during the adult stage. Paralleling stability in
the cellular microbiome [4], adult GV is usually stable over time, as evident from recent
studies showing that >90% of recognizable viral contigs persisted in individuals over
one year [1,4].

Most of the viruses included in the human GV are DNA viruses, whereas eukaryotic
RNA viruses are rare in healthy individuals, and most of those that meet these characteris-
tics are primarily plant-infecting viruses [4]. However, this lower presence of RNA viruses
may not be as real as the background suggests. Thus, it should be noted that, in general,
the RNA virome in the human gut is less studied than the DNA virome, as RNA viruses
are substantially less stable in samples than DNA viruses, making their identification by
metagenomic sequencing difficult [5]. Therefore, it is quite possible that the actual presence
of RNA viruses is higher than that published for several environmental niches, including
animal feces [5], and that their presence has been systematically underestimated due to
technical reasons [4].

The fact that the majority of adult human GV components are phages is an inference
because, in most cases, most of the sequences discovered in GV metagenomic sequencing
assays do not align with any information present in existing datasets [5]. Therefore, the
proportion of GV viruses that can be identified in a completely unambiguous way is
extremely low and does not reliably represent all GVs. As the most abundant phage order,
Caudoviridales includes phages that can infect all major bacterial phyla found in the gut:
Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria [2].

The human GV, which included both phages and eukaryotic viruses, can be modified
in their richness and diversity by factors that depend on the subject’s lifestyle [5]. In this
regard, different factors, such as geography, diet, genetics, or drugs ingested, can shape the
human GV [4] (Table 1). A recent study [12] concluded that geography is the most important
contributor to variations in human GV. In addition, other works have shown that diet type
can modify GV in adults [4], as well as age [13]. The objectives of this manuscript were
therefore to provide and update the state-of-the-art knowledge of the relationship between
the GV and nontransmissible chronic diseases. To achieve this goal, a narrative literature
search was conducted up to 10 July 2021 for the Web of Science and Scopus databases. The
term “human gut virome” was searched in the field “title, abstract and keywords” in the
case of Scopus and “topic” in the case of Web of Science. A total of 269 articles were found.
The selection of articles will be limited to studies published in English, with no restrictions
on the year of publication, although the most prominent articles are those published after
2018. The authors reviewed the titles and the abstracts. If the abstracts reported useful
information, full texts were read, and if the pre-established eligibility criteria were met,
they were included in the review. After selecting the articles that fell into the selected scope,
a total of 87 articles were selected and included in the review.
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Table 1. Research works on the metagenomic analysis of the human virome.

Model Subjects Determination Main Findings References

Humans (twin kids)
12 personal fecal

samples (4 twins and
his/her mothers)

Metagenomic
sequencing of bacterial
and viral content from

fecal bulk

-The composition of the
intestinal phageome has

similarities in people from
different parts of the world.
-Ignorance of sequences in

viral metagenomes can lead to
errors in determining the

diversity of the human virome.
-This study identified and

validated the genome
sequence of CrAssphage.

[11]

Humans (healthy
adults)

1986 individuals
representing 16

countries

Metagenomic
sequencing of the viral

content of fecal bulk

-The variability in gut virome
(GV) among studies due to

technical deficiencies is greater
than the effect of any disease.
-Gut viral richness increases
from birth to median age and

declines in elderly individuals.

[13]

Human (1-year-old
child)

662 paired samples
obtained at 1 year from

an unselected
childhood cohort

Fecal sample
metagenomics and
comparison with

metaviromics datasets

-An important part of the GV
may be lost during the viral
enrichment stage or may not

be correctly detected as it is in
the form of bacteria containing
dormant phages (prophages).
-Most viral populations in the
metavirome were not found in

the metagenome datasets.

[1]

Human (healthy
children)

60 samples from 18
girls and 12 boys

Isolation and
quantification of

phages and bacteria
from stool,

metagenome assembly,
and analysis

-Phages can regulate bacterial
abundance and composition in

an age-specific manner.
-Phages could be related to the
gut microbiota (GM) changes

observed in child stunting.

[14]

Humans (twin kids) 8 infants (4 twin pairs) Bulk virome
characterization

-Both eukaryotic virome and
bacterial microbiome

expanded from birth to 2 years
of age, whereas phageome

composition decreased.
-The infant microbiome is

highly dynamic with respect to
bacteria, viruses, and

bacteriophages, whereas, in
adults, it is more stable.

[7]

Humans (dietary
intervention)

Purified virus-like
particles from stool
samples collected

longitudinally from six
healthy volunteers

Dietary intervention
high-fat/low-fiber diet
and comparison of the

GV for 8 days

-Viral contigs were rich in
functions required in lytic and
lysogenic growth, as well as

viral CRISPR arrays and genes
for antibiotic resistance.

-The largest source of variance
among GV samples was
interpersonal variation.

-Dietary intervention caused a
change in the GV community,
causing convergence of GV in
individuals with similar diets.

[15]

224



Nutrients 2023, 15, 977

Table 1. Cont.

Model Subjects Determination Main Findings References

Mice (gnotobiotic) 5 Germfree C57BL/6
mice

Gnotobiotic mice
subjected to predation

by cognate lytic phages

-Shifts in the microbiome
caused by phage predation
alter the gut metabolome.

[16]

Humans (healthy
adults) 10 healthy volunteers

Fecal samples were
collected monthly and
synchronously over a

12-month period

-Several groups of CrAss-like
and Microviridae

bacteriophages were identified
as the most stable colonizers of

the human gut.
-There are stable,

numerically predominant
individual-specific persistent

viromes typical of each subject.

[10]

Humans (healthy
adults)

930 healthy adult
subjects

Bulk DNA virome
characterization

-Factors associated with
urbanization and geography

factors were the top covariates
of GV variation.

-GV showed more
heterogeneity than the

bacterial microbiome in the
investigated samples.

[12]

2. Host-Gut Virome Interactions/Relationships

In general, phages have a narrow activity spectrum, with each phage affecting a
small number of closely related bacterial species and, sometimes, only specific serotypes
or specific strains within the same species [4]. This fact is important because GV plays a
key role in modulating the bacterial populations that are part of the GM. However, since
most intestinal phages remain poorly understood, it is often difficult to relate phages to
the bacteria that are part of the host GM [17]. Phages exhibit four types of life cycles
(including lytic, temperate/lysogenic, pseudolysogenic, and bacterial budding), with lytic
and lysogenic life cycles being the two classical forms [5,18] (Figure 1). Another phage
cycle is pseudolysogeny, also called the stationary phase of the phage in the host cell [19].
In this phase, there is neither multiplication of the phage genome as in the lytic cycle nor
replication synchronized with the cell cycle of the host cell as in the lysogenic cycle [19].
This process usually takes place when the host cell encounters unfavorable conditions
such as starvation and ends when the phage enters an actual lysogenic cycle or enters a
lytic cycle when bacterial growth conditions improve [20]. This cycle seems to play an
important role in phage survival, as bacteria in the natural environment often exhibit very
slow growth or starvation [21]. Another cycle of phages is bacterial budding. This cycle is
interesting, as phages are released through the bacterial cell membrane without causing
lysis of the bacterium by a budding-like process, producing a chronic release of phages [22].

A phage can multiply through the lytic cycle when it kills the bacterium to release
progeny phages or as a bacteria containing dormant phages (prophage) when it integrates
its DNA into the bacterial chromosome (lysogenic cycle) [4,20]. In a healthy state, the human
GV is primarily composed of temperate phages, and its replication switches from temperate
to lytic during host inflammation or stress [18]. Because of the predominance of phages
over eukaryotic viruses in the GV, as well as their role in regulating bacteriome composition
and function, the phageome has been the focus of most human GV research [20].

225



Nutrients 2023, 15, 977

Figure 1. Representation of the main phage infection cycles. (1) Phage interaction with the bacterial
surface through specific receptors and injecting its DNA into the host cell cytoplasm; (2) at this
point, phages may follow the lysogenic cycle or the lytic cycle; (3) the phage genome integrates into
the bacterial host genome using integrases; (4) the resulting bacteria containing dormant phages
(prophage) replicate together with the bacterial genome for several generations and can enter the
lytic cycle at any moment, e.g., under stress conditions; (5) following the lytic cycle, phages use
bacterial molecular tools for protein synthesis and phage DNA polymerase for DNA replication;
(6) the structural proteins are expressed; (7) new virions are formed; and (8) phage proteins, such as
endoylsins and holins, break the cell membrane and allow the release of new viral particles ready for
a new cycle of infections.

In addition to phages, the healthy human intestine often contains low proportions
of eukaryotic viruses, which include occasionally detected DNA viral lineages such as
Anelloviridae, Geminiviridae, Herpesviridae, Nanoviridae, Papillomaviridae, Parvoviridae,
Polyomaviridae, Adenoviridae, and Circoviridae [21]. Eukaryotic RNA viruses primarily
comprise multiple plant-related viruses [12], while the most abundant eukaryotic RNA
virus infecting animals in the GV belongs to the Picornaviridae family [22].

GV plays a highly relevant role in autoimmune and inflammatory intestinal dis-
eases [23]. Therefore, colonization of the intestine by eukaryotic viruses is very important
for the maintenance of proper intestinal homeostasis and the development of host immu-
nity. Eukaryotic viruses can increase intestinal inflammation in mice by sensing viral RNA
by host Toll-like receptors 3 and 7 and downregulating interferon beta secretion [20], which
protects the host from inflammation [23]. Widespread phage predation, lysogeny, and
gene transfer also exert an important role in controlling density, diversity, and network
interactions within gut-associated symbiotic bacterial communities [8,16]. In addition,
phages interact with host innate immunity and cytokine synthesis, and importantly, short-
chain fatty acids promote phage production in bacteria [24]. Another important function
is providing a direct defense against bacterial invasion in the mucin layer, as well as the
interaction with the human immune system to maintain immune homeostasis and reduce
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the disease process [5]. In addition, several factors encoded by phages may also affect the
pathogenicity of intestinal bacteria by promoting their adhesion, invasion, colonization,
and toxin production and delivery [5].

3. Gut Virome Determination

Currently, the composition of VLPs is primarily investigated through metagenomics,
where high-throughput sequencing is computationally processed to construct genomes of
de novo uncultured viruses [5]. The gastrointestinal tract is a habitat with enormous viral
colonization, reaching 109 VLPs per g of intestinal content [1].

The assembly of viral genomes is a highly difficult computational task and produces
fragmented assemblies and chimeric contigs [1]. However, the identification of viruses
without enrichment from bulk metagenomics is increasingly used and overcomes the biases
of size filtration steps while allowing the identification of primarily templated but also lytic
viruses [1].

Studies on human gut phages are currently limited to relatively low taxonomic lev-
els. Although several human GV databases have been developed in the last 2 years,
most bacterial gut viruses (81–93%) are new and cannot be assigned a taxonomic posi-
tion [8]. Therefore, although these databases have greatly expanded our knowledge of the
quality and diversity of human gut viral genomes and provided informative annotation
datasets [25], there are still significant barriers that do not allow a complete understanding
of human GV composition and dynamics [26]. Unlike bacteria, where 16S rRNA gene
sequencing represents a unique tool to identify any bacterial species using a single criterion,
DNA viruses have no component that allows similar identification. RNA viruses contain
the conserved gene RNA-dependent RNA polymerase (RdRP), which allows broad viral
identification [27]. However, the lack of a virome database with comprehensive annotations
is a major concern in achieving broad identification of the RNA virome.

Therefore, one of the most critical shortcomings of the metagenomic approach to
studying the GV is the large discrepancy between the demonstrable diversity of gut viruses
and the number of known human gut-associated bacteriophage genomes, as >80% of viral
sequences do not match closed reference databases [8].

4. Relationship between the Gut Virome and Metabolic Pathologies

Although studies of the relationship between the human GM and metabolic diseases
have primarily focused on bacteria, in recent years, the relationship between GV and some
metabolic diseases has started to be investigated, with increasing emphasis on phages. In
this regard, variations in populations of some specific viral families and genera have been
shown to be related to the development and progression of some metabolic diseases [28–31].
For example, the high presence of the Mimiviridae family in the human gut might be
associated with obesity and diabetes [31]. Human adenovirus infection was identified as a
significant risk factor for the progression of nonalcoholic fatty liver disease (NAFLD) [32].
Furthermore, in liver cirrhosis, GV alterations correlate with cirrhosis progression [33].

The most widely investigated matter is the relationship between the GM and in-
testinal diseases, primarily inflammatory bowel disease (IBD) [1,34–42], although there
is also a potential relation between GV and type 1 diabetes (T1D) [28,43,44], type 2 di-
abetes (T2D) [45], obesity [31,46,47], hypertension [48], malnutrition and low growth
rate [4,37], metabolic syndrome [49], liver diseases [33,50,51], colorectal cancer
(CRC) [52–55], melanoma [56], cognitive maintenance [46], and cerebral ischemia [24]
(Table 2).

4.1. Metabolic Syndrome

A variety of conditions that occur simultaneously and increase the risk of heart disease,
stroke, and T2D are referred to as metabolic syndrome. These conditions include increased
blood pressure, hyperglycemia, excess body fat around the waist, and elevated cholesterol
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or triglyceride levels [47]. The main factor influencing the development of metabolic
syndrome is diet, which has been reported to affect the GM, including the GV [15].

Since the GM is a relevant player in the development of metabolic syndrome, it is
reasonable to think that phages infecting these bacteria may also play an important role
in metabolic syndrome by regulating such bacterial populations [49]. A recent study has
shown that metabolic syndrome is associated with decreases in GV richness and diver-
sity in a manner correlated with bacterial population patterns [49]. Dietary changes that
cause a reduction in bacterial diversity have a direct consequence on GV diversity because
there are bacterial species that are depleted from the GM and are therefore less accessible
for predation by viruses. A recent study found that phages infecting Ruminococcaceae,
Clostridiaceae, Bacteroidaceae, and Streptococcaceae predominated in the GV of patients
with metabolic syndrome, whereas Bifidobacteriaceae phages were less abundant in pa-
tients with metabolic syndrome than in control samples [49]. Such results could reflect
unequal predation by phages among the corresponding bacterial families in the gut [49].
This fact is interesting because bacteria of the genus Bifidobacterium inhibit the colonization
of harmful intestinal bacteria, regulate the immune system, and exhibit anti-obesity and
anti-inflammatory activities, thus preventing the progression of metabolic syndrome [57].
The identification of Bifidobacteriaceae species and their phages as more abundant among
healthy controls is in line with established studies showing the depletion of these families
in metabolic syndrome [58] and disease states associated with metabolic syndrome [59].

Furthermore, viral phages were significantly more prevalent in the GV of controls
than in metabolic syndrome patients [49]. This apparent depletion of viral phages in
GVs from metabolic syndrome patients may indicate a decrease in their infectivity and
could be considered a link between this prominent human gut phage order and a disease
state [49]. In contrast to what was reported by [49], the richness and diversity of the GV
of children with metabolic syndrome were higher than those of normal-weight children
without metabolic syndrome, along with an increased abundance of Myoviridae [47].

Table 2. Research works investigating the relationship between the gut virome and
metabolic diseases.

Disease/Model Subjects Determination Main Findings References

Obesity/humans 128 obese subjects and 101
lean subjects

Gut virome (GV),
bacteriome, and

viral–bacterial correlations

-Obese subjects, especially those with type
2 diabetes (T2D), had a lower gut viral

richness and diversity than lean controls.
-GV may play an important role in the

development of obesity and T2D.
-Eleven viruses, including Escherichia

phage, Geobacillus phage, and Lactobacillus
phage, were higher in obese subjects than

in lean controls.

[28]

Inflammatory Bowel
disease (IBD)/humans

12 household controls,
18 Crohn’s disease

patients, and 42 ulcerative
colitis patients

Stool samples investigated
by virus-like particle

enrichment and
sequencing as well as

bacterial 16S rRNA
gene analysis

-Patients with IBD showed a significant
increase in Caudovirales bacteriophages in

their GV.
-Changes in the GV may contribute to

intestinal inflammation and
bacterial dysbiosis.

[33]

Cirrhosis and hepatic en-
cephalopathy/humans

40 controls and 163
cirrhotic patients

Stool metagenomics for
bacteria and phages were

analyzed in controls
versus cirrhosis, within

cirrhotic, hospitalized/not,
and pre/post rifaximin

-Bacterial α-/β-diversity worsened from
controls through cirrhosis patients. Phage
α-diversity was similar in both groups.

-No changes in α-/β-diversity of phages or
bacteria were seen after postrifaximin

treatment in cirrhotic patients.

[47]
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Table 2. Cont.

Disease/Model Subjects Determination Main Findings References

Obesity and metabolic
syndrome/humans

28 school-aged children
(10 with normal weight,
10 obese, and 8 obese +
metabolic syndrome)

Characterization of the gut
DNA virome using

metagenomic sequencing

-Phage richness and diversity of
individuals with obese and obese +

metabolic syndrome tended to increase
with respect to controls.

-The abundance of some phages correlated
with gut bacterial taxa and with
anthropometric and biochemical

parameters altered in obese and obese +
metabolic syndrome.

[50]

Bile acid
metabolism/mice

7 germ-free
C57BL/6J mice

Phage-induced repression
of a tryptophan-rich
sensory protein and

repression of bile
acid deconjugation

-Phages’ presence in the gut can affect the
microbial metabolism of bile acids.

-Phague BV01 and other phages from the
family Salyersviridae are ubiquitous in the

human gut, can infect a broad range of
Bacteroides hosts, and affect bile

acid metabolism.

[24]

Cerebral ischemia/mice 6 adult C57BL/6J mice

Determination of GV
composition by shotgun

metagenomics in
fecal samples

-Following focal ischemia, the abundances
of two viral taxa decreased, and those of
five viral taxa increased compared with

previous cohorts.
-Abundances of Clostridia-like phages and
Erysipelatoclostridiaceae-like phages were

decreased in the stroke compared with
previous cohorts

[36]

IBD/humans 40 fecal samples

Stool samples investigated
by bioinformatics viral

sequencing and bacterial
16S rRNA gene analysis

-Changes in GV and increased numbers of
temperate phage sequences were found in

individuals with Crohn’s disease.
-Incorporating both bacteriome and GV

composition offered better discrimination
power between health and disease.

[49]

Metabolic
syndrome/humans

196 participants with
metabolic syndrome

preceding
cardiometabolic disease

Bulk whole genome and
virus-like particle

communities

-GV from metabolic syndrome patients
exhibited low richness and diversity.

-Viral clusters revealed that Candidatus
Heliusviridae, a highly widespread gut

phage, was found in >90% of metabolic
syndrome patients.

[37]

Environmental enteric
dysfunction and low
growth rate/humans

94 children without
diarrhea or human

immunodeficiency virus
Gut bacterial and GV

sequencing and analysis

- Three differentially abundant phages
were identified in GV, depending on child

growth velocities.
-A positive correlation was found between

bacteria and bacteriophage richness in
children with subsequent

adequate/moderate growth.

[35]

IBD/humans

Fecal samples from 24
children, 12 with

inflammatory bowel
disease and 12 controls

Identification of viral
sequences and bacterial
microbiota sequencing

-Caudovirales’ relative abundance was
greater than that of Microviridae in both

inflammatory bowel disease patients and
healthy controls.

-Caudovirales was more abundant in
Chron´s disease patients than in ulcerative

colitis patients, but not than in
control patients.

-Pediatric inflammatory bowel disease
patients can be distinguished from healthy

controls by bacterial
community composition.

[34]

Crohn´s disease/mice 12–23 BALB/CYJ mice

Disruption of normal
resident microbiota with
streptomycin sulphate

administration and
phage therapy

-A single day of treatment with a phage
cocktail significantly decreased the number
of adherent invasive Escherichia coli in feces.

-A single dose of the phage cocktail
reduced dextran sodium sulphate-induced

colitis symptoms in mice.

[60]

Colorectal cancer (CRC)
and colonic

adenoma/humans

71 colorectal cancer
patients, 63 adenoma

patients, and
91 healthy controls

Metagenomic sequencing
of the gut microbiome and
microbial interactions in
adenoma and colorectal

cancer patients

-Uncultured CrAssphage was higher in
healthy controls and positively associated
with beneficial butyrate-producing bacteria

in gut microbiota (GM).
-GV was much more dynamic than the GM

as the disease progressed.

[52]
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Table 2. Cont.

Disease/Model Subjects Determination Main Findings References

CRC/humans

90 human subjects, (30
healthy controls, 30 of

whom had adenomas, and
30 of whom

had carcinomas)

Stool samples analyzed by
16S rRNA gene, whole
shotgun metagenomics,

and purified virus
metagenomic sequencing

-The CRC-associated GV consisted
primarily of temperate bacteriophages.
-Phages influenced cancer by directly
modulating the influential bacteria.

[39]

Enteric pathogens/mice 100 C57BL/6J mice

Viruses generated from
molecular clones were

used to infect cell lines to
liberate virions.

Subsequently, clones were
used to infect mice that
were euthanized and

investigated for results of
viral infections

-Chronic murine astrovirus complements
defects in adaptive immunity by elevating

cell-intrinsic IFN-λ in the intestinal
epithelial barrier in immunodeficient mice.

-Elements of the GV can protect against
enteric pathogens in an
immunodeficient host.

[51]

Alcoholic
hepatitis/humans

89 patients with alcoholic
hepatitis, 36 with alcohol

use disorder, and
17 healthy people

as controls

Metagenomic sequencing
of virus-like particles from
fecal samples, fractionated

using differential
filtration techniques

-Patients with alcohol use disorder showed
increased viral diversity in fecal samples
compared to controls and patients with

alcoholic hepatitis.
-History of antibiotic treatment was
associated with higher GV diversity.

-Specific viral taxa, such as Staphylococcus
phages and Herpesviridae, were associated

with increased hepatic disease severity.

[1]

Viral entities/humans 662 samples from
1-year-old children

Processing of
metagenomics and

metaviromics datasets

-Viral enrichment during sample
processing showed a loss of a significant

part of the GV and did not represent
integrated bacteria containing dormant

phages (prophagues).
-Approximately 65–83% of the viral

populations in the metavirome were not
aligned with the metagenome data.

[61]

Nonalcoholic fatty
liver diseases

(NAFLD)/humans
73 patients with NAFLD

RNA and DNA virus-like
particles from
fecal samples

-Patients with NAFLD and cirrhosis
showed a significant decrease in intestinal

viral diversity compared with controls.
-Advanced NAFLD was associated with a

reduction in the proportion of phages
compared with other intestinal viruses.

[62]

IBD/humans 54 Patients with IBD and
23 healthy controls

Virus-like particles were
purified from stool

samples and characterized
by DNA and RNA

sequencing and
VLP particle counts

-Viral populations associated with IBD
showed perturbations with respect to

healthy controls.
-Anelloviridae showed a higher prevalence
in IBD compared to healthy controls, and
Analloviridae DNA levels were biomarkers
of the effectiveness of immunosuppression.

-IBD subjects had a higher ratio of
Caudovirales to Microviridae phages

compared to healthy controls.

[54]

CRC/humans

80 colorectal primary
tumors tissues and

corresponding normal
colorectal tissues

GV and bacteriome
analysis for CRC tissues

-The number of viral species increased
whereas bacterial species decreased in CRC

tissues compared with healthy ones.
-Phages were the most preponderant viral

species in CRC tissues, and the main
families were Myoviridae, Siphoviridae,

and Podoviridae.
-Primary CRC tissues were enriched for

Enterobacteria, Bacillus, Proteus, and
Streptococcus phages, together with their

pathogenic hosts in contrast to
normal tissues.

[45]

Type 2 diabetes
(T2D)/humans

71 T2D patients and
74 healthy controls

Whole-community
metagenomic sequencing

data of fecal samples

-Significant increase in the number of gut
phages in fecal samples was found in the

T2D group.
-Significant alterations of the gut phageome
cannot be explained simply by covariation

with the altered bacterial hosts.

[46]
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Table 2. Cont.

Disease/Model Subjects Determination Main Findings References

Cognitive
maintenance/humans

120 subjects, 60 with
obesity and

60 without obesity

Neuropsychological
assessment in humans,

extraction of fecal genomic
DNA and whole-genome

shotgun sequencing

-GV was dominated by Caudovirales and
Microviridae phages.

-Subjects with increased Caudovirales and
Siphoviridae levels in the gut microbiome

performed better cognitive status.
-Phages should be considered novel actors

in the microbiome–brain axis.

[46]

Cognitive
maintenance/mice

11 mice were orally
gavaged with saline and

fecal material
from humans

Behavioral testing in mice
and study of gene

expression in mouse
prefrontal cortex

-Microbiota transplantation from human
donors with increased specific Caudovirales

levels led to increased scores in novel
object recognition.

-Phages should be considered novel actors
in the microbiome–brain axis.

[53]

CRC/humans 74 patients with CRC and
92 healthy controls

Shotgun metagenomic
analyses of viromes of

fecal samples

-Gut phage community diversity was
significantly increased in patients with

CRC compared with controls.
-GV dysbiosis was associated with early-

and late-stage CRC.

[63]

Fructose intake/mice

25 C57BL/6J mice per
group were used for

phage production, and 36
mice were used for the

in vivo dietary
crossover study

Lactobacillus reuteri
survival and phage
production during

gastrointestinal transit
in mice

-Fructose intake activated the Ack pathway,
involved in generating acetic acid, which

promotes phage production.
[64]

Malnutrition/humans 8 monozygotic and 12
dizygotic twin pairs

Shotgun pyrosequencing
of VLP-derived DNA

-Phage plus members of the Anelloviridae
and Circoviridae families of eukaryotic
viruses discriminate discordant from

concordant healthy pairs.

[43]

Type 1 diabetes
(T1D)/humans

103 T1D children and
their mothers

Determination of virus
antibodies, enterovirus

RNA, and enzyme
immunoassay analysis

-Autoantibody-positive children had more
enterovirus infections than

autoantibody-negative children before the
appearance of autoantibodies.

-Enterovirus infections seem to be
associated with the induction of β-cell
autoimmunity in young children with
increased genetic susceptibility to T1D.

[65]

High-fat diet/mice 12 C57BL/6J pregnant
female mice

Mice were administered
with subtherapeutic

antibiotic dosages or no
antibiotic and

subsequently analyzed for
GV composition and 16S

rRNA metagenomics

-High-fat diet significant shift away from
the relatively abundant Siphoviridae,

accompanied by increases in phages from
the Microviridae family.

-Phage structural genes significantly
decreased after the transition to a high-fat

diet.

[41]

IBD/humans and mice

Fecal samples collected
from 3 ulcerative colitis

patients in remission and
3 unrelated healthy

controls were transferred
to C57BL/6 mice

Fecal virus-like particles
(VLPs) isolated from

ulcerative colitis patients
and healthy controls were

transferred to mice

-VLPs isolated from ulcerative colitis
patients specifically altered the relative

abundances of several bacterial taxa
involved in IBD progression in mice.

-Phages are dynamic regulators of GM and
implicate the GV in modulating intestinal

inflammation and disease.

[31]

T1D/humans

Fecal samples from
11 children who had

developed serum
autoantibodies associated

with T1D and
healthy controls

Detection of phage and
eukaryotic viral sequences

-GV of T1D subjects was less diverse than
those of controls. Lower phage diversity in

cases than in controls.
-Specific components of the GV were both
directly and inversely associated with the

development of human
autoimmune disease.

-Among eukaryotic viruses, there was a
significant enrichment of

Circoviridae-related sequences in controls in
comparison with T1D patients.

[44]

Hypertension/humans 196 samples

Viral and bacterial
metagenomic

investigation of
fecal samples

-Virus could have higher discrimination
power than bacteria to differentiate healthy

prehypertension samples from
hypertension patients

[48]
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4.2. Obesity, Diabetes and Malnutrition

Obesity and diabetes are two forms of metabolic diseases that are highly prevalent
worldwide [31]. In recent decades, there has been substantial evidence that abnormalities in
GM composition can play a major role in the development of both diseases, although most
evidence refers to gut bacterial composition and activities [66]. However, recent findings
found significant differences in some viral families between obese and diabetic patients
with respect to healthy patients in children [43,44] and mouse models [67].

A recent study found that both viral richness and diversity in the GV were lower than
those found for lean subjects and in obese patients with T2D compared to lean controls [31].
Surprisingly, these results are contradictory to those previously reported by Ma et al. [45],
who found a higher phage richness in T2D patients than in nondiabetic controls, as well
as an increased relative abundance of the families Siphoviridae, Podoviridae, and Myoviridae
and the unclassified order Caudovirales in T2D patients [45]. Previous Enterovirus infection
was found to be a risk factor for T1D in children [43]. Afterward, another study showed a
higher prevalence of the families Circoviridae and Picornaviridae in T1D pediatric patients
than in healthy children [44]

High-fat-diet-induced obese mice showed a significant reduction in the family Siphoviri-
ade and an increase in the virus families Microviridae, Phycodnaviridae, and Miniviridae in the
fecal virome [65]. Rasmussen et al. [67] proposed GV modification as a potential therapeutic
strategy against T1D and obesity. To verify this hypothesis, VLPs were transferred from
slim mice to high-fat diet-induced obese mice, and as a result, weight gain and diabetes
symptoms significantly decreased in obese mice [67].

Regarding viral species, 17 were found to have significantly different proportions in
obese and diabetic subjects compared with lean subjects [65]. Among them, 4 viral species
(Micromonas pusilla virus, Cellulophaga phage, Bacteroides phage, and Halovirus, unclassified
DNA viruses) were higher in obese and T2D patients, whereas 13 viral species, including
Hokovirus, Klosneuvirus, and Catovirus, were lower in obese-plus-T2D subjects with
respect to lean controls [31,65].

Malnutrition is a global health problem that affects large numbers of individuals
regardless of age, gender, race, social status, and geographic boundaries. It can be defined
as an imbalance between energy and nutrient intake and the individual’s requirements,
which can alter body measurements, compositions, and functions [68]. Children with
malnutrition have been reported to have an immature gut GM composition compared
to those without malnutrition. This lack of maturity in their GM is characterized by
a lower α-diversity of the GM as well as a disproportionate expansion of the phylum
Proteobacteria [69]. Similarly, disruption of the GV, including that of intestinal phages
and eukaryotic virus members, could increase the risk of severe acute malnutrition [64].
A recent study found that phages of the order Caudovirales contributed differentially to
stunted growth in malnutrition induced by environmental enteric dysfunction [37]. As the
phylum Proteobacteria exists in a higher proportion in the GM with malnutrition relative
to that of children without stunting and as Caudovirales phages (especially Siphoviridae)
have Proteobacteria as one of the main bacterial hosts [70] and are also present in greater
numbers in malnourished children than in healthy children, there might be a cooccurring
phage-bacterial dynamic in the gut of stunted children [14], with both viruses/phages
contributing to the severity of malnutrition.

4.3. Liver Diseases

The liver is a very important pivotal organ for host metabolism and maintains bidirec-
tional communication with the gut via the gut–liver axis [61]. Thus, the liver plays a central
role in the pathogenesis of several metabolic diseases. Recent works have investigated the
potential changes in GV linked to liver diseases such as alcoholic hepatitis [51], NAFLD [61],
and bile acid metabolism [50]. Additionally, although it is not a liver disease itself, the
potential changes in the GV in response to the high intake of fructose are also important [63].
Beyond its lipogenic effect, fructose intake is also related to hepatic inflammation and cellu-
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lar stress, such as oxidative and endoplasmic stress, which contributes to the progression
of simple steatosis to nonalcoholic fatty liver disease [71].

In the case of NAFLD, patients with a more severe disease showed lower viral diversity
than patients with a lower degree of disease or healthy controls [61]. At the same time, the
proportion of phages among the total GV was also significantly lower in the case of severe
NAFLD patients than in the less severe cases of the controls [61].

Regarding fructose intake, fructose increases the growth of Lactobacillus reuteri, a key
important bacterial species considered an important lysogen, which are bacterial prophages
inserted within their genomes that promote phage production [63]. Due to its higher
sweetening power, fructose is one of the most abundant sugars consumed in a Western-
style diet and results in more pronounced fructose-mediated phage production by L. reuteri
than the intake of other sugars [63].

In the case of alcoholic liver disease, disease-specific alterations in the GV were re-
ported, and gut viruses were identified as potent drivers of alcohol-specific liver disease [51].
In contrast to NAFLD, in alcoholic liver disease, increased viral diversity was found in
patients with alcoholic liver disease, especially in those with a higher degree of alcoholic
hepatitis [51]. Regarding viral proportions, the authors found an increase in eukaryotic
viruses such as Parvoviridae and Herpesviridae, along with increases in intestinal phages
such as Enterobacteriaceae phages, Escherichia phages, and Enterococcus phages in patients
with alcoholic liver disease compared to controls [51]. Both Parvoviridae and Herpesviridae
may be found in higher proportions in NAFLD subjects because they may have a depressed
immune system or because the medication administered to them indirectly causes increased
replication of the viruses in host cells [51]. The latter aspect regarding the relation of GV
and hepatic disease is the relation of the activity of the Bacteroides phage BV01, a temperate
phage integrated into Bacteroides vulgatus, a species that can repress the microbial modifica-
tion of the bile acid pool in the host, which could be linked to beneficial changes in human
host metabolism [50].

4.4. Cancer

Although the relationship between the GV and some types of cancer, such as metastatic
melanoma [56] or adenoma [60], has been investigated, most works on the relationship
between the human GV and cancer have focused on colorectal cancer (CRC) [52–55,60],
which is logical since it is the type of cancer that has the most direct contact with the
intestinal virome. According to Wong and Yu [72], CRC is related to modifications in the
GM, in which some bacterial genera, such as Roseburia, are potentially protective taxa,
whereas other genera, such as Bacteroides, Escherichia, Fusobacterium, and Porphyromona, are
considered procarcinogenic agents.

Metagenomic analysis of stool samples from CRC patients revealed an increase in the
richness and diversity of the intestinal GV with respect to control patients [53,54,60]. In
another case, it was found that the differences between CRC patients and controls were
insufficient for identifying specific virome communities between healthy and cancerous
states [52]. The fact that phage richness is higher in CRC patients was hypothesized to
be due to an increase in intestinal permeability, known as a “leaky gut”, caused by this
phage, which facilitates the infiltration of pathogens and triggers chronic inflammation [73].
Another study found that phages, especially those from the families Siphoviridae and
Myoviridae, are vital driving factors during the transformation from a healthy intestine to
intestinal adenocarcinoma and to CRC [49].

In another work, the families Inovirus and Tunalikerirus were related to the devel-
opment of CRC due to their capacity to insert random oligonucleotides into the bacterial
genome, stimulating the production of bacterial biofilms and thus contributing to the
carcinogenesis of the colon [74]. Both families are known to infect gram-negative bacterial
hosts, including enterotoxigenic Bacteroides fragilis, Fusobacterium nucleatum, and genotoxic
Escherichia coli, bacterial species often implicated in CRC development [53].
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Another recent study of the GV in bulk from CRC patients reported significant re-
ductions in Enterobacteria phages and CrAssphages compared to healthy controls [60].
Some viral species were reported to have the potential to act as discriminant markers of
CRC; Orthobunyavirus, Tunalikevirus, Phikzlikevirus, Betabaculovirus, and Sp6likevirus
were the viral genera with significantly higher abundances in CRC patients than in control
patients [53].

Upon investigating primary tumor tissues of CRC, phages were found to be the most
preponderant viral species, and the main families were Myoviridae, Siphoviridae, and Podoviri-
dae [54,75]. The most frequently detected eukaryotic viruses include human endogenous
Retrovirus K113, human Herpesviruses 7 and 6B, Megavirus chilensis, Cytomegalovirus,
and Epstein-Barr virus [54]. A higher relative presence of human papillomavirus was also
found in CRC versus non-CRC tissues [76]. Additionally, it was also shown that Epstein-
Barr virus infection could contribute to CRC development by inducing mutagenesis in
intestinal cells [54].

5. Intestinal Diseases Mediated by Bacteria

One of the earliest applications of phages in human medicine was their use as tools
to fight pathogenic or antimicrobial-resistant bacteria. By infecting bacteria, phages can
significantly alter the GM, primarily by integrating into bacterial genomes as prophages
(lysogeny) or by killing bacteria (lysis). Among these, an increase in phage lytic action
is associated with decreased bacterial diversity in IBD [50]. By modulating the intestinal
bacteriome, intestinal phages show promising therapeutic potential in several diseases
beyond bacterial infections [26] as well as therapeutic options in the treatment of drug-
resistant infections in humans [77].

Among digestive tract diseases, IBD is a chronic inflammatory disease that is subdi-
vided into two categories: Ulcerative colitis (UC) and Crohn’s disease (CD). Although the
exact cause of IBD remains unknown, it was hypothesized that an alteration of the GM
is closely related to its pathogenesis and significantly increases the risk of this disease [5].
Previous works found, for both UC and CD patients, an increase in Caudovirales content
and a reduction in the abundance of Microviridae, as well as higher GV richness than those
found in control patients [5]. In another recent study, a predominance of temperate virions
(mostly Caudoviral taxa) was observed in the GV of IBD patients, suggesting an increased
lysogenic conversion of phages [36].

In addition to phages, a recent study also demonstrated that eukaryotic virus pop-
ulations that inhabit the human intestinal mucosa can be different in IBD patients with
respect to healthy controls [42]. At the family level, UC patients showed a higher relative
abundance of Pneumoviridae, whereas the Anelloviridae family was observed in higher pro-
portions in healthy subjects. At the genus level, UC patients showed a higher presence of
the Orthopneumovirus genus than healthy controls, whereas they showed lower amounts
of the giant viruses Coccolithovirus and Minivirus, as well as the vertebrate-infecting virus
Orthopoxvirus [42]. Additionally, other studies also found that the Anelloviridae family was
more prevalent in IBD mucosal samples than in healthy controls [28,78].

6. Therapies including Transfer of Gut Viruses

The human gut microbiome strongly influences various metabolic processes, such as
digestion, the immune system, and endocrine functions [49]. Therefore, GV modification
has shown great potential as a disease therapy through fecal microbiota transplantation
(FMT), fecal viral transplantation (FVT), and phage therapy (PhT). These therapies provide
the first tantalizing evidence that manipulation of the phageome may be an effective
therapeutic strategy [79]. There are precedents for the successful use of such therapies in
the treatment of antibiotic-induced intestinal dysbiosis [80], IBD [7,78,79,81], obesity [67,82],
T2D [67], or even certain types of cancer [55,56] (Table 3).
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Table 3. Studies investigating fecal viral transplantation and its relationship with specific diseases.

Indication/Model Subjects
Dosage and Time of

Exposition
Main Findings Reference

Inflammatory bowel
disease (IBD)/humans

5 patients with
symptomatic

chronic-relapsing
Clostridium difficile

infection

Stool collection and
characterization

according to fecal
microbiota

transplantation (FMT)
standards

-Fecal filtrate transfer (FFT)
eliminated symptoms of C. difficile
infection for a minimum period of

6 months.
-Bacterial components, metabolites,

or phages mediate many of the
effects of FMT, and FFT might be

an alternative approach,
particularly for

immunocompromised patients.

[79]

IBD/piglets

16 piglets were used to
obtain FFT, transferred
to 14 piglets by rectal
transfer and to 13 by

oro-gastric
administration

FMT administration by
cognate rectal FFT,

oro-gastric FFT
administration, and

saline solutions

-FFT increased viral diversity and
reduced Proteobacteria abundance
in the ileal mucosa of FFT receiver

piglets relative to controls.

[81]

Obesity and type 2
diabetes (T2D) induced

by diet/mice
40 C57Bl/&NTac mice

Mice with a high-fat
diet plus fecal viral

transplantation (FVT)
and high-fat diet plus
ampicillin plus FVT
were compared to

controls

-At both 4 and 6 weeks after the
first FVT, a significantly lower

body weight gain was observed in
the high-fat diet + FVT mice and
compared to high-fat diet mice.

-FVT normalized the blood glucose
tolerance in the high-fat +

FVT mice.
-FVT strongly influences and

partly reshapes the gut microbiota
composition both with and

without ampicillin treatment.

[67]

Phage
adherence/in vitro Bacteriophage T4

T4 phages were serially
diluted and used to

inoculate plates

-Phage adherence to the mucus
model provides immunity

applicable to mucosal surfaces.
-The symbiotic relationship

between phage and hosts provides
protection for mucosal surfaces.

[83]

IBD/mice

C57BL/6J and
C3H/HeJBir wild-type

and Il10 mice kept
under special
pathogen-free

conditions

Norovirus infection
and investigation in
changes induced in

structural and
functional intestinal

barrier changes

-Norovirus caused epithelial
barrier disruption in Il10 mice.

-Norovirus might trigger
individuals with a

nonsymptomatic predisposition
for IBD by impairment of the

intestinal mucosa.

[78]

Antibiotic
disturbance/mice 16 BALB/c mice

Administration of
antibiotic treatment in
the drinking water for

2 days

-Mice showed a perturbed
microbiome because of antibiotic

treatment, which was reverted
over time similar to the

pretreatment one.
-Mice that had received FVT

maintained gut microbiota (GM)
more similar to the original before
antibiotic treatment compared to

mice that had received
nonviable phages.

[80]
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Table 3. Cont.

Indication/Model Subjects
Dosage and Time of

Exposition
Main Findings Reference

Obesity/humans

A total of
87 individuals took
part-565 individuals

responded to
advertisements

Fecal microbiome
transfer

-There was no effect of FMT on
weight loss in adolescents with
obesity, although a reduction in

abdominal adiposity
was observed.

[82]

Clostridium difficile
infection/mice 26 C57BL/6 mice

Comparison of effects
of the fecal VLP
fraction against

conventional FMT on
the ileal microbiome

-VLP fraction played a potential
role in modifying the gut

microbiome during dysbiosis.
-In both recipient groups,

transplantation of the fecal VLP
fraction alone produced the same
outcome as that of the whole FMT.

[7]

Melanoma/humans
10 patients with

anti-PD-1-refractory
metastatic melanoma

Fecal transfer by FMT

-FMT showed favorable effects in
immune cell infiltrates and gene

expression profiles in both the gut
lamina propia and tumor

microenvironment.
-There were two partial responses

and one complete response in
melanoma patients after FMT.

[56]

Colorectal
cancer/humans

72 patients with
colorectal cancer and
52 healthy subjects

Elimination of
F. nucleatum by phages

-Oral administration of the
phage-guided irinotecan-loaded

nanoparticles in piglets led to
negligible changes in hemocyte
counts, immunoglobulin, and

histamine levels, as well as liver
and renal functions.

-Phage-guided nanotechnology for
the modulation of the GM might
inspire new approaches for the
treatment of colorectal cancer.

[55]

Stunting/humans 15 nonstunted and
15 stunted children

Isolation of gut phages,
sterilization, and

cross-infection of gut
bacteria community

belonging to
other children

-Gut phages can regulate gut
bacterial abundance and

composition in an
age-specific manner.

-Proteobacteria from non-stunted
children increased in the presence

of phages from younger
stunted children.

[14]

Leaky gut/rats 5 Wistar rats Phage cocktail was
given to rats for 10 days

-Increased intestinal permeability
may be induced by phages that

affect GM.
[73]

Obesity and
T2D/humans 61 patients Fecal transfer by FMT

from healthy donors

-FMT achieved ≥20% of
lean-associated microbiota in

obese with T2D patients
[84]
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Table 3. Cont.

Indication/Model Subjects
Dosage and Time of

Exposition
Main Findings Reference

Clostridium difficile
infection/humans

24 subjects with
Clostridium difficile

infection and 20
healthy controls

Ultradeep
metagenomic
sequencing of

virus-like particle
preparations and

bacterial 16S
rRNA sequencing

-Subjects with Clostridium difficile
infection showed a significantly

higher abundance of Caudovirales
and lower Caudovirales diversity,

richness, and evenness compared
with healthy controls.

-FMT decreased the abundance of
Caudovirales in Clostridium difficile
infection. Symptoms of infections
decreased when most Caudovirales
came from the donor and not from

the recipient.

[42]

Intestinal inflammation
and colitis/humans

and mice

58 C57Bl/6 and Swiss
Webster germfree mice
20 Patients with active

ulcerative colitis

Three independent
experiments with a
total of n = 23 for

vehicle-treated animals
and n = 21 for

bacteriophage-treated
animals

-Treating germ-free mice with
bacteriophages led to immune cell

expansion in the gut.
-Increasing bacteriophage levels
exacerbated colitis via toll-like

receptors 9 and IFN-γ stimulation.
-Phages from active ulcerative
colitis patients induced more

IFN-γ compared to
healthy individuals.

[38]

FMT is one of the most effective and accepted approaches to modulating the GM by
restoring gut microbiome homeostasis through the reintroduction of beneficial microbes
from a healthy donor [20]. The viral mechanism of action contributing to FMT therapies
involves tripartite mutualistic interactions among bacteriophages or eukaryotic viruses,
bacteria, and the host [20]. This approach has been successfully employed in clinical trials
for the treatment of diseases such as IBD [85]. In fact, the efficacy of FMT in the treat-
ment of C. difficile infections is approximately 90% and is currently the most promising
application of FMT [20]. Additionally, FMT has also been successfully employed as a
treatment for other symptoms and diseases, such as in the restoration of dysbiosis orig-
inating from severe antimicrobial treatments [80], showing better results than probiotic
administration [20]. In addition, FMT was also useful in treating metabolic diseases such
as T1D [86], T2D [84], obesity combined with T2D [67], necrotizing enterocolitis, small
intestinal bacterial growth, and post-antibiotic microbiome dysbiosis [7,20]. These results,
especially those in humans [84,86], suggest that FMT can change the metabolic repertoire
of bacterial/mammalian host communities and/or regulate the profile of metabolic gene
expression in the bacteriome.

However, the use of FMT presents significant risks to the health of the recipient subject
due to the potential presence of pathogens, particularly obligate and opportunistic bacterial
pathogens. Thus, an alternative option that avoids this risk is the use of FVT in which
both eukaryotic and bacterial cells are removed, whereas the entire viral portion of a fecal
sample is provided to another host [79]. In this regard, it was reported that some changes
in viral populations could be related to the development of pediatric T1D [43] as well as
pediatric and adult inflammatory bowel disease, including the reproducible expansion of
Caudovirales and the reduction of Microviridae [28,35,36,40,42]. Among the methods using
filtered fecal transplantation, FVT removes fecal bacteria and thus decreases the risk of
bacterial infection associated with FMT, although the recipient maintains certain risks to the
recipient due to the potential transfer of unwanted eukaryotic viruses (Figure 2). A seminal
study by Ott et al. [79] demonstrated that administration of a sterile fecal filtrate achieved
successful remission in patients with C. difficile infection. However, it should be considered
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that although the presence of eukaryotic viruses in the gut is essential for good maintenance
of intestinal microbial homeostasis and host immunity [20], the human gut can harbor nu-
merous genera of potentially pathogenic viruses, such as papillomaviruses, herpesviruses,
hepatitis viruses, bocaviruses, enteroviruses, rotaviruses, and sapoviruses [87]. Therefore,
FVT could be potentially dangerous, particularly for immunocompromised hosts [5]. Thus,
especially for these patients, thorough GV monitoring of the donor should be performed to
avoid the potential health risks derived from fecal transplantation [5].

Figure 2. Representation of microbiota and virome transplantation in humans. The first step in
this process is the selection of healthy volunteers and the creation of biobanks with stool samples.
Volunteers must meet several requirements and have pathogen-free stool to avoid disease transmis-
sion to the transplant recipient. Two different strategies have been developed when performing
fecal transplants. In fecal microbiota transplantation (FMT), no microorganisms are removed from
the samples, whereas in fecal virome transplantation (FVT), the feces are filtered to eliminate the
bacteria, molds, and yeasts present in the donor’s samples and to keep only the viruses, primarily
bacteriophages, present in the fecal samples. Fecal transplants can be administered in a variety of
ways, for example, through gastroscopy or colonoscopy. Stool samples can also be lyophilized, and
therefore, these transplants can be performed orally, through the administration of a tablet, or through
the anal route in the form of a suppository.
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Another option is PhT, a method that uses only phages to treat bacterial infections,
which has demonstrated advantages in treating pathogenic and/or drug-resistant bacterial
infections [5]. Currently, there is evidence that phages can stimulate and modulate the
immune system of the host by various mechanisms. Indeed, phages can colonize the
intestinal mucus layer, directly bind to mucin glycoproteins via their capsis, and provide
the mammalian host with a defense mechanism against bacteria trying to breach the
intestinal barrier [83]. Phages can also induce innate defenses from the host against bacterial
colonization, stimulating the production of inflammatory cytokines and activating dendritic
cells and innate lymphoid cells to produce interferons [20]. Some exploratory studies found
a curative role of PhT in the treatment of extraintestinal diseases [5], such as improving
diabetes outcomes in mice [64], reducing necrotizing enterocolitis in piglets [82], and
reducing Clostridium difficile infection symptoms in humans, toward the ability of gut
phages to restrict pathobiont growth and to improve the richness of the GM [79].

Both FVT and PhT have been applied to reshape the dysbiotic gut microbiome caused
by antibiotic treatments [80], as well as in the treatment of various metabolic diseases, such
as metabolic syndrome [82], mental disorders [88], and malignant tumors [56]. The majority
of PhT studies are still exploratory and have been conducted in mice, and their results need
to be confirmed in humans [5]. However, recent studies revealed that the relationships be-
tween phages and bacterial populations might influence growth stunting in children [14,37].
It was found that a combined therapy using phages targeting Fusobacterium nucleatum (a
tumor-causing bacterium) and irinotecan (an antitumor drug) effectively inhibited the
growth of F. nucleatum but stimulated the proliferation of the butyrate-producing bacterium
Clostridium butyricum in mice [55]. In addition, other work showed that administering rats
with a bacteriophage cocktail against Staphylococcus, Streptococcus, Proteus, Pseudomonas,
Escherichia coli, Klebsiella pneumoniae, and Salmonella spp. achieved increased intestinal per-
meability, weight loss, and reduced pathogen activity [73]. Another recent study showed
that phage supplementation with Lactococcal 936 bacteriophage increased memory in
flies [46]. The authors attributed this effect to phages of the Siphoviridae family, which are
positively associated with cognition, suggesting a possible association with poststroke
cognitive dysfunction [46].

However, the results from PhT were not positive in all cases. In this sense, it was
reported that the transplantation of VLPs from UC patient feces to human microbiota-
associated mice aggravated colitis in mice and worsened the bacterial taxa associated with
IBD pathogenesis [41,79]. In another work, the administration of a cocktail of Enterobacte-
riaceae phages belonging to the order Caudovirales exacerbated intestinal inflammation and
did not induce the lysis of any endogenous microbes [38]. Thus, a better understanding of
broad phage activity is necessary prior to proposing this strategy for more widespread use
than is currently the case.

7. Conclusions

Although bacteria represent the most abundant population and account for the most
DNA in the GM, other populations, such as viruses, are also abundant and can interact with
both host and bacteria in various forms. Thus, one of the causes for which prebiotics and/or
probiotics sometimes show lower than expected effects, both in intensity and duration, in
the correction of intestinal dysbiosis could be the interaction with other microorganisms
from the GM, such as viruses. Here, we present the latest scientific evidence that some
phages and eukaryotic viruses can affect not only diseases impacting the digestive system
but also metabolic diseases such as metabolic syndrome, obesity, T1D and T2D, and even
cognitive status. The major barriers to a good understanding of GV composition and
functions are the low VLP alignment capability with datasets and bioinformatic tools,
as well as the ease of the degradation of RNA viruses from decay during metagenomic
sequencing. In addition, DNA viruses do not possess any equivalent to the bacterial 16S
rRNA gene, which would allow their rapid identification. However, it is important to avoid
barriers that currently limit GV determination. Thus, in the near future, stool metagenomic
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investigations should include the identification of bacteria and viruses and their correlation
networks. With this approach, it would be possible to achieve a better understanding of the
action of intestinal viruses on metabolic diseases, as well as the use of fecal or viral transfer
tools in the prevention and/or treatment of these pathologies.
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