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Preface

This Reprint, Vegetarian Nutrition in Health Improvement, brings together current scientific

contributions exploring how lacto-ovo vegetarian and vegan dietary patterns influence human health

across a lifespan. Its scope includes mechanistic, clinical, and public health perspectives, offering a

multidisciplinary overview that connects metabolic pathways with epidemiological evidence and

translational outcomes. The aim is to clarify the physiological effects, nutritional adequacy, and

potential of plant-based diets in preventing and managing chronic diseases such as cardiovascular

disorders, diabetes, obesity, and age-related decline.

The motivation for assembling this Reprint stems from the increasing global interest in plant-based

eating as a strategy not only for individual well-being but also for sustainability and equity within

food systems. Despite the popularity of vegetarian diets, misconceptions and knowledge gaps persist,

particularly regarding micronutrient balance, protein quality, and long-term health effects. The Editors

therefore sought to provide a rigorous scientific resource that integrates diverse research findings into

a coherent narrative.

This Reprint is aimed at clinicians, nutritionists, researchers, educators, and policymakers who

require evidence-based guidance on vegetarian nutrition. It also serves readers interested in the

evolving interface between diet, health promotion, and environmental responsibility, fostering a shared

understanding of how plant-based nutrition can contribute to a healthier and more sustainable future.

Luciana Baroni and Gianluca Rizzo

Guest Editors
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Editorial

Vegetarian Nutrition in Health Improvement

Gianluca Rizzo 1,* and Luciana Baroni 2,*

1 Independent Researcher, 98121 Messina, Italy
2 Scientific Society for Vegetarian Nutrition—SSNV, 30171 Venice, Italy
* Correspondence: drgianlucarizzo@gmail.com (G.R.); luciana.baroni@scienzavegetariana.it (L.B.)

There is a growing interest in vegetarian diets among the world population, and
this has implications for public health. The current literature offers numerous sources for
understanding the possible beneficial effects of plant-based foods on human health [1–4].
However, the wide variability of vegetarian diets, from the vegan diet that excludes any
food of animal origin to the lacto-ovo-vegetarian one that includes dairy products and eggs,
suggests the need to further expand knowledge on the subject. The Special Issue entitled
“Vegetarian Nutrition in Health Improvement” aimed to collect experimental studies and
literature reviews that could enrich the current state of the art on vegetarian nutrition and
its effectiveness in improving health, to stimulate more effective policies for health and
environmental sustainability, as well as prevention of chronic–degenerative diseases.

We know that the consumption of red meat, in particular processed meat, is associated
with negative effects on health. For this reason, Niedermaier and colleagues conducted a
30-year simulation study on the impact of reducing or eliminating red meat and processed
red meat on colorectal cancer (CRC) risk in Germany (Contribution 1). Currently, the
mean consumption of red meat and processed meat among German men is 329 g and
427 g per week, respectively. Women have a lower consumption than men, with an age-
standardized mean amount of 203 g and 224 g per week for red meat and processed meat,
respectively. Reducing the mean consumption of both red meat and processed meat by
75 g or 150 g per week could reduce the burden of CRC by 1.1% and 6.5%, respectively.
However, eliminating red meat and processed meat could reduce the incidence of CRC
by 2.9% and 9.6%, respectively. This effect seems to be more pronounced among men
compared to women.

The transition to a vegetarian diet also involves replacing animal-based foods with
plant-based alternatives. For example, soymilk can be consumed as a substitute for cow’s
milk. However, a lack of knowledge about the benefits of plant-based options, as well
as concerns regarding taste, may pose obstacles to this transition. To identify potential
predictors of soymilk consumption among the American population, Storz and colleagues
conducted a cross-sectional study on participants from two different datasets of the Na-
tional Health and Nutrition Examination Surveys (NHANES) (2015–2016 and 2017–2020,
respectively) (Contribution 2). The total NHANES 2015–2016 sample for analysis com-
prised 5264 participants with a full dataset, of which 132 reported soymilk consumption.
This may be extrapolated to represent 4,427,078 U.S. Americans. The NHANES 2017–2020
pre-pandemic cycle included 8511 participants with a full dataset, of which 187 reported
soymilk consumption. This may be extrapolated to represent 3,460,784 U.S. Americans. In
the multivariate logistic regression analysis, the authors found a direct association between
soymilk consumption and moderate physical activity (OR: 2.36, 95% CI: 1.40–3.99, p: 0.003),
as well as a high level of education (OR: 1.84, 95% CI: 1.01–3.33, p: 0.045). However, no
association was observed between sex and soymilk consumption. Since individuals who
consumed soy milk made up only 1.5 to 2% of the population sample, identifying strategies
to promote soymilk consumption as a healthy choice for both personal health and the
environment is essential.

Nutrients 2024, 16, 4183. https://doi.org/10.3390/nu16234183 https://www.mdpi.com/journal/nutrients1
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Plant foods are not only a source of nutrients, but they also provide raw materi-
als for the biotechnological extraction of health-beneficial molecules. This is the case of
Rhaponticum carthamoides (Willd.) Iljin, a perennial plant belonging to the Asteraceae family,
endemic to Eastern Europe, whose root extract (RCE) has been studied for its alleged
benefits on lipid metabolism. In a comparative analysis conducted by Todorova and col-
leagues, RCE was tested in vitro on human preadipocytes (Contribution 3). The authors
observed an anti-adipogenic and lipolytic effect by measuring the lipid accumulation
and concentrations of free fatty acids and glycerol in the culture medium, respectively.
The effect was due to both RCE and some secondary metabolites derived from it, whose
presence was confirmed through the development and validation of a method based on
high-performance thin-layer chromatography (HPTLC).

Although a plant-based diet has shown several health benefits, especially for chronic
conditions, it must be well-planned. Among the at-risk nutrients often discussed, adequate
protein intake is one of the most debated aspects. Plant proteins may have a reduced
biological value compared to proteins of animal origin due to the presence of limiting
amino acids and also due to the presence of fiber, protease inhibitors, and other plant
matrix molecules, which reduce digestibility. To investigate this aspect, Bartholomae
and Johnston conducted an intervention study on 17 minimally active vegan men who
received a 5-day eucaloric diet containing 0.8 g/kg/d protein (Contribution 4). Protein
sufficiency was assessed by nitrogen balance with 24 h urine collection on the fifth day of
intervention. The authors observed a significant absolute and relative negative nitrogen
balance (−1.38 g/d, 95% CI: −2.00 to −0.75, p < 0.001 and −18.60 mg/kg/d, 95% CI: −27.32
to −9.88, p < 0.001, respectively) that did not correlate with age, free-fat mass, or years being
vegan. The results of this study confirm that a vegetarian diet, and in particular a vegan
one, should ensure a higher protein intake than the U.S. recommended dietary allowance
(RDA) for protein of 0.80 g/kg/d for adults, as also stated by experts and organizations in
the field of vegetarian nutrition.

A vegetarian diet may be useful not only for the prevention and support of metabolic
diseases but also for the management of disorders common in developed countries. Al-
though the link between gastroesophageal reflux disease (GERD) and dietary choices
remains unclear and understudied, some evidence suggests that nutrition may play a
role in managing the disease both in the short and long term. Rizzo and colleagues ex-
plored this relationship through a cross-sectional study on 1077 adult participants of the
INVITA study (Investigation on Italians’ Habits and Health) through a survey based on
an online questionnaire (Contribution 5). In total, 37.3% of participants followed a vegan
diet, with a prevalence of women, while the prevalence of GERD in the reference sample
was 9%. As expected, the quality of life was statistically lower in individuals with GERD,
based on the SF-36 questionnaire. Furthermore, the logistic multivariate analysis, adjusted
for confounders such as BMI and smoking habits, showed that adopting a vegan diet
compared to other animal-based dietary patterns significantly reduced the risk of GERD
(OR: 0.47, 95% CI: 0.28–0.81, p: 0.006). This evidence suggests that a vegetarian diet can help
improve the quality of life and manage disorders associated with GERD through simple
lifestyle interventions.

Another aspect that affects the quality of life and long-term prognosis is frailty in senes-
cence. This is relevant considering the increase in the aging population and the resulting
health burden. Qi and colleagues conducted a prospective study including 2883 partici-
pants aged 65 years and above from the Chinese Longitudinal Healthy Longevity Survey
(CLHLS) from 2008 to 2018 to explore the association between diet and frailty (through
the frailty index) (Contribution 6). The authors assessed the participants’ eating habits
through a food frequency questionnaire, defining the score for the overall plant-based diet
index (PDI), healthful plant-based diet index (hPDI), and unhealthful plant-based diet
index (uPDI). Using the Cox proportional hazard model corrected for covariates, a lower
frailty risk was associated with adherence to a plant-based diet (HR: 0.86, 95% CI: 0.77–0.95,
p < 0.01) and a healthful plant-based diet (HR: 0.83, 95% CI: 0.75–0.93, p < 0.001), when the
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highest tertile score was compared with the lowest. In contrast, adherence to an unhealthful
plant-based diet was associated with a higher risk of frailty (HR: 1.21, 98% CI: 1.08–1.36,
p < 0.01). While at baseline, only individuals without predisposition to frailty were in-
cluded, at the end of the follow-up 1987 individuals suffered from pre-frailty or frailty,
and the association between the frailty index and the plant-based diet indices was linear,
with a more marked effect among men than women in the subgroup analysis (in women,
statistical significance persisted only in the association with uPDI). This underlines how
important it could be to plan a well-balanced vegetarian diet.

In a cross-sectional web-based survey with 2180 adult participants, Stenico and
coworkers investigated the eating habits of an Italian sample living in Italy and abroad, fol-
lowing a vegan diet for at least one year (Contribution 7). Based on the results of structured
and semi-structured questionnaires on food frequency, sociodemographics, and difficulties
in daily management and relationships with health professionals, the participants were
predominantly women and were motivated by ethical principles in their food choices.
While ethical and environmental motivations were associated with the level of education,
the duration of adherence to the diet was negatively associated with the environmental
motivations and positively associated with the ethical ones. The length of time following
the vegan diet was also positively associated with the consumption of plant-based cheeses
and vegetable burgers and negatively associated with the consumption of cereals, legumes,
and soy foods. Additionally, there was a strong awareness of the need for vitamin B12 sup-
plements and a focus on following food guides for health. However, a skeptical approach
from the medical community and health professionals emerged, raising concerns about the
limited support for those who choose this dietary pattern.

Although the prevalence of plant-based foods in the diet has been reported to be
associated with metabolic benefits, such as reduced cardiovascular risk, which food groups
and macronutrients are specifically related to these benefits remains to be explored in
depth. Jakše and colleagues conducted a secondary analysis from a Slovenian cross-
sectional study (Whole-Food Plant-Based Diet Lifestyle Program) involving 151 individuals
who had followed a well-structured plant-based diet for a long period (4.1 ± 2.5 years,
on average) and maintained an active lifestyle (5541 ± 4677 total METs) (Contribution
8). From the multivariate analysis adjusted for confounders, the authors highlighted
associations between foods such as fruits and whole grains and improved cholesterol
levels, including total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), and
low-density lipoprotein cholesterol (LDL-C). At the same time, an association between
HDL-C levels and the consumption of legumes, nuts, and seeds was found. The study
also pointed out associations between cholesterol levels and fiber, carbohydrates, and
different types of fatty acids, even if the effects were weak (0.16 < r < 0.32). Moreover,
some unexpected findings emerged, such as the negative association between HDL-C
levels and higher consumption of legumes or nuts and seeds, as well as the lack of a
significant association between food groups and blood pressure and the absence of a
beneficial relationship between fiber intake and LDL-C levels. However, it must be noted
that the study population had a homogeneous concentration of cardiovascular markers,
which were within the normal range.

A narrative review and a systematic review were also included in this thematic collection.
Hernández-Lougedo and colleagues conducted a systematic review of the literature

on the relationship between athletic performance and vegetarian nutrition (Contribution 9).
After applying inclusion criteria, they selected six studies: three cross-sectional studies and
three clinical trials. Two studies did not differentiate between types of vegetarian diets, one
study focused on lacto-ovo-vegetarians, and the other three specifically involved partici-
pants following a vegan diet. Only one of the clinical trials was randomized and included
a blinded omnivorous or vegetarian dietary intervention. Although overall differences in
performance and health between diets were not evident, specific differences did emerge.
The best performers in endurance activities (races under 21 km and half marathons) were
individuals following a vegetarian diet, except for marathon or ultra-marathon events,
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where omnivores performed better. Omnivores showed better adaptation to environmental
conditions, with significant differences observed between omnivorous and vegetarian
women. Muscle mass in vegetarians was significantly lower than in omnivores. However,
in cycle ergometer endurance tests, vegetarians showed a performance advantage over
omnivores. No significant differences were observed regarding strength parameters. Given
the still fragmentary nature of the data, further studies are needed to fully understand the
influence of diet on physical performance, particularly in relation to specific parameters
and sports disciplines.

A vegetarian diet has often been proposed as a beneficial dietary approach for chronic
kidney disease (CKD), due to the greater tolerance of plant proteins compared to animal
proteins and better compliance compared to the canonical low-protein diets commonly
used in these cases. Narasaki and colleagues conducted a narrative review of the literature
to investigate the available information on the potential influence of vegetarian nutrition
on CKD (Contribution 10). A vegetarian diet has shown benefits for various conditions that
exacerbate CKD, such as hypertension and diabetes. Additionally, it can be beneficial for
reducing oxidative stress, inflammation, metabolic acidosis, and the accumulation of uremic
toxins. Many of the benefits of plant-based foods come from the presence of phytochemicals
and fiber. The adoption of a vegetarian diet in CKD patients has been debated due to the
high phosphorus and potassium content in plant foods, which could worsen the renal
burden associated with mineral metabolism disorders. However, the literature data suggest
that phosphorus in plant foods is much less absorbable and bioavailable than that found in
animal products. Phosphorus in vegetables is complexed with macromolecules that reduce
the risk of hyperphosphatemia, as demonstrated in comparative studies with similar intake
levels between plant and animal foods. Similarly, the risk of hyperkalemia does not seem
relevant enough to justify the avoidance of plant foods, except for some processed items
such as fruit juices, dried fruits, and sauces. The relationship between diet and end-stage
kidney disease remains to be clarified.

Overall, plant-based diets appear to have positive implications for health, if appropri-
ate adjustments are made compared with guidelines for the general population. Health
professionals can play a crucial role in managing vegetarian diets, avoiding misinformation,
and promoting sustainability for individuals, society, and the environment. Consumers’
knowledge about plant-based foods needs to be enhanced.
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All authors have read and agreed to the published version of the manuscript.
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The Relationship between Vegetarian Diet and Sports
Performance: A Systematic Review
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Abstract: Introduction: In recent years, the vegetarian diet has increased in popularity among athletes.
The aim of this review is to ascertain the differences in variables related to performance, nutritional
intake, and health in athletes according to whether they are omnivores or vegetarians. Methodol-
ogy: A literature search was carried out in different databases: PubMed, Web of Science, Dialnet,
and Cochrane. The keywords used were “vegetarian diet”, “vegan diet”, “exercise”, “sport”, and
“performance”. After applying different inclusion criteria, six studies were included in the review.
Results: No significant differences were obtained in variables related to physical performance (adher-
ence exercise, Vo2Máx, muscle power, and sprint test) or health (body composition, psychological
well-being, and social relationships), but dietary intake was significantly higher in carbohydrates and
lower in proteins in vegetarian athletes (p < 0.05). Conclusions: It cannot be affirmed that vegetarian
subjects have a higher sports performance, for which more research should be carried out.

Keywords: vegetarian diet; vegan diet; performance; sport and exercise

1. Introduction

The population’s diet has changed over the years, which has led to an increase in the
consumption of plant-based foods in Western countries [1–4].

A vegetarian is defined as a person who does not consume any type of meat, including
poultry, seafood, fish, or products containing them. However, within vegetarianism,
there are different groups, some less restrictive than others. From less restrictive to more
restrictive, we find the ovolactovegetarians who do include dairy products and eggs in
their diet, the lactovegetarians who only include milk, and the vegans who do not include
any type of food of animal origin [5–7] (Table 1).

The reason why people choose to consume such foods varies greatly depending on
their age:

- Adolescents for reasons of animal or environmental concern.
- Adults who wish to improve their health.

Historically, this type of food is related to health, culture, and religious factors [8,9].
The origin of this diet is found in ethical–religious and medical movements, since it was
used as a ritual of health and purity of the body. For example, in China, a large part of
the population continues to maintain a vegetarian diet and it is also in traditional Russian
medicine, in India meat is not consumed because it is considered an act of violence, and in
the Buddhist religion, meat consumption was not introduced until the end of the Second
World War [10].

Nutrients 2023, 15, 4703. https://doi.org/10.3390/nu15214703 https://www.mdpi.com/journal/nutrients6
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Table 1. Types of diets.

Non-vegetarian

Omnivorous

Vegetarian-based

Ovo-lacto-
vegatarian

Ovo-
vegetarian

Lacto-
vegetarian

Vegan

However, in Europe, vegetarianism began in the Renaissance, and from that moment,
began to expand. It was in 1847 when a group of vegetarians met and formed the first
vegetarian society in Europe, which was named “Vegetarian Society” [10].

The benefits of this diet, as evidenced by the American Dietetic Association, are an
improvement in health and in the prevention and treatment of pathologies. It has been
shown that the chances of developing cardiovascular pathologies are lower, while some
cancers have shown improvements in the biochemical parameters of the organism. It
should be noted that vegetarians are not only characterized by their eating style, but also
by generally engaging in more physical activity and consuming less harmful products [11].

However, this diet not only has the benefits outlined above, but it also has some
negative aspects. The main disadvantage is the possibility of suffering from nutritional
deficiencies, especially in vitamin B12, zinc, iron, calcium, omega-3 fatty acids, and pro-
tein [7,11].

To ascertain the effects that this diet may have on sports performance, we need to
compare the nutritional contributions of the foods that make up the vegetarian diet with
that of the omnivorous diet.

According to The Academy of Nutrition and Dietetics, a well-planned vegetarian diet
can meet the macronutrient and energy needs of an athlete [12,13]. Vegetarian diets can
vary widely in terms of calorie content and fiber, just like omnivorous diets. It is important
for vegetarian athletes to focus on a balanced and nutrient-rich diet that supports their
performance and overall health. As for the carbohydrate requirements of sportsmen and
sportswomen, mainly in endurance sports, athletes need to replenish their glycogen stores,
as the success of their sports performance will depend on this. This is why carbohydrate
intake recommendations are between 3 and 12 g/kg/day depending on the volume,
intensity, and type of exercise effort [11]. Vegetarian diets do not meet the daily protein
recommendation, but it should be kept in mind that, in the case of athletes, the requirements
are higher, and these depend on the sports: 1–1.6 g/kg in endurance sports and 1.4–2 g/kg
for strength athletes [11,14]. It has been shown that people who follow a vegetarian diet can
cover their protein requirements of high biological value if they consume eggs and dairy
products, as well as legumes and nuts. With respect to fats, the requirement for athletes
is like that of non-athletes (20–35% of total daily calories), and these should be healthy
fats [11].
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When planning a diet for an athlete, the total energy requirement must be taken
into account, along with the basal metabolism, the energy expenditure generated by the
physical exercise performed, and the thermogenic effect of food, which represents between
3% and 10% of the total energy expenditure [15]. Some of the methods used to calculate it
are the equations, such as Harris–Benedict or Mifflin–St-Jeor, using electronic devices such
as watches or cell phones, or direct and indirect calorimetry.

Hydration is a key factor in successful performance, as it optimizes thermoregulation
during exercise [16]. Correct fluid levels should be monitored before, during, and after
exercise. Ideally, fluid loss should not exceed 2%, as higher values decrease cognitive
function and performance. Athletes can lose between 0.3 and 2.4 liters of body fluid per
hour of exercise through sweat, depending on variables, such as environment, gender, body
size, and exercise duration [15].

We must also take into account the intake of micronutrients, which, according to
several studies, is deficient when a vegetarian diet is followed [17]. The main mineral
that research should be focused on is iron. The type of iron suitable for vegetarians is
non-heme iron, and the amount that is absorbed will depend on whether it is consumed
with enhancers (vitamin C and citric acid) or inhibitors. Iron is important in an athlete’s per-
formance as it is involved in the delivery of oxygen to the muscle. According to Fuhrman
and Ferreri (2010), it is not necessary to take supplements if an adequate amount of food
containing this mineral is consumed, except in cases of anemia, low ferritin, or menorrhagia.
Something similar happens with zinc, which is consumed in foods that contain a large
amount of this micronutrient, although such foods also inhibit its absorption. Supplemen-
tation is recommended due to its importance in the functioning of the immune system
function [18]. These studies have linked vegetarian diets with vitamin B12 deficiency,
which is associated with cardiovascular pathologies [18]. These same authors mention the
importance of an adequate supply of vitamin D in athletes, since it is directly related to the
musculoskeletal system, and the best sources of vitamin D are sun exposure and/or the
consumption of fortified foods.

Injured athletes should control caloric intake to lose as little muscle mass as possible
during the period when there is the least amount of movement. During this period,
athletes should increase protein intake by 1.2–1.5 g/kg to aid healing tissue formation
while reducing muscle loss [15].

In terms of performance in strength and endurance sports, it can be stated that the
vegetarian diet provides the necessary nutrients for good performance, provided that the
diet is well planned. In strength sports, protein intake is especially relevant, although
with the intake of plant proteins, such as legumes, seeds, nuts, and whole grains, the
recommendations can be met [5]. In addition, there are now a large number of foods
enriched with micro-nutrients, which can help vegetarian or vegan athletes reach the
recommended intakes.

Some of the athletes, both strength and endurance, who eat a vegetarian or vegan
diet are Derek Tresize and Carla Lewis, bodybuilder and velocity athlete [19], respectively,
as well as in intermittent sports, such as soccer or tennis, as we find in the cases of Saul
Ñiguez and Novak Djokovic.

This review aims to assess the effects of vegetarian and omnivorous diets on various
aspects of athletic performance, health-related parameters, and nutritional intake.

2. Materials and Methods

2.1. Acquisition of Evidence

For this systematic review, we followed the protocol according to the standards and
guidelines of the PRISMA statement for systematic reviews and meta-analyses, which aims
to improve the reporting of future systematic reviews [20].

8



Nutrients 2023, 15, 4703

2.2. Eligibility Criteria

We included articles that met the following inclusion criteria: (a) publications in the
last ten years (from 2013 to 2023); (b) written in English or Spanish; (c) clinical trials and
randomized controlled clinical trials using a placebo or control group; (d) relationship
between diet and sports performance; (e) women of working age (intervention group
performing a physiotherapeutic intervention; (f) cytokine analysis. Exclusion criteria were
(i) animals were used for research. (ii) clinical trials without results or not completed.
(iii) literature reviews.

2.3. Sources of Information

The literature search was conducted between September 2022 and September 2023.
The aim of the search was to find out whether athletic performance changed as a function of
the diet the athlete would take. The databases used were Web Of Science (WOS), PubMed,
Cochrane, and Dialnet.

2.4. Search Strategies

The keywords we used for the document search were “vegetarian diet”, “vegan diet”,
“performance”, “sport”, and “exercise”. The search strategy was (“vegetarian diet” OR
“vegan diet”) AND (performance OR sport OR exercise). At the end of the search, we had
263 articles that met the search criteria, after reading the abstracts, methods, and objectives,
exclusion criteria were applied:

- Articles with a publication date prior to 2013.
- Articles that were written in a language other than English or Spanish.
- Articles in which animals were used for research.
- Articles that were literature reviews.
- Articles that did not link diet to sports performance.

2.5. Data Extraction Process

An exhaustive reading and evaluation of the six studies finally selected were carried
out, to which the PEDro scale was applied to assess their methodological quality, evaluating
the design of the study, the source of obtaining the subjects, whether the study was
randomized, whether there was concealment, whether there was blinding, and what the
outcome of the study was like. The PEDro scale of the synthesis results can be found in
more detail in Section 3.5.

In addition, the PRISMA 2020 checklist [20] was used to collect the most relevant data
for each of the studies, author and year, type of study, sample characteristics, objectives,
type of intervention, intervention time, diet, ergogenic aids, program, healthy variables,
and performance variables. Figure 1 shows the process followed in selecting the articles
used for the literature review according to PRISMA declaration. The results of the data
extraction will be presented in Supplementary Materials.

2.6. Risk of Bias Assessment of Individual Studies

Risk of bias is a tool developed by the Cochrane Collaboration to assess the method-
ology of scientific evidence. It is useful in systematic reviews for the individual analysis
of included CTs and RCTs. In this sense, the present systematic review has followed the
Cochrane Handbook 5.1.0 [21] to assess the risk of bias.

The Cochrane Handbook 5.1.0 presents six levels of bias: selection bias, conduct bias,
detection bias, attrition bias, reporting bias, and other bias. Each level has one or more
specific items in a Risk of Bias table, and each item includes a description of what happened
in the study and an assessment where the assignment of “low risk”, “high risk”, or “unclear
risk” of bias is included [21].
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Figure 1. Flow diagram according to the PRISMA declaration.

2.7. Synthesis Methods

The synthesis methods used in the present review are the eligibility criteria that were
determined in Section 2.2 of Material and Methods and the analysis of methodological
quality using the PEDro scale, which is based on the Delphi checklist developed by Verha-
gen [22]. The checklist has a total of 11 items. The first item refers to external validity and
is not considered for the final score, items 2–9 refer to internal validity, and items 10 and 11
indicate whether the statistical information provided by the authors allows for an adequate
interpretation of the results.

Therefore, the maximum score is 10 points, and the minimum is 0. Only items that
are answered affirmatively are scored. Studies with a score of 9–10 were of excellent
methodological quality, 6–8 were of good quality, and 5 were of fair or acceptable quality.
The PEDro scale can be found in more detail in Section 3.5.

Further to the synthesis measures, we assessed whether the studies included in the
analysis met their objectives set at the start of the study.

2.8. List of Variables

Table 2 details the study variables found in the articles found for this systematic
review.
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Table 2. List of variables of the results.

Physical health

Quality of life questionnaire (WHOQOL-BREF).
Psychological well-being and social relationships.
% of subjects performing one endurance modality or the
other according to sex and diet.

Body composition
Body mass.
Lean mass.
Fat mass.

Performance

Relative, absolute, and maximum oxygen consumption.
Maximum number of extensions and push-ups.
Maximum performance.
Muscular strength.
Respiratory Coefficient.
Macronutrient oxidation.
International Physical Activity Questionnaire.
Fatigue index.
Average and peak power.

Energy, macronutrient, and
micronutrient intake

Basal metabolic rate (BMR).
Dietary profile.
Dietary intake.
Energy, macronutrients, and Fe intake.

3. Results

3.1. Selection of Studies

During the initial phase of the search, 933 studies were identified from different
databases. After eliminating duplicates, 903 studies remained.

To refine the selection, we applied date filters (2013–2023) and chose to select only
clinical trials and randomized clinical trials, which were available in English or Spanish,
leaving us with 141 articles. After reviewing the titles and abstracts, 135 studies that did not
fit the study topic were discarded. After a detailed reading, a total of six studies that met
the inclusion criteria were selected and subjected to a qualitative analysis, using database
filters for date and type of study. Mendeley was used to search for duplicates.

3.2. Characteristics of the Studies

Of the total articles included in this review, 33.33% were published in 2016 [23,24],
16.67% in 2018 [25], 16.67% in 2020 [26], and 33.33% in 2021 [27,28]. A total of 3363 individuals
participated, with 1921 females, of whom 543 were vegetarians, 652 vegans, and 726 omnivores;
and 1442 males, with 305 vegetarians, 352 vegans, and 785 omnivores.

The articles were cross-sectional studies, trial-control studies, or randomized clinical
trials. Of the six studies included in this systematic review, five present a group of athletes
eating a vegetarian or vegan diet and a control group composed of athletes eating an
omnivorous diet. A single observational study compares subjects according to diet and
sport modality, 10 km, half marathon, and marathon. More detailed information can be
found in the descriptive table of each of the studies in Table 3.
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3.3. Results of Individual Studies

The results of the data extraction will be presented in Table 3.

3.4. Risk of Bias in Individual Studies

A risk of bias assessment of the individual studies was performed, allowing a more ac-
curate picture of the quality of the available evidence and the reliability of the
results obtained.

The risk of bias assessment figures for each study included in this systematic review
are shown below. Each figure will show the result of the risk of bias assessment for each
domain assessed, allowing us to identify the strengths and weaknesses of each study. In
this way, we will gain a more detailed understanding of the quality of the included studies
and their impact on the overall results of the systematic review.

In the risk of bias graph (Figure 2), it can be seen that the incomplete short- and long-
term outcome data and selective reporting is 100% low risk; while blinding of participants,
personal, and outcome assessment is 83.3% low risk; other source of bias is 50% low risk;
and randomized sequence generation and allocation concealment is 83.3% high risk.

Figure 2. Risk of bias.

In the present review, the articles with the greatest bias are those that are not random-
ized and that do not blind the group assignment [23,25–28]. The article with the greatest
bias is due to the lack of blinding of the subjects and the evaluators, as well as other biases
such as only specifying the depurative modality [25]. In some articles there are other types
of biases, such as not specifying exercise variables [27] or that the calculated dietary intake
was based on a 3-day recall [25,26].

Furthermore, in the risk of bias summary (Figure 3), it can be seen which author and
item has a low risk, unclear risk, and high risk.

3.5. Results of the Synthesis

The articles included in the review were assessed using the PEDro methodological
quality scale, shown below in Table 4. The final score obtained ranged from 5 to 10.
Five studies were classified as being of good quality and one of fair quality. The studies
achieved a mean value of 6.16 ± 0.75.
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Figure 3. Risk of bias summary [23–28].

Table 4. Methodological assessment PEDro scale.

Type of Study
PEDro

Conflict of
Interests

1 2 3 4 5 6 7 8 9 10 11 TOTAL NO

[25] Cross-sectional-study + - + + - - - + + + + 7/10 NO

[23] Cross-sectional study + - + + - - - - + + + 6/10 NO

[24] Parallel Randomized
Trial + + - + - - - + + + + 7/10 N/A

[27] Cross-sectional-study + - - + - - - - + + + 5/10 NO

[26] Control-trial + - - + - - - + + + + 6/10 NO

[28] Control-trial + - - + - - - + + + + 6/10 N/A

1: Eligibility criteria were specified; 2: subjects were randomly allocated to groups; 3: allocation was concealed;
4: the groups were similar at baseline regarding the most important prognostic indicators; 5: blinding of all
subjects; 6: blinding of all therapists who administered the therapy; 7: blinding of all assessors who measured at
least one key outcome; 8: >85% outcomes of the subjects initially allocated to groups; 9: data for at least one key
outcome by “intention to treat”; 10: between-group statistical comparisons; 11: point measures and measures of
variability; N/A: not available; + sign means that it meets the quality criteria; - sign means that it does not meet
the quality criteria.

4. Discussion

After analyzing the different studies, we observed that the practice of physical exercise
and diet must be understood together to perform at one’s maximum. As shown in Figure 4,
the percentage of subjects who performed different endurance tests was evaluated as a
function of their diet, and it was observed that in the tests of less than 21 km, the vegans
were the ones who performed the largest number of tests, both male and female athletes
(14% and 10%, respectively); in half marathons, male vegans (32%) and female vegetarians
(43%) obtained the greatest percentage; and, finally, in marathon or ultra marathon events,
male and female omnivores were the ones who performed the largest number of tests (60%
and 37%, respectively) [27].
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Figure 4. Percent of subjects performing different endurance modalities as a function of diet [27].

4.1. Physical Health

Through the quality-of-life questionnaire (WHOQOL-BREF), there is a difference in
some variables related to health depending on diet and type of exercise. The results show
that omnivorous women and men have better physical health, but the differences are
not significant, so to say that both are adequate to maintain good physical health is not
entirely accurate (Figure 5). Physical health is greater in women who run half marathons,
followed by those who participate in marathons or ultra marathons, and, finally, those who
run 10 km races. However, in men, physical fitness decreases gradually as the distance
increases [25].

Figure 5. Physical health % of different subjects as a function of diet [25].

Vegetarian diets can help athletes protect themselves from degenerative and inflam-
matory diseases, as well as improve their body composition [29].

Other parameters related to health in the sports environment have also been studied,
such as psychological well-being, the environment, and social relationships were also
researched. In relation to psychological well-being and social relationships, athletes with an
omnivorous diet report a higher level, although the differences are not significant. Finally,
and in relation to the environment, the omnivorous subjects were also those who presented
a better adaptation, with significant differences in women according to the sport modality,
half marathon, and 10 km races, with the former presenting a greater adaptation to the
environment [25].
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4.2. Body Composition

Body composition is a factor that is directly related to athletic performance, although
there are no ideal values, since they vary depending on the sport (Figure 6) [23].

Figure 6. Body composition of subjects according to diet [23].

4.2.1. Body Mass

Vegetarian athletes had body weights that were 11% higher compared to omnivores.
This suggests that the body weight of vegetarians who are athletes is significantly greater
than that of those who consume an omnivorous diet [23,30].

Lactovegetarians, on the other hand, had body weights that were 7.3% lower compared
to omnivores. Lactovegetarians are vegetarians who consume dairy products, and they
had a lower body weight compared to omnivores.

Vegetarian athletes were 11.1% more likely to fall into the “normal weight” category
according to the criteria established by the World Health Organization (WHO), which
defines normal weight as having a Body Mass Index (BMI) between 18.5 and 25 kg/m2 [31].
This suggests that vegetarian athletes were more likely to maintain a normal weight
compared to omnivores.

4.2.2. Lean Mass

Muscle mass was 7% lower in vegetarian athletes compared to omnivores [23]. In
male endurance athletes, muscle mass was also lower in those on an ovolactovegetarian
diet compared to omnivores, specifically by 1.6% [30].

4.2.3. Fat Mass

In relation to fat mass in athletes, it depends on sex and diet. In men, there are no
significant differences in the percentage of fat mass, while in women, omnivorous athletes
had 1.4% more fat mass according to their body weight [23].

The athlete’s body composition is a factor that varies according to the competitive
period that he/she is in. Both body weight and fat mass decrease as the season progresses,
although skeletal muscle mass remains stable in relation to body weight. This may be due
to training and competition, as well as energy intake and distribution [32].

4.3. Performance

On diet and exercise compliance, vegetarians had a high adherence rate of 55%, while
omnivores had an adherence rate of only 32%. Sometimes, this may be because high-
performance athletes are hesitant to follow these types of nutritional guidelines that would
allow them to achieve the desired performance for competition [24].

19



Nutrients 2023, 15, 4703

4.3.1. Endurance exercise

As shown in Figure 7, vegetarian subjects performed 20% more physical activity than
omnivores [23]. In these studies, the maximum oxygen consumption was measured, being
13% in vegetarian women [23] and 12% in vegetarians [24]. As indicated by several authors
in the literature, this variable is clearly marked as a performance marker in performance
athletes, so that improvements of approximately 12% in this modality can clearly mark the
result in these tests [23,24].

Figure 7. VO2 max of the subjects according to the type of diet [23].

In relation to energy expenditure, it increased by 50 kcal/week and decreased by
80 kcal/week in omnivorous athletes, even though they performed the same exercise
protocol [24].

In an incremental cycloergometer test, vegetarian athletes obtained improvements of
3.5 mL/kg/min with respect to VO2máx and a higher VO2máx in a test at submaximal
intensities with respect to omnivorous athletes, and, in the submaximal endurance test
performed on a cycloergometer at 70% maintaining 70–80 rpm, improvements of 6.1 min
were obtained in vegetarian athletes [26]. Possibly, these improvements in the VO2máx
variable are related to the improvement of body composition parameters obtained thanks
to this type of diet [22,26,30,31].

Improvements in endurance sports in vegetarian athletes may be due to effects on
the number of mitochondria, capillary density, and hemoglobin concentration; however,
specific studies in which these parameters are measured and evaluated would be necessary
to indicate the origin of the improvements [33].

4.3.2. Strength Training

In relation to strength, no significant differences were shown in the quadriceps exten-
sion and shoulder press exercises, using the 1 RM technique [26]. As for muscle power,
improvements of 21 W in muscle power were obtained in a one-hour test at 60% max-
imum HR in ovolactovegetarian athletes compared to omnivores [24]. However, there
were no significant differences between the groups in average or maximal power in a
four-sprint test with a cycloergometer, but maximal power was significantly higher in the
first two sprints [28]. Specific research is needed in which tests and/or protocols for the
improvement of strength parameters are carried out and can be evaluated.

4.4. Metabolism

Another variable that was measured and is related to performance is macronutrient
oxidation. Although there were no significant differences in fats or proteins, there were
differences in carbohydrates, remaining in vegetarians at 0.3 mL/kg/min and decreasing
in omnivores from 0.3 mL/kg/min to 0.1 mL/kg/min [24]. Furthermore, there were no
significant differences in the respiratory quotient [24].
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However, a review of studies comparing athletes on omnivorous or vegetarian diets
found that there were no significant differences between the groups, and that the exercise
protocols were very different [34].

4.4.1. Energy Intake

Daily calorie intake varies according to the type of diet of the subjects, with the
lowest to highest intakes being those of vegans (2383 kcal), vegetarians (2722 kcal), pesco-
vegetarians (2744 kcal), semi-vegetarians (2849 kcal), and, finally, omnivores (2985 kcal)
(Figure 8) [31].

Figure 8. Energy intake as a function of diet [31].

In relation to athletes, energy consumption varies depending on the time of the season,
being higher during the competitive period corresponding to months 6 and 9 [32].

4.4.2. Macronutrient Intake

Vegetarians consume a higher amount of carbohydrates (343 g), compared to omni-
vores, who consume at least 322 g [31]. The same was observed in other studies, with
vegetarians consuming 5%, 7.7%, and 17.9% more than omnivores, respectively [23,26,28]
(Figures 9 and 10). The energy intake per week is higher in vegetarian women than in
omnivorous women (21 kcal/kg/week), and in vegetarian men than in omnivorous men
(17 kcal/kg/week) [23].

Figure 9. Macronutrient intake as a function of diet [26].
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Figure 10. Macronutrient intake as a function of diet [28].

The Association of Sports Medicine and the College of Dietitian Nutritionists of
Canada recommend a carbohydrate intake of 5–10 g/kg/day for athletes, depending on
the volume and intensity of training, as well as the competition period.

The intake protein was 93 g in vegetarians and 112 g in omnivores [31]. Protein
intake was 12% in vegetarians and 17% in omnivores, with significant differences in both
cases. [23] (Figure 11). However, there are many food products suitable for vegetarians
that contain high amounts of protein (Figure 12). In relation to protein intake, omnivores
consume 9.2% more protein than vegetarians [26]. In relation to endurance athletes, the
recommended intake is between 1.2 and 1.7 g/kg/day [35]. Protein intake during the first
three months of the season represents 20.37% of the total energy intake, and, in months 6
and 9, it increases to 21.7%, which corresponds to 2.2 g/kg/day [32].

Figure 11. Macronutrient and iron intake by diet [23].
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Figure 12. Quantity of macronutrient vitamins and minerals in different foods suitable for vegetarians
and vegans [36]: (a) macronutrients; (b) vitamins; (c) calcium and phosphorous; (d) iron and zinc.

Protein intake is lower in vegetarian athletes, but there are many foods suitable for
athletes who follow this type of diet, for example, textured soybeans contain 28.7 g/80 g,
almond drink 18 g/200 g, or flax seeds 18 g/10 g, among many others [36].

The consumption of saturated fats represents 8.3% in vegetarians and 11.6% in om-
nivores [23] (Figure 11). Total fats were assessed and accounted for 31% in vegetarians
and 36% in omnivores [31]. Furthermore, total and saturated fat consumption is higher in
omnivores than in vegetarians, 7.1% and 136.5%, respectively [26,28] (Figures 9 and 10).
The amount required for endurance athletes is 2 g/kg/day or 1.6 g/kg/day [32,35]. The
average intake of essential fatty acids in endurance athletes is increased by 4% during the
third and sixth months of the season [32].

Although it is widely believed that a vegetarian athlete hardly consumes any fat there
are many vegetarian foods with a high fat content such as tahini, 24 g/10 g, soybeans
7.3 g/80 g, and olive oil 90 g/100 mL [36].

4.4.3. Micronutrient Intake

We will consider the following minerals: iron (Fe) and calcium (Ca), which have been
analyzed in the different studies. For endurance athletes, iron consumption is higher in
vegetarians (19.4 mg) than in omnivores (15.4 mg), which represents a significant differ-
ence [23] (Figure 11). Whereas red meat is generally thought to be the most iron-containing
food, there are iron-rich foods that are suitable for vegetarians (Figure 12). Some of the
foods that can be consumed by vegetarian athletes and that contain a significant amount
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of iron are texturized soybeans, 4.1 mg/30 g, soybeans 7.8 mg/80 g, or wakame seaweed
1.1 mg/50 g [36].

Calcium consumption is higher in vegetarians than in omnivores, with a significant
difference of 266 mg per day [31]. Vitamin B12 intake is also noteworthy, with omnivores
consuming 2.86 mcg more than vegetarians [26]. Although we normally think of dairy
products when we talk about calcium, it is true that there are other beverages or foods that
have an equal or greater amount, as is the case with almond drink, 376 mg/200 g, or tofu
with 120 mg/60 g [36].

We analyzed cyanocobalamin (vitamin B12), which is the most frequently deficient
in vegetarian athletes. This vitamin is not generally present in foods of vegetable origin;
however, athletes can obtain it through meat analogs or algae and enriched foods, covering
up to 100% of the requirements [36].

A well-planned vegetarian diet with the right combination of foods, which satisfies
nutritional requirements, can be optimal for athletes to achieve high performance [37–40].

An interesting future line of research would be to determine whether the vegetarian
diet is optimal for improving performance in strength sports and to evaluate the diets of
vegetarian athletes to determine whether they achieve the dietary reference intakes (RDI)
of different micronutrients.

5. Conclusions

In relation to performance, athletes on a vegetarian diet obtained significantly higher
values of relative oxygen consumption and maximum power, compared to omnivores.
However, no significant differences were found in strength-related parameters.

Physical fitness was higher in vegetarian women, although no significant differences
were shown. Finally, and in relation to dietary intake, vegetarian or vegan athletes con-
sumed significantly more carbohydrates and less protein and saturated fat. Therefore, it is
important for athletes to plan a diet that meets their nutritional needs according to the type
of sport, as well as the period of the season they are in.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu15214703/s1, Suplementary Material S1: PRISMA Checklist [41].
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Abstract: There is rising interest globally with respect to the health implications of vegetarian or
plant-based diets. A growing body of evidence has demonstrated that higher consumption of
plant-based foods and the nutrients found in vegetarian and plant-based diets are associated with
numerous health benefits, including improved blood pressure, glycemic control, lipid levels, body
mass index, and acid–base parameters. Furthermore, there has been increasing recognition that
vegetarian and plant-based diets may have potential salutary benefits in preventing the development
and progression of chronic kidney disease (CKD). While increasing evidence shows that vegetarian
and plant-based diets have nephroprotective effects, there remains some degree of uncertainty about
their nutritional adequacy and safety in CKD (with respect to protein-energy wasting, hyperkalemia,
etc.). In this review, we focus on the potential roles of and existing data on the efficacy/effectiveness
and safety of various vegetarian and plant-based diets in CKD, as well as their practical application
in CKD management.

Keywords: nutrition; vegetarian diet; plant-based diet; chronic kidney disease

1. Introduction

There is rising interest worldwide regarding the health implications of vegetarian or
plant-based diets, including reductions in animal-based food intake and/or fully excluding
animal-based products from the diet [1]. A growing body of evidence has demonstrated that
higher consumption of plant-based foods and the nutrients found within plant-based diets
are associated with numerous health benefits, including improved blood pressure, glycemic
control, lipid levels, body mass index (BMI), and acid–base parameters, as well as lower risk
of complications such as diabetes [2], cardiovascular disease [3], and death [4]. Furthermore,
there has been increasing recognition that plant-based diets have a potential salutary role
in the management of chronic kidney disease (CKD). For example, the low-protein vegan
diet (0.7 g/kg of body weight/day of protein), the low-protein supplemented vegan diet
(0.6 g/kg of body weight/day of protein supplemented with essential amino acids (EAAs)
and keto acids (KAs), i.e., one tablet per 10 kg of body weight), and the very-low-protein
diet (0.3 g/kg of body weight/day of protein supplemented with EAAs and KAs, i.e., one
tablet for every 5 kg of body weight) are vegan/vegetarian diets that have been proposed
as possible kidney-conservative treatments [5]. A tablet of Ketosteril®, which is used
globally, contains L-lysine (105 mg), L-threonine (53 mg), L-histidine (38 mg), L-tyrosine
(30 mg), L-tryptophan (23 mg), hydroxy-methionine (59 mg), calcium-keto-valine (86 mg),
calcium-keto-phenylalanine (68 mg), calcium-keto-leucine (101 mg), and calcium-keto-
isoleucine (67 mg) [6]. Moreover the “Plant-Dominant Low-Protein Diet” (PLADO) [7] and
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“Plant-Focused Nutrition in Patients With Diabetes and CKD Diet” (PLAFOND) [8] are two
subtypes of plant-based diets that have been established for people with CKD as a means to
reduce the progression of kidney disease (Table 1). A sizeable body of research has shown
that vegetarian diets have nephroprotective effects, although there remains some degree of
uncertainty about safety with respect to the high contents of minerals such as phosphorus
and potassium, along with the potential risks of hyperphosphatemia and/or hyperkalemia
that may ensue with greater plant-based food consumption. In this review, we focus on the
potential roles of and existing data on vegan, lacto-ovo vegetarian, and PLADO diets in
CKD, as well as the practical application of these diets in CKD management.

Table 1. Different types of plant-based low-protein diets.

Diet CKD Stage Protein Carbohydrates

LPD vegan 3–4 0.7 g/kg/day (100% from grain and
legumes) From cereals

LPDs vegan

3–4
Indicated in pregnant women

with advanced CKD [9], in people
at high risk of malnutrition, or in

people who do not tolerate
legumes [10]

0.6 g/kg/day (100% from cereals and
legumes) + EAAs/KAs (1 tablet every

10 kg of body weight)
From cereals

PLADO diet 3–5 0.6 g/kg/day (with >50% plant-based
sources) From whole cereals

PLAFOND diet 3–5
Diabetic nephropathy

0.6 to <0.8 g/kg/day (with >50%
plant-based sources) From whole cereals

VLPDs 4–5 0.3–0.4 g/kg/day + EAAs/KAs
(1 tablet every 5 kg of body weight)

Especially from low-protein
substitutes

LPD: low-protein diet; LPDs: low-protein diet supplemented; PLADO: Plant-Dominant Low-Protein Diet;
PLAFOND: patient-centered plant-focused LPD for the nutritional management of CKD/DM; VLPDs: very-low-
protein diet supplemented. EAAs/KAs: essential amino acids/keto acids.

2. Overview of Vegetarian and Plant-Based Diets

Vegetarian or plant-based diets are types of diets composed of a larger proportion
of foods from plant-based sources as opposed to animal-based sources. There are var-
ious forms of vegetarian diets, such that some types fully exclude all animal products
(i.e., vegan diets), whereas other types include dairy products such as milk and cheese,
eggs, and honey (i.e., lacto-ovo vegetarian diets) or may even include small amounts of
fish and seafood (i.e., pescatarian), as well as meat and poultry (i.e., semi-vegetarian or
flexitarian) [11]. The phrases “vegetarian” and “plant-based diet” are often used without
differentiation, but the terminology “vegetarian” is commonly used to refer to lacto-ovo
vegetarians, while the terminology “plant-based diet” is used to refer to dietary patterns
with a greater proportion of foods derived from plant-based sources but may not mean that
they are devoid of animal-based foods. In other words, a plant-based diet is a hybrid form
of a diet rich in plant-based foods. A person who consumes a plant-based diet eats healthy
plant-based foods (i.e., fresh/whole/unprocessed/unrefined foods and beverages) and
avoids unhealthy plant-based foods (i.e., processed/refined/sugar-sweetened foods and
beverages) [12]. Two types of plant-based diets that have specifically been designed for
the non-dialysis-dependent CKD (NDD-CKD) population include the (1) Plant-Dominant
Low-Protein Diet (PLADO), consisting of a dietary protein intake of 0.6–0.8 g/kg/day,
with >50% from plant-based sources [7], and the (2) Plant-Focused Nutrition in CKD and
Diabetes Diet (PLAFOND), consisting of a dietary protein intake of 0.6–0.8 g/kg/day from
>50% plant-based sources [8]. Low-protein diets are supported by clinical practice guide-
lines to ameliorate the progression of CKD, and they are considered to be the centerpiece of
conservative and preservative kidney disease management strategies as a means to delay
or avert the need for dialysis [7,8]. Irrespective of the specific type of plant-based diet,
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such diets typically consist of a greater proportion of healthy plant-based foods (i.e., whole
grains, cereals, nuts, fruits, and vegetables) and favorable nutrient profiles (i.e., dietary
fiber, unsaturated fatty acids, folate, magnesium, vitamin C, vitamin E, carotenoids, phyto-
chemicals, and low bioavailability of phosphorus and potassium) (Figure 1) [11]. Dietary
phosphorus and potassium from unprocessed plant-based foods have lower bioavailability
and, therefore, confer lower loads of phosphorus and potassium, respectively, compared to
animal-based foods and processed foods, which is in part due to concomitantly higher glu-
cose and dietary fiber contents. Additionally, phosphorus in plant-based foods is present
in the form of phytate, which generally has limited bioavailability in the human digestive
system. There is more discussion on this topic in the latter part of this review.

Figure 1. Characteristics of nutrients and components in plant-based vs. animal-based diets. Ab-
breviations: ALA, α-linolenic acid; B1, vitamin B1; B6, vitamin B6; B12, vitamin B12, Ca, calcium;
D, vitamin D; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; Fe, iron; K, potassium; Mg,
magnesium; MUFAs, monounsaturated fatty acids; phytochem, phytochemicals; Pi, phosphorus;
PUFAs, total polyunsaturated fatty acids; SFAs, saturated fatty acids; Zn, zinc.

In the general population, the popularity of plant-based diets is in part due to their
perceived health benefits related to the control of diabetes, obesity, hypertension, and
hyperlipidemia. More recently, there has been interest in the role of plant-based diets in
preventing the development of de novo CKD, attenuating CKD progression, and mitigating
CKD-related complications (Figure 2).

Figure 2. Plant-based diets and health benefits in chronic kidney disease. Abbreviations: ALA,
α-linolenic acid; CKD, chronic kidney disease; CVD, cardiovascular disease; ESKD, end-stage kidney
disease; MUFAs, monounsaturated fatty acids; PUFAs, total polyunsaturated fatty acids; SFAs,
saturated fatty acids.
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3. Vegetarian Diets and Risk Factors for Incident CKD

3.1. Hypertension in Non-CKD Populations

Hypertension and CKD are closely interrelated, such that sustained hypertension
can lead to incident CKD and CKD progression, which can in turn result in worse blood
pressure (BP) control [13]. Randomized controlled trials have shown the benefits of plant-
based diets for BP control. In a study of 59 normotensive participants without underlying
CKD, consumption of a vegetarian diet for a six-week period lowered their mean systolic
BP by 6.8 mmHg when measured at the laboratory, and by 4.9 mmHg when measured at
home [14]. Another study in 58 participants with mild untreated hypertension, comparing
ovo-lacto-vegetarian vs. omnivorous diets, showed that the ovo-lacto-vegetarian diet
resulted in a reduction in BP by an average of 5.5 mmHg [15]. The Dietary Approach to
Stop Hypertension (DASH) trial, a landmark randomized controlled trial examining the
effects of a largely plant-based diet on BP control, showed that the DASH diet reduced BP
by an average of 5.5 mmHg compared to the control diet [16]. A meta-analysis of seven
clinical trials with an aggregate of 313 participants, which excluded the DASH diet trials,
also confirmed the benefits of plant-based diets for BP, such that consumption of vegetarian
diets reduced systolic BP by a mean of 4.8 mmHg compared to omnivorous diets [17].

3.2. Diabetes Mellitus in Non-CKD Populations

Vegetarian diets have been reported as an effective intervention for the prevention
and treatment of diabetes mellitus, the dominant etiology of CKD globally. It has been
shown that the prevalence of type 2 diabetes in people consuming vegetarian diets is
lower than that among non-vegetarians, even after adjusting for BMI [18]. A meta-analysis
of nine large prospective studies with a total of 307,099 participants reported an inverse
association between higher adherence to a plant-based dietary pattern and the risk of type
2 diabetes [19]. This association was strengthened in healthy plant-based diet patterns,
i.e., consumption of more healthy plant-based foods (e.g., whole grains, fruits, vegetables,
nuts, legumes, vegetable oils, tea, and coffee) vs. unhealthy foods (e.g., fruit juices, refined
grains, fried potatoes or potato chips, desserts, and sweetened beverages).

Several potential mechanisms explain the relationship between plant-based diets
and lower risk of diabetes mellitus. For example, the foods in healthy plant-based diets
individually and jointly reduce the risk of diabetes by improving insulin sensitivity and
BP [17,20], mitigating long-term weight gain, and ameliorating systemic inflammation [21].
Moreover, plant-based diets may reduce the risk of type 2 diabetes by ameliorating excessive
weight gain. Multiple interventional and observational studies have shown that plant-
based diets provide favorable weight control and/or weight loss in the short term and
weight loss and/or prevention of weight gain in the long term [22–24]. Plant-based diets
may also improve circulating levels of adiposity-related biomarkers, including leptin,
adiponectin, high-sensitivity C-reactive protein, and interleukin-6 [25,26].

4. Vegetarian Diets and CKD Complications

4.1. Hypertension in CKD Populations

Different components of vegetarian diets contribute to directly or indirectly lowering
BP levels in people with CKD, through various pathways. First, lower consumption
of sodium in plant-based vs. animal-based diets can prevent and control hypertension.
Unprocessed plant-based foods generally have less sodium than animal-based foods and
processed foods. Indeed, data from the National Health and Nutrition Examination Survey
(NHANES) showed that vegetarians ate less sodium, as ascertained using 24 h dietary
recall, compared to non-vegetarians (2347 ± 80 mg vs. 3621 ± 27 mg) [27]. A meta-analysis
that included 21 studies among people with earlier stages of CKD, dialysis patients, and
kidney transplant recipients reported that salt reduction reduced systolic and diastolic BP in
the short term (i.e., 1 to 36 weeks) [28]. This study also reported that salt reduction resulted
in lower albuminuria levels. Another meta-analysis also showed that salt restriction was
associated with lower systolic BP, diastolic BP, and proteinuria levels among 738 people
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with stages 1–4 CKD [29], and another pooled analysis showed that reduction of salt intake
resulted in lower systolic and diastolic BP among 101,077 people with CKD [30].

Second, higher potassium intake from plant-based diets may help reduce BP. It is well
established that higher dietary potassium intake lowers BP in the general population. While
studies examining the effects of dietary potassium on BP in people with CKD are sparse,
limited data suggest potential benefits. In an animal study of rats with CKD, it was demon-
strated that potassium supplementation lowered BP among rats with slightly higher serum
potassium levels compared to rats on a low-potassium diet [31]. In a non-randomized
study of 11 people with stage 3 CKD, receipt of the DASH diet (dietary potassium intake of
4.7 g/day) over two weeks resulted in no differences in clinical and mean 24 h ambulatory
BP, whereas it resulted in lower nighttime systolic BP levels compared to BP levels during
the baseline period while on a control diet (dietary potassium intake of 2.4 g/day) in the
absence of hyperkalemia [32]. Randomized trials in people with stages 3–4 CKD have also
shown that receipt of diets that are higher in fruits and vegetables resulted in lower systolic
BP after one year [33] or three years [34], although narrowly missing statistical significance
after a shorter follow-up period of four weeks [35].

Third, all plant-based foods contain dietary fiber, a carbohydrate that is indigestible
by digestive tract enzymes (Table 2) [35]. Dietary fiber intake improves BP by modifying
arterial contraction due to its effect on arterial smooth muscle, influencing the activity
of the angiotensin-converting enzyme (ACE) or retaining minerals such as potassium
and magnesium in its matrix [36,37]. In addition to BP control, there are a variety of
health benefits of dietary fiber that affect CKD outcomes. For example, dietary fiber
intake can improve glycemic control by delaying gastric emptying, reducing postprandial
glucose absorption, providing a lower glycemic response, producing greater satiety, and
improving insulin sensitivity [8,38]. Moreover, dietary fiber intake also contributes to
improving dyslipidemia. Dietary soluble fiber with high viscosity decreases cholesterol
absorption, binds to bile acids, and increases their fecal excretion. Bacterial fermentation in
the colon can inhibit cholesterol production in the liver by producing short-chain fatty acids
(SCFAs) [39]. SCFAs also exert trophic action on the mucosa and strengthen the defense
function of the intestinal barrier by counteracting bacterial translocation and low-grade
chronic inflammation [40]. Moreover, fiber intake reduces serum urea levels by promoting
a fecal route of excretion for nitrogenous waste, and it can reduce serum levels of AGEs
(advanced glycation end products) [35]. Lastly, greater dietary fiber intake may lead to
improvements in constipation, increased satiety, reduced energy intake, weight control, and
slower absorption of some nutrients in the intestine, leading to reduced inflammation [36].

Fourth, more balanced intake of macronutrients (including dietary protein, fat, and
carbohydrates) conferred by a plant-based diet can contribute to better BP control. Results
from observational studies indicate an inverse association between dietary plant protein
intake and BP [41], and both prospective studies and randomized controlled trials have
shown similar relationships between plant and animal protein intake with respect to
BP [42]. The effects of plant vs. animal protein on BP control remain to be established.
Additionally, vegetarian diets usually provide low intake of saturated fatty acids and
omega-3 polyunsaturated fatty acids (PUFAs). In a cross-sectional study of 26 vegetarians
vs. 26 non-vegetarians, matched according to age, sex, and BMI, the vegetarians had higher
plant-based fat consumption than the non-vegetarians, which may lead to higher resting
energy expenditure (REE) in vegetarians and potentially contribute to better body weight
and BP control [43].
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Table 2. Importance of dietary fiber in human health.

Property Function Health Benefits

Bulk

• Adds bulk to diet

� Satiety effect

• Adds bulk to stool

� Improves GI motility

� Increases bowel movement
� Reduces intestinal transit time

� Increases fecal bulk
� Increases stool frequency

• Regulates energy intake
• Lowers blood pressure
• Promotes weight loss
• Alleviates constipation

Viscosity

• Inhibits intestinal digestion and absorption

� Inhibits glucose absorption

� Traps carbohydrates
� Slows glucose absorption

� Inhibits cholesterol absorption

� Traps bile acids and extracts to
feces

� Increases the synthesis of bile
acids from cholesterol

� Traps carcinogenic substances

• Improves glycemic control

� Lowers postprandial serum glucose levels

• Improves cholesterol control

� Lowers serum total and LDL cholesterol

• Contributes to cancer prevention

Fermentability

• Alters intestinal microbiota composition and
function

� Increases gut-microbiome-induced
production of SCFAs

• Anti-inflammation
• Anti-obesity
• Anti-diabetes
• Anticancer
• Hepatoprotection
• Cardiovascular protection
• Neuroprotection
• Constipation treatment
• Inflammatory bowel disease treatment
• Immunoregulation

Abbreviations: GI, gastrointestinal; LDL, low-density lipoprotein; SCFAs, short-chain fatty acids.

4.2. Hyperphosphatemia in CKD Populations

In people with advanced CKD, decreased phosphorus excretion by the kidneys, cou-
pled with disordered mineral metabolism, engenders hyperphosphatemia, leading to
vascular calcification and stiffness, altered cardiac structure and function, kidney osteodys-
trophy, and increased mortality [44]. Therefore, in the traditional dietary management of
advanced CKD patients, dietary phosphorous has been restricted and plant-based foods
have been avoided due to concerns regarding high contents of minerals such as phosphorus.
However, increasing evidence suggests that greater intake of plant-based foods may lead
to better phosphorus control. The amount of phosphorus contained in food vs. phosphorus
absorbed by the body is not always consistent. Given that phosphorus in plant-based foods
is often in the form of phytate (which humans have limited ability to digest, given the
absence of the phytase enzyme), phosphorus found in plant-based foods usually has lower
absorbability and/or bioavailability (20 to 40% bioavailability) compared with animal
foods, which often have phosphorus in the form of caseins (40 to 60% bioavailability),
and processed foods, in which phosphorus is usually present as food additives (~100%
bioavailability) [45,46]. Indeed, both animal and human studies show reduced phosphorus
loads when consuming plant-based vs. animal-based diets, despite both diets having the
same amounts of phosphorus. In a rat model of CKD–mineral bone disease (CKD–MBD),
administration of a plant-based diet led to a reduced phosphorus load, such that rats fed
grain-based diets showed similar serum phosphorus levels, calcium levels, and intact
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parathyroid hormone (PTH) levels, yet lower urinary phosphorus excretion and serum
fibroblast growth factor 23 (FGF-23) levels vs. rats fed the same amount of phosphorous
from casein-based diets [47]. In a crossover trial of people with stage 3–4 CKD, receipt
of a vegetarian diet for one week led to lower serum phosphorus, phosphaturia, and
FGF-23 levels compared to a meat-based diet with the same phosphorus content [48]. A
randomized controlled trial in which participants underwent partial replacement of animal
protein with plant protein also led to reduced serum phosphorus levels [49].

4.3. Uremic Toxins, Inflammation, and Oxidative Stress in CKD

Given the concomitant rich consumption of dietary fiber, along with their lower
contents of carnitine, choline, phosphatidylcholine, tyrosine, and tryptophan, plant-based
diets lead to less generation of uremic toxins (i.e., trimethylamine n-oxide (TMAO), indoxyl
sulfate, and p-cresyl sulfate), as well as reducing inflammation and oxidative stress [50,51].
In a randomized controlled study of 32 non-dialysis-dependent CKD patients, one week of a
supplemented very-low-protein diet of plant-based origin (0.3 g/kg body weight/day) led
to reduced indoxyl sulfate levels [52]. In a randomized controlled study of 40 hemodialysis
patients who received higher vs. lower dietary fiber intake for six weeks, those who
received higher dietary fiber intake had reduced free plasma levels of indoxyl sulfate and
p-cresyl sulfate [53]. Data from the NHANES III cohort included 14,543 participants, in
whom it was observed that dietary fiber intake was negatively associated with serum
C-reactive protein (CRP) levels, such that each 10 g/day increase in total fiber intake was
associated with an 11% and 38% decline in the odds of elevated serum CRP levels in the
CKD and non-CKD groups, respectively [54]. In a rat model of CKD, consumption of
high-amylose maize resistant starch for three weeks also ameliorated inflammation and
oxidative stress [55].

Dietary fiber confers a number of advantages for sustainable human health [56].
The bulking effect from the food is important to control the events in the digestive tract,
including improved gastrointestinal motility (i.e., increased bowel movements and reduced
intestinal transit time), increased fecal bulk, and greater stool frequency. Dietary fiber
adds bulk not only to stool, but also to the overall diet, which provides a satiety effect and
regulates energy intake. This bulking property of dietary fiber can also reduce BP, promote
weight loss, and alleviate constipation [57]. The viscosity effect of dietary fiber can also
improve glycemic and cholesterol control, and it may additionally contribute to cancer
prevention. Increasing viscosity during digestion due to soluble dietary fiber results in the
trapping of carbohydrates, slowing of glucose absorption, and lowering of postprandial
blood glucose levels. Soluble fiber also helps to reduce total and LDL cholesterol levels by
binding bile acids in the small intestine following extraction from the body through feces,
as well as increasing the synthesis of bile acids from cholesterol. Dietary fiber also traps
carcinogenic substances and may prevent the development of cancer [57]. Fermentable
dietary fiber is the substrate for bacterial metabolism and stimulates the production of short-
chain fatty acids (SCFAs) through intestinal fermentation, primarily acetate, propionate,
and butyrate, leading to its protective effects against inflammation, obesity, diabetes, cancer,
and cardiovascular disease, along with immune regulation and a number of other health
benefits [58,59]. The mechanisms underlying the association between dietary fiber intake
and lower uremic toxin levels, as well as urea and creatinine concentrations, are interrelated,
such that greater dietary fiber intake (1) decreases toxin absorption and increases their
fecal excretion by improving intestinal motility, (2) reduces the permeability of toxins by
improving the integrity of tight junctions in the colonic epithelium by producing SCFAs,
and (3) facilitates the growth of a more favorable microbiome.

4.4. Metabolic Acidosis

A large proportion of people with CKD suffer from metabolic acidosis and its adverse
consequences, including muscle wasting, bone loss, impaired insulin sensitivity, chronic
inflammation, and progression of kidney disease [60]. While alkali therapy is typically con-
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ducted to correct metabolic acidosis in CKD patients by administering sodium bicarbonate,
a series of trials have shown that plant-based diets could also be used to treat metabolic
acidosis. In a randomized controlled trial of 71 people with stage 4 CKD, people assigned
to greater fruit and vegetable intake over the course of one year had higher plasma CO2
levels and lower urinary indices of kidney injury [33]. Another randomized controlled trial
of 108 people with stage 3 CKD also confirmed similar effects of fruit and vegetable intake
on metabolic acidosis parameters, such that daily administration of two to four cups of
fruits and vegetables over a period of three years resulted in higher CO2 levels, lower net
acid excretion, lower urinary albumin–creatinine ratios, and preserved kidney function [34].
According to this evidence, the KDOQI guidelines also support prescribing more fruits
and vegetables for stage 1–4 CKD patients in order to decrease their body weight, blood
pressure, and net acid production [36].

5. Vegetarian Diets, Incident CKD, and CKD Progression

5.1. Incident CKD and CKD Progression

Several studies have shown favorable associations of plant-based diets with CKD
outcomes, including incident CKD (i.e., development of albuminuria and/or eGFR decline)
and CKD progression. With respect to the outcome of incident CKD, among participants in
the Tehran Lipid and Glucose Study (TLGS), those in the highest quartile of plant protein
intake exhibited a 30% lower risk of developing CKD than those in the lowest group of
plant protein intake, while those in the highest quartile of animal protein intake had a 37%
higher risk of de novo CKD than those in the lowest group of animal protein intake [61]. In
the Multi-Ethnic Study of Atherosclerosis (MESA), a dietary pattern with higher intake of
whole grains, fruits, vegetables, and low-fat dairy foods was associated with a 20% lower
risk of CKD, whereas nondairy animal food intake was associated with an 11% higher
urinary albumin-to-creatinine ratio [62]. In a large longitudinal observational study of
the Atherosclerosis Risk in Communities (ARIC) cohort, which included 11,952 adults
with normal kidney function at baseline, various sources of dietary protein intake had
differential associations with the risk of CKD [63]. During a median follow-up of 23 years,
there was a higher risk of incident CKD in those consuming greater amounts of protein
from red and processed meat sources. Compared to those in the lowest quintiles of red
and processed meat consumption, those in the highest quintile of intake had a 23% higher
risk of incident CKD. Moreover, this study showed favorable associations of vegetable
sources of proteins, such that those in the highest quintile of vegetable protein intake had
a 24% reduced risk of incident CKD compared to those in the lowest quintile of intake.
Furthermore, when one serving per day of nuts or legumes was used to substitute one
serving per day of red and processed meat, a reduced risk of incident CKD was observed.

With respect to the outcome of CKD progression, in a prospective cohort study of
approximately 1600 women from the Nurses’ Health Study (NHS), among those with mild
CKD, greater intake of both total protein and nondairy animal protein was associated with
a decline in eGFR over a follow-up period of 11 years (i.e., each increment of +10 g/day
of total protein intake and nondairy animal protein intake was associated with an eGFR
decline of −7.72 and −1.21 mL/min per 1.73 m2, respectively) [64]. Existing clinical trial
data have also shown that partial replacement of animal protein with plant protein leads to
reductions in albuminuria [49,65,66]. Finally, a recent systematic review suggested that a
vegetarian diet improves renal filtration function in CKD patients [67].

5.2. Progression of ESKD

End-stage kidney disease (ESKD) necessitating long-term dialysis or kidney transplan-
tation is another highly relevant outcome with respect to studying the impact of vegetarian
diets on kidney health. There are mixed data, such that some studies have provided
evidence that vegetarian diets are associated with a lower risk of incident ESKD [68,69],
whereas others have not observed a nephroprotective relationship [70,71]. A report from
the Singapore Chinese Health Study showed the deleterious impact of high red meat intake
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on progression to ESKD, and it also showed that substituting one serving of red meat with
one serving of soy/legumes was associated with a lower risk of incident ESKD [69]. In
contrast, a meta-analysis showed no statistically significant association between healthy
dietary patterns (i.e., those higher in fruits and vegetables, fish, legumes, cereals, whole
grains, and fiber; and lower in red meat, salt, and refined sugars) and risk of ESKD, due to
the competing risk of death and the relatively small number of events [70]. Similarly, among
3972 people with CKD from the Reasons of Geographic and Racial Differences in Stroke
(REGARDS) study, there were no significant associations between dietary patterns and
the risk of incident ESKD in multivariable models adjusted for age, race, sex, geographic
region of residence, and caloric intake, nor in models further adjusted for socioeconomic
and lifestyle factors, comorbidities, and baseline kidney function [71]. One possible expla-
nation for the lack of a nephroprotective association between plant-based diets and ESKD
in these studies may relate to inadequate power due to the relatively modest number of
ESKD events.

6. Practical Application of Vegetarian Diets in CKD

6.1. Protein-Energy Wasting

People with CKD are more predisposed to malnutrition–wasting conditions, including
protein-energy wasting (PEW), which adversely impacts their health and survival [72]. The
prevalence of PEW is increasingly higher with incrementally lower levels of kidney func-
tion, and more than half of people treated with maintenance dialysis therapy may suffer
from this complication [73]. Thus, there has been concern about the potential nutritional
adequacy of vegetarian diets in people with CKD, particularly with respect to energy and
protein contents. However, a number of studies in experimental animal models [47,74,75]
and human studies [76] have shown that vegetarian diets are indeed nutritionally adequate
in CKD. For example, in a study of 239 people with advanced CKD, it was shown that
vegetarian diets with very low protein contents (dietary protein intake of 0.3 g/kg/day)
supplemented with keto analogues provided satisfactory nutritional status (i.e., BMI and
serum albumin levels remained stable over a mean duration of 29.6 months) [70]. Another
study of people with diabetes with elevated proteinuria levels demonstrated that consump-
tion of a predominantly vegetable-protein diet (dietary protein intake of 0.7 g/kg/day)
over eight weeks resulted in no considerable differences in body weight or triceps skinfold
thickness [77]. Moreover, among people with diabetes, transitioning from a diet with a
dietary protein intake of 1.0 to 1.3 g/kg/day to a vegan diet with a dietary protein intake of
0.7 g/kg/day was not associated with substantial changes in serum total protein or serum
albumin levels [78]. Moreover a randomized controlled trial recently compared 43 people
receiving a low-protein diet with soy protein (60% soy protein and 40% other vegetable
proteins) plus KAs vs. 42 people who received a conventional low-protein diet and found
that receipt of a low-protein diet with vegetable proteins and KAs was associated with a
slower loss of lean mass [79]. Hence, growing research shows that people with CKD who
consume vegetarian diets, including those on maintenance dialysis, are not at higher risk
of PEW, although further investigation in this area is needed [80].

6.2. Overall Nutritional Adequacy

While plant-based diets are generally considered to be healthier, there are concerns
as to whether these diets have adequate contents of nutrients that are typically found in
animal-based foods (Table 3). However, ensuring nutritional adequacy is an issue not only
in CKD populations consuming plant-based diets, but also in those consuming animal-
based diets; hence, it is important to provide optimal education, food fortification, and
adequate supplementation to achieve optimal nutritional/nutrient status among people
with CKD.
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Table 3. Common concerns/myths and existing evidence with respect to plant-based diets.

Topic Concern/Myth Evidence

Nutritional adequacy

Plant-based diets lack
adequate contents of
nutrients largely found in
animal-based foods

• Dietary energy intake is similar across dietary patterns, and
protein intake seems to be lower in people following
plant-based diets compared to those following animal-based
diets, but still well within the recommended intake levels [81]

• There are nutrient inadequacies across all dietary patterns,
including plant-based diets and animal-based diets

Protein adequacy

Plant-based diets provide
inferior protein quantity
compared to
animal-based diets

• Plant-based diets are not low-protein diets per se
• Large-population-based data have not shown differences in

dietary protein intake across plant-based vs. animal-based
diets [82]

Plant-based diets provide
inferior protein quality
compared to
animal-based diets

• Although individual plant proteins (except for soy protein) have
insufficient levels of one or more indispensable amino acids,
consumption of different sources of plant proteins over the
course of the day can help to meet the requirements for
indispensable amino acids and allow them to be complete
proteins and provide health benefits [83]

Plant proteins are inferior
to animal proteins in terms
of lean body mass and
strength

• There is a lower percentage of leucine in plant proteins (e.g., soy
protein: ~8%) than in animal proteins (e.g., whey protein: ~12%)

• Muscle protein synthesis (MPS) [84]

� Soy protein promotes greater MPS at rest and
post-exercise (vs. casein protein)

� Soy protein promotes comparable MPS at rest and 20%
lower MPS post-exercise (vs. whey protein)

• No differences between soy protein and animal proteins for
improvements in bench press strength, squat/leg press strength,
or lean body mass [85]

Hormonal abnormalities

Isoflavones from soy have
potential adverse effects
(e.g., thyroid dysfunction,
breast cancer)

• Concerns have been raised largely based on in vitro cell cultures
or rodent studies involving large doses of isoflavones

• Studies have not observed adverse hormonal effects from
physiological amounts of soy foods in the diet [86]

Hyperkalemia
Plant-based diets cause
hyperkalemia

• The occurrence of hyperkalemia is quite rare [87]
• The majority of hyperkalemic episodes seem to be related to the

consumption of plant-based foods containing higher
bioavailable potassium contents (e.g., juices, sauces, or dried
fruits) compared with whole foods or unprocessed plant-based
foods [88]

Abbreviations: MPS, muscle protein synthesis.

In one systematic review [81], while dietary protein intake was lower in people
consuming plant-based diets compared to those consuming animal-based diets, the overall
dietary protein intake was well within the recommended intake levels for both groups, and
dietary energy intake was comparable among those receiving plant-based vs. animal-based
diets. Given that some nutrients are mainly present in and/or have greater bioavailability
in plant-based or animal-based foods, some dietary patterns may lead to favorable intake
of some nutrients yet inadequate intake of other nutrients. Plant-based diets typically have
higher fiber, total PUFA, α-linolenic acid (ALA), vitamin B1, vitamin B6, vitamin C, vitamin
E, folate, and magnesium contents, lower protein contents (albeit within recommended
levels), and potentially lower eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA),
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vitamin B12, vitamin D, calcium, iodine, iron (in women), and zinc contents. Taking
vitamin B12 supplements or foods fortified with vitamin B12 is essential for people at risk
of vitamin B12 deficiency, including those following vegan diets (owing to the absence
of this vitamin in plant-based sources [89]) and people with CKD, who have reduced
absorption of nutrients (age reduces absorption capacity), low intake of animal-based foods
in a low-protein diet, and prescribed medications that can compromise the assimilation of
vitamin B12 (e.g., proton-pump inhibitors and metformin) [90]. On the other hand, typical
animal-based diets have higher protein, niacin, vitamin B12, and zinc contents, yet they
may be inadequate with respect to fiber, total PUFA, ALA (in men), vitamin D, vitamin E,
folate, calcium, and magnesium contents. Dietary monounsaturated fatty acids (MUFAs)
can come from both plant-based and animal-based sources, but recent data have shown
that MUFAs from plant-based foods have favorable associations with respect to lower risk
of coronary heart disease [91] and mortality [92].

6.3. Protein Adequacy Overall and with Physical Activity

There has been a misconception that the nutritional quantity and quality of protein
from plant-based diets are inferior to those of protein from animal-based foods. However,
data from the general population do not support this impression. For example, landmark
data from a cross-sectional analysis of 71,751 participants from the Adventist-Health-
Study-2 showed that the median total protein intake did not differ among non-vegetarians
(~75 g/day) vs. vegetarians (i.e., lacto-ovo vegetarians and vegans) (~71 g/day) [82]. A
systematic review that included 141 observational and interventional studies, largely from
Europe, South/East Asia, and North America, reported that the average dietary protein
intake was lower in vegetarians and vegans compared to meat-eaters, but still within the
recommended levels across these groups [81].

High-quality or complete protein sources for humans are dependent on whether the
food contains adequate levels of indispensable amino acids to support human growth
and/or is readily digested and absorbed [93]. According to the amino acid scoring system,
which is currently the recommended method for evaluating dietary protein quality by the
Food and Agricultural Organization of the United Nations (FAO) and the U.S. National
Academy of Sciences, most animal proteins and soy proteins are generally considered to be
complete protein sources [93]. Although individual plant proteins (except for soy protein)
have insufficient levels of one or more indispensable amino acids, consumption of different
sources of plant proteins over the course of the day can help to meet the requirements for
indispensable amino acids, allowing them to be complete proteins and, hence, provide
health benefits [83].

The topics of leucine content and muscle protein synthesis (MPS) have become popular
in secular culture and among active individuals. Given the lower percentage of leucine in
plant-based proteins (e.g., soy protein: ~8%) vs. animal proteins (e.g., whey protein: ~12%),
there is a misconception that plant proteins are inferior to animal proteins with respect to
attaining optimal lean body mass and muscle strength. Contrary to this hypothesis, a study
examining differences in MPS at rest and following exercise followed by high-leucine/fast-
digesting (hydrolyzed whey isolate), lower-leucine/intermediate-digesting (soy isolate),
and high-leucine/slow-digesting (micellar casein) protein sources demonstrated that soy
protein outperformed casein both at rest and post-exercise [84]. Neither soy nor caseins pro-
moted greater post-exercise MPS than whey protein, and the post-exercise MPS fractional
synthetic rate (%/h) for soy was still about 80% of that of whey. Moreover, MPS at rest
after soy protein ingestion was similar to that after whey protein and higher than that after
casein protein. Although some resistance training studies (duration 12–36 weeks) among
young adults have reported better muscle mass and strength with fluid milk or whey
protein [94,95], a meta-analysis of nine resistance training studies (duration 6 to 36 weeks)
pooling together 266 participants, including both younger (18 to 38 years) and older (61
to 67 years) adults, showed no differences between soy protein and animal proteins with
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regards to improvements in bench press strength, squat/leg press strength, or lean body
mass outcomes [85].

In terms of the effect of plant-based protein intake on risk of sarcopenia—the loss of
skeletal muscle mass and physical function that occurs with advanced age—limited studies
among non-CKD [96] and CKD populations [97] have reported that higher consumption
of fruit and/or vegetables was correlated with a reduced risk of sarcopenia. Although
these data and the comparable muscle-related benefits of plant-based protein compared
to animal-based protein, as mentioned above, could mitigate concerns about developing
sarcopenia following plant-based diets in people with advanced CKD, future studies
evaluating the impact of plant-based diets vs. animal based-diets on muscle heath and
sarcopenia, with consideration of overall diet quality and sufficient energy intake, are
needed.

6.4. Soy Protein and Isoflavones

Given that soy protein contains isoflavones, which are compounds with a similar
chemical structure to that of estrogen, it has been debated as to whether they provide health
benefits or potential adverse effects (e.g., thyroid dysfunction, breast cancer). However,
these concerns have largely stemmed from in vitro cell cultures or rodent studies involving
large doses of isoflavones, and multiple lines of research over the past decade have not
observed adverse hormonal effects from physiological amounts of soy foods in the diet [86].

6.5. Hyperkalemia

There has been a longstanding paradigm in the clinical management of CKD/ESKD
patients to avoid plant-based diets and/or fruits due to concerns regarding the risk of
hyperkalemia. In a case review of 27 people with underlying CKD, acute kidney injury,
or unspecified kidney disease, the majority of hyperkalemic episodes were related to the
consumption of plant-based foods with higher bioavailability of potassium (e.g., juices,
sauces, or dried fruits) vs. whole foods or unprocessed plant-based foods [88]. Similar
to the bioavailability of dietary phosphorus, potassium from unprocessed plant-based
foods has lower bioavailability than that of animal-based foods and processed foods. In a
crossover feeding trial of 11 healthy men and women, the bioavailability of potassium from
unprocessed fruits and vegetables was no more than 60% and lower than that of animal-
based foods and fruit juices [98]. Another crossover feeding trial including six volunteers
found that processed foods with potassium-containing additives resulted in 90 to 100%
potassium bioavailability [99]. A similarly high bioavailability of 50–60% was found in
a study of the DASH diet among 11 men and women with CKD over two weeks [32]. A
differential association of dietary potassium intake from plant-based and animal-based
diets with mortality risk was also found in the NHANES cohort. This study reported that,
compared with high dietary potassium intake from plant-based foods, participants with
low potassium intake from animal-based foods and pairings of low potassium intake with
high protein, low fiber, or high phosphorus consumption were each associated with a higher
mortality risk among 3172 participants with impaired kidney function [100]. One possible
reason for the lower bioavailability of potassium in plant-based foods may be the increased
intercellular potassium uptake induced by the insulin response to concomitant glucose, as
well as slower and attenuated rises in serum potassium levels due to high dietary fiber
content (Figure 3). Indeed, data from prospective observational and experimental studies,
along with cross-sectional analyses examining varying proportions of plant contents, show
that the occurrence of hyperkalemia is quite rare with plant-based diets (Figure 4) [87].

38



Nutrients 2024, 16, 66

Figure 3. Potential mechanisms contributing to the lower bioavailability of potassium from plant-
based foods. Abbreviations: K, potassium.

Figure 4. Potential dietary factors related to the risk of hyperkalemia. Lower absolute dietary
potassium intake and/or having a diet with lower potassium bioavailability following consumption
of healthy plant-based diets composed of unprocessed plant-based foods could result in a reduced
risk of hyperkalemia. On the other hand, higher absolute dietary potassium intake and/or having
a diet with higher potassium bioavailability following consumption of animal-based foods and
processed foods could result in increased risk of hyperkalemia. Abbreviations: K, potassium.
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6.6. All-Cause Mortality

Growing data show that plant-based diets are associated with greater survival in
the general population, as well as in CKD patients. In an analysis of 1065 people with
eGFR < 60 mL/min/1.73 m2 from the NHANES study, each 33% increase in the proportion
of plant protein to total protein intake was associated with a 23% lower mortality risk
after a mean follow-up of 8.4 years [101]. Another analysis of the NHANES cohort also
reported that higher total dietary protein intake of ≥1.4 g/kg actual body weight/day and
the highest two tertiles of protein intake from animal-based foods were associated with a
higher mortality risk among 1994 participants with impaired kidney function [102]. A study
of 3972 people with CKD from the REGARDS study observed independent associations
of southern and plant-based pattern scores with mortality risk after a mean 6.4 years of
follow-up [71]. These results are in agreement with a meta-analysis of studies including
15,285 adults with CKD from seven cohorts, which showed that healthy dietary patterns
(i.e., higher intake of fruit and vegetables, legumes, cereals, whole grains, and fiber) were
associated with a lower risk of death [70].

7. Conclusions

In summary, incorporating vegetarian and plant-based diets using a personalized
approach in the clinical management of CKD/ESKD not only provides health benefits to
people with kidney disease, but also has the potential to maintain their nutritional status at
optimal levels while avoiding the risk of PEW.
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Abstract: Background: According to the International Agency for Research on Cancer (IARC), there
is sufficient evidence for the carcinogenicity of processed meat consumption in humans, specifically
regarding colorectal cancer (CRC) risk. Evidence for the carcinogenicity of red meat consumption is
more limited but points in the same direction. Methods: A macro-simulation approach was used
to calculate age- and sex-specific potential impact fractions in a 30-year period (2020–2050). Aims:
We estimated numbers and proportions of future CRC cases preventable under different scenarios
of reducing the intake of processed and red meat in the German population. Results: Eliminating
processed meat intake could reduce the burden of CRC by approximately 205,000 cases in Germany
(9.6%) in 2020–2050, 2/3 among males (145,000) and 1/3 among females (60,000). Without red
meat intake, approximately 63,000 CRC cases could be avoided (2.9%), 39,000 among males and
24,000 among females. Reductions in the mean consumption of both processed and red meat by
one or two servings (each 11 or 22 g) per day would be expected to reduce CRC case numbers by
68,000 (3.1%) and 140,000 (6.5%), respectively. Conclusion: A reduction in red and processed meat
intake might substantially reduce the incidence of CRC in Germany. The means of achieving such a
reduction might include price and taxation policies, food labeling, and clearer risk communication
aiming to reduce individual intake.

Keywords: potential impact fraction; red meat; processed meat; colorectal cancer; policy intervention

1. Introduction

Colorectal cancer (CRC) ranks second among the most common cancer-related causes
of death, and third among the most common cancers, with approximately 870,000 and
1.1 million new cases among women and men worldwide, respectively, in 2020 [1]. In
Germany, CRC is the third most common cancer in terms of incidence, with approximately
60,000 incident cases annually, and the second most common cancer in terms of mortality,
with approximately 25,000 deaths per year. Furthermore, it involves substantial treatment
costs [2]. The International Agency for Research on Cancer (IARC) concluded in 2018
that there was “sufficient evidence in humans for the carcinogenicity of consumption
of processed meat” (Group 1) with respect to CRC [3]. This classification is based on
“sufficient evidence” from epidemiological studies. Similarly, red meat was classified as a
likely cancer risk factor (Group 2A, probably carcinogenic to humans). This classification
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is based on “limited evidence” from epidemiological studies (confounding could not be
ruled out).

The intake of red or processed meat is high in Germany: According to a nationally
representative survey from 2008 to 2011 (German Health Interview and Examination Survey
for Adults—DEGS1) [4], the median daily intake is approximately 38 g of red meat and of
46 g of processed meat. The IARC recommends limiting the daily intake of red or processed
meat. Every 100 g of red meat intake or 50 g of processed meat intake per day have been
associated with an increase in CRC risk by 12% and 16%, respectively [5]. More than a
quarter of the adult population consumes more than 108 g of red or processed meat per day
(756 g per week) [4], which by far exceeds the recommendation of the German Nutrition
Society of 300–600 g per week [6]. A previous study estimated that of all incident CRC
cases in 2018, 11.4% could be attributed to processed meat consumption, and 0.7% to red
meat consumption [7].

Reducing the amount of red and processed meat consumed is, thus, expected to have
a relevant potential to reduce the incidence of CRC in Germany. In this study, we estimated
the potential impact of a reduction in or elimination of red or processed meat intake on
numbers of CRC cases in the German population from 2020 until 2050.

2. Materials and Methods

We applied a macro-simulation approach in which age- and sex-specific potential im-
pact fractions (PIFs) were calculated, based on expected numbers of CRC cases in Germany
and preventable CRC cases if changes in dietary habits occurred, i.e., if consumption of
red and/or processed meat was reduced or eliminated. Similar to population-attributable
fractions (PAFs), PIFs reflect a proportional decline in disease (here: CRC) risk following
a partial or complete removal of exposure to one or more cancer risk factors [8]. The
following input parameters were used in the simulation model:

2.1. Red and Processed Meat Intake

We used self-reported information on the amount and frequency of red and processed
meat intake from the DEGS1 survey, a nationally representative survey in which health
status and health behavior were assessed among 8152 adults aged 18 to 79 years from
Germany in 2008 to 2011. The validated food frequency questionnaire in DEGS1 with
53 items included information on the frequency of different types of red meat (including
hamburgers, kebab, all types of pork, beef, and deer) and processed meat (sausages or ham)
and the amount of the respective type of meat (number of servings per day). Portion sizes
in grams were taken from a Master thesis conducted at the Robert Koch Institute (RKI) [9],
from which we derived intake in grams per day.

2.2. Expected Numbers of CRC Cases without Intervention

Data on CRC incidence in Germany was taken from the German Centre for Cancer
Registry Data (ZfKD), Robert Koch Institute, Berlin [10]. Expected numbers of CRC cases
without any intervention were estimated assuming age- and sex-specific incidence rates
to remain constant at the levels observed in 2017/2018 and forecasts of the sex- and age-
specific population figures (variant 1 assuming moderate changes in fertility, life expectancy,
and net immigration) made by the Federal Statistical Office [11].

2.3. Risk Estimates

Relative risks (RRs) for the association between red or processed meat intake and
risk of CRC were obtained from a published report by the World Cancer Research Fund
(WCRF)/International Agency for the Research on Cancer (IARC) [5], according to which
CRC risk is increased by 16% for every unit of 50 g of processed meat per day, and by 12%
for every unit of 100 g of red meat per day.

Red or processed meat intake, respectively, were assumed to be reduced or eliminated
over a 5-year period (2020–2024). CRC risk reductions following a reduction in red or
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processed meat intake were not assumed to take effect immediately. Instead, the concepts
of latency times (LAT) and lag times (LAG) were applied [12]. During the LAT time, cancer
risk remained constant after cancer risk factor exposure changed. During the subsequent
LAG time, risk gradually changed (here: decreased) until the risk of individuals not
exposed to the risk factor was reached (relative risk [RR] = 1). In our main analysis, we
assumed a LAT time of 1 year and a LAG time of 9 years. In sensitivity analyses, the
LAG time was varied between 5 and 15 years. Those durations are reasonable estimates
based on the previously reported time for development from preclinical cancer to manifest
CRC of approximately 5 years [13], plus approximately 5 years that are required for the
development of CRC from adenomas [14–16].

2.4. Statistical Analysis

Let RRrm be the relative risk of CRC per 100 g red meat consumed per day, and RRpm
be the relative risk per 50 g processed meat consumed per day.

According to the WCRF/AICR estimates [5], RRpm and RRrm were assumed to be
1.16 and 1.12, respectively. Let Mpm and Mrm be the mean consumption of processed or
red meat in each individual, respectively. Assuming a log–linear relationship between
consumption of red or processed meat and CRC risk, the RRs for individual consumption
levels (RRpm, i and RRrm, i) compared to no consumption were computed as follows:

RRrm, i = exp (Mrm, i • ln (RRrm)/100)

RRpm, i = exp (Mpm, i • ln (RRpm)/50)

For example, if an individual consumes 50 g of red meat, this individual RRrm, i would
be exp(50 • ln(1.16)/100) = 1.08. Then, the potential impact fraction (PIF) of the incidence
resulting from the modification in the processed or red meat consumption was calculated,
using the “RR shift” method [8]:

PIF = 1 −
n

∑
i

RRi(M∗
i )/

n

∑
i

RRi(Mi)

where Mi is the consumption level of processed or red meat of individual i, RRi is the
corresponding time-dependent CRC relative risk for that individual (which we assumed to
be independent of age in the absence of age-dependent RRs), and M∗

i is the modified con-
sumption level of individual i in a specific intervention scenario. If, for example, everyone
consumed an amount of processed meat corresponding to an RR of 1.16 (=50 g), and that
amount was reduced by 50%, the corresponding PIF would be 1 − (1.08/1.16) = 0.07, or
7%.

For our simulation scenarios, sex- and age-specific (5-year age groups) estimates of
PIF were multiplied with predicted sex- and age-specific numbers of CRC cases in the
absence of any specific intervention, assuming constant incidence rates over time at the
level of 2020.

We examined the following interventions: reduction in mean red meat intake by
one serving per week (75 g per week or approximately 10.7 g per day), reduction by two
servings per week, and elimination of red meat intake. Analogous scenarios were examined
for processed meat intake, assuming the same serving sizes. All analyses were performed
with the statistical software R [17] version 4.1.3.

3. Results

Between 2008 and 2011, the age-standardized mean amount (frequency multiplied
with the amount per serving) of red and processed meat intake in grams per day according
to the nationally representative DEGS1 survey was as follows: men, 47 g and 61 g, respec-
tively; women, 29 g and 32 g, respectively (Table 1). The intake of red and processed meat
was higher among males than among females in all age groups. More than 500 g of red
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meat per week was consumed by 5% of the females and 13% of the males, and more than
150 g of processed meat was consumed by 52% of women and 80% of men.

Table 1. Summary statistics of red and processed meat intake (grams/day) in Germany according to
the DEGS1 survey among 8152 adults aged 18 to 79 conducted between 2008 and 2011, overall, by
sex, and by 5-year age categories.

Males Females Overall 18–24 25–29 30–34 35–39 40–44 45–49 50–54 55–59 60–64 65–69 70–74 75–79

Red meat intake
Minimum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1st quartile 11 11 11 11 11 11 13 11 11 11 11 11 11 11 11
Median 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26
Mean 47 29 38 45 39 39 41 38 37 37 33 35 34 29 28
3rd quartile 60 30 60 60 60 60 60 60 60 60 60 60 60 30 30
99th perc. 240 120 189 240 240 240 240 120 120 120 120 120 120 120 120
Processed meat intake
Minimum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1st quartile 24 11 16 19 16 18 19 17 17 17 17 14 14 15 12
Median 47 23 33 42 37 38 40 36 35 34 32 27 29 27 26
Mean 61 32 46 55 50 55 54 47 47 46 44 39 39 35 36
3rd quartile 78 42 59 74 66 66 73 63 62 60 55 52 54 48 45
99th perc. 242 169 220 239 199 219 244 213 236 199 511 169 172 147 171
Red and processed meat intake
Minimum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1st quartile 54 28 37 41 35 39 44 40 41 40 37 36 35 35 32
Median 89 48 68 77 66 70 75 73 69 72 65 65 63 56 52
Mean 107 61 84 100 88 95 95 86 84 83 76 74 73 65 64
3rd quartile 135 81 108 133 123 119 122 111 106 110 101 97 97 85 85
99th perc. 415 233 340 478 410 341 378 309 356 323 275 231 278 203 235

Abbreviations: perc., percentile; DEGS1, first wave of the “study on health among adults in Germany”.

Without any intervention, approximately 1.2 million CRC cases are expected to occur
among men between 2020 and 2050, and approximately 940,000 cases among women, of
which approximately 15% (men) and 9% (women) can statistically be attributed to the
intake of processed and red meat (Table 2).

Table 2. Estimated number and proportion of colorectal cancer cases preventable under different
theoretical scenarios of reducing red and processed meat intake over a 30-year period (2020–2050) in
the German population, stratified by sex.

Expected
Number of

Cancer Cases
in the Absence

of Changes

Total (#) and Relative (%) Number of Prevented Colorectal Cancer Cases Per Scenario

Sex Analysis

-1 Serving
Red Meat
Per Day

-2 Servings
Red Meat
Per Day

Elimination of
Red Meat

Intake

-1 Serving
Processed

Meat Per Day

-2 Servings
Processed

Meat Per Day

Elimination of
Processed

Meat Intake
# % # % # % # % # % # %

Men
Main analysis 1 1,208,329 10,890 0.9 19,292 1.6 39,178 3.2 28,633 2.4 60,721 5.0 145,291 12.0
Lag time: 5 years 11,718 1.0 20,763 1.7 42,183 3.5 30,809 2.5 65,334 5.4 156,403 12.9
Lag time: 15 years 9611 0.8 17,019 1.4 34,541 2.9 25,268 2.1 53,586 4.4 128,182 10.6
Women

Main analysis 1 939,932 7641 0.8 12,925 1.4 23,611 2.5 20,381 2.2 46,975 5.0 60,273 6.4
Lag time: 5 years 8224 0.9 13,927 1.5 25,446 2.7 21,960 2.3 50,607 5.4 64,978 6.9

Lag time: 15 years 6732 0.7 11,387 1.2 20,800 2.2 17,989 1.9 41,401 4.4 53,073 5.6

1 Red or processed meat intake, respectively, is assumed to be reduced or eliminated over a 5-year period
(2020–2024). Assuming a lag period of 9 years and a latency period of 1 year if not stated otherwise.

Figure 1a shows the potential impact fractions (i.e., preventable proportions of cases)
multiplied with expected case numbers, thus the expected preventable numbers of cases,
for CRC in the investigated time frame in the scenario of reduced or eliminated red meat
consumption. By assumption, annual preventable case numbers would gradually increase
in the initial 10 years due to the assumed latency (1 year) and lag (9 years) time. Thereafter,
numbers would remain largely constant and vary only due to projected differences in the
expected case numbers resulting from demographic changes. A permanent decrease in red
meat intake by only one serving per day could reduce the annual number of CRC cases by
almost 500 among men and by more than 300 among women (Figure S1). Two servings less
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would correspond to almost twice those numbers. Eliminating the risk factor “red meat”
could prevent more than 1700 cases among men and 1000 cases among women every year
in the long term in Germany.

Figure 1b shows the corresponding numbers for processed meat. Numbers of pre-
ventable CRC cases per year would be much higher than for red meat because of the higher
RR associated with processed meat intake compared to the same amount of red meat.
More than 6000 cases among men and more than 2500 among women could eventually
be prevented per year by eliminating processed meat consumption, with correspondingly
lower reductions if consumption was reduced by only two or only one serving per day
(Figure S2).

 
(a) (b) 

Figure 1. Prevented colorectal cancer cases per year in case of a reduction in consumption of (a) red
meat and (b) processed meat (men and women combined). Abbreviations: CRC, colorectal cancer.

The cumulative effect of reduced red meat intake on CRC incidence is shown in
Figure 2a and summarized in Table 2. Over the entire study period (until 2050), num-
bers of preventable CRC cases with eliminated red meat intake would sum up to almost
40,000 among men and more than 20,000 among women. Reduction would be larger among
men than among women because of the higher CRC incidence and meat consumption
among men. Reducing the amount of red meat consumed by one serving per day is ex-
pected to lower the number of CRC cases in that time frame by almost 19,000 among men
and women combined. Two servings less of red meat intake could reduce the number
of CRC cases by more than 19,000 among men alone, and almost 13,000 among women,
i.e., by approximately 32,000 cases in total.

Reducing processed meat intake by one serving per day was estimated to decrease the
number of incident CRC cases by almost 50,000, again with a higher number among men
(almost 29,000) than among women (more than 20,000). Higher numbers of preventable
CRC cases could be achieved if intake could be reduced by two servings per day (in total
more than 100,000, approximately 61,000 among men and 47,000 among women). In the
optimistic scenario of an elimination of processed meat intake, almost 206,000 cases of
CRC could potentially be avoided until 2050, thereof approximately two thirds among men
(Table 2, Figure 2b).
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(a) (b) 

Figure 2. Cumulative prevented colorectal cancer cases over time in case of a reduction in (a) red and
(b) processed meat consumption (men and women combined). Abbreviations: CRC, colorectal cancer.

Sensitivity analyses using shorter or longer lag periods did not change the results
materially. Estimated numbers of preventable CRC cases were slightly lower if a longer lag
period of 15 years was assumed and slightly higher if a shorter lag period of 5 years was
assumed (by approximately 10% each).

4. Discussion

In this study, we used a macro-simulation modeling approach to simulate the decrease
in future incident CRC cases associated with a reduction in red and processed meat intake
over a 30-year horizon. Different scenarios were investigated, from a reduction by one
serving per day over two servings to a total elimination of red and processed meat intake.
Overall, our simulation suggests that until 2050, up to almost 63,000 CRC cases (2.9% of all
CRC cases) could be avoided if red meat intake were eliminated and almost 220,000 cases
(9.6% of all CRC cases) if processed meat intake were decreased to zero. In the conservative
scenario of a reduction by one serving per day, approximately 19,000 (red meat) and 49,000
(processed meat) CRC cases could be prevented. A reduction by two servings per day
would result in those numbers approximately doubling.

Notably, “sufficient evidence for a causal link” between intake of processed meat (and
“limited evidence” for a causal link between red meat) and CRC risk does not indicate
particularly strong associations. Most likely, substantially more CRC cases could be pre-
vented by increasing screening uptake and physical activity, and by a reduced prevalence
of smoking, alcohol consumption, and overweight or obesity. Nevertheless, carcinogenesis
is a multifactorial phenomenon, and awareness of certain types of meat being now consid-
ered established (processed meat) and suggested (red meat) CRC risk factors, respectively,
should be increased.

Suggested mechanisms by which the intake of red and processed meat increase CRC
risk include N-nitrose compounds [18,19] and lipid peroxidation [19]. Furthermore, hetero-
cyclic aromatic amines (HAAs) are produced when cooking meat at high temperature [3].
Future studies might investigate whether CRC risk associated with red and processed meat
intake differs and could potentially be reduced by different manufacturing techniques
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(e.g., reduction or avoidance of nitrous compounds in processed meat) or consumption
(e.g., by cooking with lower temperatures, avoiding open fire, or removing burnt parts
of red meat). Until the underlying mechanisms are clarified, the safest way of avoiding
the excess CRC risk associated with processed and red meat intake is avoidance or at least
reducing intake of those foods. In addition, this would also be in line with the planetary
health diet as proposed by the EAT-Lancet Commission, which is mainly plant-based
and flexitarian and recommends greatly limiting meat consumption to achieve a healthy
and, at the same time, environmentally sustainable diet [20]. Meat production is more
energy-intense than that of plant-based foods, and is the most important source of methane,
which is a potent greenhouse gas [21].

Few other studies published between 2017 and 2019 [22–26] have investigated the
burden of CRC related to red and/or processed meat consumption: de Vries et al. [22]
estimated that eliminating red and processed meat intake could reduce CRC incidence in
Colombia by approximately 13% (males, red meat), 10% (females, red meat), 14% (males,
processed meat), and 13% (females, processed meat). Those numbers are higher compared
to our study, apparently because of the higher intake of red and processed meat in Colombia
compared to Germany. Similarly, a study from Denmark with methodology comparable to
ours [23] and also using a 30-year time period (2016–2045) found that an elimination of red
and processed meat (combined) could prevent almost 17,000 CRC cases, or almost 20% of all
cases. Again, this percentage was higher than in our study (also when considering red and
processed meat combined), apparently because red meat intake in Denmark is almost twice
as high as in Germany. In Canada, 0.9% and 0.7% of all cancers in 2015 were attributed to
red and processed meat intake, respectively [26], using comparable methods. A study from
France [24] suggested that 19 disability-adjusted life years (DALYs) per 100,000 people were
associated with red meat consumption for CRC. More DALYs (21/100,000) were expected
to be contributed by the association between red meat consumption and cardiovascular
disease. Finally, a cost-effectiveness study from the US [25] pointed to methods of how to
potentially achieve the desired reduction in red and processed meat consumption. The
authors suggested that an excise tax and warning labels would be highly cost-saving (not
only cost-effective) and substantially reduce cancer burden.

Our study adds to the growing body of evidence on preventable cancer cases if rec-
ommendations regarding physical activity and body weight [7], smoking [27], alcohol
consumption [28], and dietary habits [7] were adhered to. However, the aforementioned es-
timations of PIFs and population-attributable fractions (PAFs) did not consider correlations
between risk factors. Attributable numbers of cancer cases (with different hypothetical in-
terventions to decrease them) should, thus, instead be used to rank their relative importance
and priority to address them, and not to sum them up across different risk factors. Addi-
tionally, from a public health perspective, the focus should be broadened from CRC risk as
a relevant health outcome associated with red and processed meat intake to all relevant
health outcomes, since red and processed meat intake have also been consistently suggested
to increase risk of cardiovascular disease [29–31] and even all-cause mortality [29–31].

Similar to tobacco control policies, a combination of interventions would most likely
be favorable in order to achieve a long-term decrease in red and processed meat intake,
targeting both the supply and the demand side: First, risks of red and processed meat intake
should be communicated clearly, specifically the difference between certainty of evidence
and potential population impact (association strength and prevalence). Even though it is
only partly under the control of the responsible authorities, misunderstandings such as
those caused by the IARC/WCRF report, [5] that was widely—and falsely—understood as
red and processed meat being similarly dangerous with respect to cancer risk as smoking,
should be avoided. Nevertheless, the current fourth edition of the European Code Against
Cancer [32] includes the avoidance of processed meat and the limitation of red meat intake
as part of the recommendation for a healthy diet. Second, as demonstrated by tobacco
control policies, price increases are highly effective in reducing demand. Taxation of red
and processed meat beyond current levels of value-added tax would most likely also
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be very effective in reducing red and processed meat consumption [33]. Other types
of “nudging” to decrease meat consumption (e.g., proposing “veggie days” in company
canteens) are also an option, but entail the risk of exerting unintended opposite effects by
causing psychological reactance.

Another approach could be to set the right incentives (“make the healthy choice the
easy choice”) [34]. This could include the span of policies similar to those used for tobacco
control, e.g., taxation and warning labels, but also other measures such as food labeling
are conceivable. For example, mandatory information about production facilities (space
and average life-span per animal, use of antibiotics, etc.) on meat products could influence
consumer perceptions and would probably reduce meat consumption. On the other hand,
measures to improve the conditions under which meat is produced (e.g., more space per
animal) would lower consumption by resulting in higher prices. A unit tax (e.g., per 100 g
of meat) would likely be preferable over an ad valorem tax, because the latter might shift
demand towards lower-priced low-quality meat, unless minimum prices are specified.

Red and processed meat intake are currently not the main drivers of cancer incidence
worldwide and also not mentioned in the latest Global Burden of Disease Study 2019 study
report [35]. Nevertheless, as the prevalence of other risk factors such as smoking decreases
in Germany and many other countries, the relevance of red and processed meat intake is
likely to remain substantial despite recent slight decreases in meat intake in Germany.

This study has several important strengths. It is—to our knowledge—the first study
to model the potential impact of a reduced intake of red and processed meat on CRC
incidence in Germany. We used nationally representative data on red and processed
meat consumption. Strengths of associations were taken from the best currently available
evidence (WCRF report). Lag and latency periods were considered in order to avoid an
overestimation of effects. Sensitivity analyses assuming longer or shorter lag periods did
not affect the results materially, suggesting that our findings are robust with respect to key
modeling assumptions.

Our study also has limitations. Risks associated with red and processed meat intake
are most likely substantially influenced by the way it is processed (temperature, duration,
use of open fire, and use of nitrates and heme iron and lipids that are involved in lipid
peroxidation), which could not be investigated in detail due to a lack of data. Our calcu-
lations, therefore, instead correspond to the estimated impact of a reduction in intake of
“average” red and processed meat. Assumptions regarding latency and lag times from
exposure to red and processed meat to CRC development had to be made since they are
not precisely known. However, the impact of those assumptions was small. Finally, data
on meat intake from the DEGS1 survey was self-reported, and was collected from 2008 to
2011, more than 10 years ago. Even though meat consumption has remained fairly stable
in the past 10 years in Germany [36], recent slight decreases would imply that estimated
numbers of future preventable CRC cases were slightly overestimated. Such a potential,
though very small, of overestimation of potentially achievable effects would not affect our
results qualitatively or any of its implications.

More studies and data are required to assess potential differences in impact on cancer
incidence according to different ages at exposure and a reduction/elimination of exposure.
For example, it is unclear if exposure to the risk factor “processed meat consumption” (and
potentially red meat consumption) increases CRC risk at all ages similarly (in which case an
exposure criterion analogous to smoking pack–years could be established) or if exposure is
more relevant at younger or at older ages.

In future studies, it should be investigated in more detail if the risk increase associated
with red and processed meat intake is modified by other CRC risk and protective factors
such as smoking. Such information could be valuable for the calculation of individual
CRC risk, for instance, in risk scores. Furthermore, potential substitution effects should
also be carefully assessed. For example, the intake of red and processed meat would most
likely not simply be reduced ceteris paribus (all else equal) as we assumed in our study,
but go along with an increase in demand for other foods. Ideally, those would be “healthy
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foods” such as high-fiber vegetables and whole-grain products, and/or lead to a reduction
in calorie intake and, thus, contribute to a reduction in overweight and obesity in the
population. Increased vegetable and whole grain intake would further reduce CRC risk. In
a pessimistic scenario, reduced intake of red and processed meat would be compensated
by higher intake of energy-dense foods such as fried vegetables, sweets, etc., that would
promote another common CRC risk factor (obesity). “Health-risk-adapted” taxation of
foods could guide substitution in the desired direction, not only with respect to CRC risk.

Future studies should assess the means by which a reduction in red and processed
meat intake could be achieved most efficiently (i.e., at the lowest costs from a societal
perspective) in Germany, be it unit or ad valorem taxes and/or subsidies for more healthy
alternatives. One possibility would be applying the regular value-added tax (currently
19%) to red and processed meat rather than the reduced rate (currently 7%) that applies to
“essential goods”. In return, more healthy foods that are associated with lower risk of CRC
and other diseases such as fruits, vegetables, and whole-grain products could be exempt
from taxation.

Given that producing and consuming red and processed meat is and almost certainly
will always be legal in Germany, one could question the legitimacy of measures aiming
to decrease consumption. However, similar measures have been undertaken for other
non-essential and harmful products such as tobacco and alcohol. Considering the high
treatment costs of CRC in Germany [37,38], the taxation of products increasing the risk of
developing CRC or other cancers would rather reflect an internalization of externalities.
To be clear: We do not propose that red and processed meat should be banned, which
would be incompatible with a liberal democratic society. However, from a public and
planetary health perspective, it seems justified to aim to change food taxation in order to
shift demand, to some extent, in the direction of healthier foods and a diet with a smaller
environmental footprint.

5. Conclusions

In summary, a reduction in red and processed meat intake would most likely have a
modest, but non-negligible positive impact on CRC incidence in Germany, with approxi-
mately 205,000 (processed meat) and 63,000 (red meat) preventable cases in 2020–2050. The
optimal way to achieve such a reduction (e.g., a combination of taxation and subsidies,
among other measures) needs to be elucidated by further research. More education about
the health risks associated with red and processed meat intake and further preventive
efforts are warranted.
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Abstract: With the increasing adoption of plant-based diets in the United States, more and more
individuals replace cow milk with plant-based milk alternatives. Soy milk is a commonly used
cow milk substitute, which is characterized by a higher content of polyunsaturated fatty acids and
fibers. Despite these favorable characteristics, little is known about the current prevalence of soy milk
consumption the United States. We used data from the National Health and Nutrition Examination
Surveys (NHANES) to assess soy milk usage in the United States and identified potential predictors
for its consumption in the US general population. The proportion of individuals reporting soy
milk consumption in the NHANES 2015–2016 cycle was 2%, and 1.54% in the NHANES 2017–2020
cycle. Non-Hispanic Asian and Black ethnicities (as well as other Hispanic and Mexican American
ethnicities in the 2017–2020 cycle) significantly increased the odds for soy milk consumption. While a
college degree and weekly moderate physical activity were associated with significantly higher odds
for consuming soy milk (OR: 2.21 and 2.36, respectively), sex was not an important predictor. In light
of the putative health benefits of soy milk and its more favorable environmental impact as compared
to cow milk, future investigations should attempt to identify strategies that may help promote its
consumption in selected populations.

Keywords: soybean milk; plant-based milks; milk substitutes; soy; consumption; consumer attitudes;
prevalence; NHANES

1. Introduction

The plant-based diet is increasingly adopted by the general population in Western
countries and has also attracted the interest of the scientific community and the food
industry [1–3]. As a result, the market has increased the available amounts of innovative
plant-based foods to meet this growing demand [4,5]. The interest in switching to plant-
based alternatives is frequently derived from ethical aspects and advantages associated
with health [6,7], and recently also from a greater sensitivity towards environmental aspects
that have emerged from the scientific literature [8–10].

Adoption of vegetarian and vegan diets has shown a beneficial effect on cancer in-
cidence [6], and has been associated with a reduction in cardiovascular morbidity and
mortality in recent clinical studies [7,11]. These aspects are particularly relevant consid-
ering that around one third of cardiovascular and neoplastic diseases in the world could
be prevented by increasing fruit and vegetable intake, according to the World Health
Organization and the World Cancer Research Fund [12].

With the increase in the demand for plant-based foods, the consumption of alter-
natives to cow milk also raised, with a forecast increase of over 10% from 2000 to 2024
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(globally), with the major trend observed for the Asia-Pacific region [13]. At the same time,
research has also moved to bridge the gap between consumer needs (milk allergy, lactose
intolerance, or vegan diet) and commercial options [14–16]. Although the term “milk” had
already been regulated as an exclusive term for the mammary secretion of cows and other
mammals by the Food and Drugs Administration (FDA) and the European Union [17,18],
the FDA recently issued a recommendation regarding the labelling of plant-based dairy
alternatives, defining the lawfulness of including the term “milk” [19]. The consumer is
now thoroughly familiar with these foods so there is no longer need for the previous termi-
nological restrictions, with the recommendation of clear labelling regarding the nutritional
properties of the products. Accurate labelling and fortification of plant-products already
available on the market would allow consumers to assess the adequacy of vitamins and
other micronutrients usually lacking in these products if compared to cow milk [20].

Among plant-based drinks, one of the most commonly used as a substitute for cow
milk is soy milk [21]. Soy is a widely used food in vegetarian diets [22]. Among its
nutritional characteristics, soy milk is the only plant-based alternative to cow milk with
a similar protein content [23]. Furthermore, it has a comparable Digestible Indispensable
Amino Acid Score, demonstrating a good protein quality [24]. Additionally, soy milk is
characterized by a higher content of polyunsaturated fatty acids, fibers, and by the absence
of cholesterol [25]. These features may help reduce LDL levels [26]. The replacement of
cow milk with soy milk could have an advantage in vegetarian diets as regards the absence
of iron in the former and the possible presence of vegetable ferritin in the latter [27].

Soybean crops have a relevant environmental impact, with a variable effect on factors
such as eutrophication, acidification, and global warming in different countries [28], and
with a negative social impact on humans [29]. Nevertheless, soybean represents the
main source of animal feed production [30]. Moreover, almost 80% of the world’s soy
production is destined for livestock, including milk and dairy production [31], with about
2% designated for soy milk for humans [32].

Used as an alternative to cow milk, soy milk represents a more sustainable solution
in terms of environmental impact and can be consistent with food security objectives [33].
Even if the presence of isoflavones has raised health concerns, it could have an advantage in
mitigating menopausal disorders, without critical hormonal and fertility disturbance [34,35].
Nonetheless, soy milk has shown beneficial antioxidant actions, mainly attributable to the
content of isoflavones [36].

Based on comments submitted to the FDA, dietitians appear to have a more accurate
understanding of plant-based substitutes than other healthcare professionals [37]. More
than half of consumers do not believe that dairy products are nutritionally better than
plant-based alternatives and think that the latter can be part of a healthy diet [37]. In a
sensory evaluation study, soy milk was shown to be the most popular milk alternative
across various groups of participants, including omnivores and vegans [38].

Soy milk is one of the most common plant-based alternatives to cow milk and the
only plant-based dairy substitute in the Dietary Guidelines for Americans [39]. Yet, data
on its consumption in the US is sparse. This cross-sectional study sought to investigate
the prevalence of soy milk consumption in a large and nationally representative cohort
of American adults (NHANES—National Health and Nutrition Examination Survey) and
aimed at a better understanding of its association with correlated sociodemographic aspects.

2. Materials and Methods

2.1. Study Population and Design

This analysis is based on data from the NHANES—an ongoing program of studies
by the Centers for Disease Control and Prevention designed to comprehensively assess
the health and nutritional status of the non-institutionalized U.S. population [40,41]. The
NHANES’ complex multistage, stratified, clustered, and probability sampling design
allows for nationally representative health and nutritional status assessments. Key program
characteristics (including recruitment methods, study size, and study execution details)
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have been described elsewhere in detail [39,40]. NHANES was approved by the National
Center for Health Statistics (NCHS) and all study participants gave written and oral consent
to the study [42].

For this analysis, we used data from two different NHANES cycles: (I) the NHANES
2015–2016 cycle, and (II) NHANES 2017–2020 (which is also called the pre-pandemic
cycle) [43,44]. Both cycles were analyzed independently for methodological issues because
some important variables that were included in the 2015–2016 cycle were no longer available
in the NHANES pre-pandemic cycle.

2.2. Primary Outcome Variable

Data on soy milk consumption was obtained from the NHANES Diet Behavior and
Nutrition questionnaire. This module provides personal interview data on various dietary
behavior and nutrition related topics. Amongst others, it includes one question on milk
product consumption in the past 30 days. Said question reads as follows:

“In the past 30 days, how often did you have milk to drink or on your cereal?”

Participants were instructed to include chocolate and other flavored milks as well as
hot cocoa made with milk. Moreover, they were instructed not to count small amounts of
milk added to coffee or tea. The question did not cover milk usage in cooking. Answer
options included “never”, “rarely—less than once a week”, “sometimes—once a week or
more, but less than once a day”, “often—once a day or more”, “varied”, and “never”. All
participants that reported at least some occasional milk consumption were further asked:

“What type of milk was it? Was it usually . . . ”?

Subsequently, the NHANES inquired about several milk types, including (but not
limited to) whole-milk, 1% fat milk, skim milk, and soy milk. Those participants who
indicated soy milk consumption at least less than once a week were considered soy milk
consumers. Those who denied soy milk consumption were considered non-consumers.

2.3. Covariates

Covariates for this analysis included sociodemographic data (gender, race/ethnicity,
age, marital status, educational level, annual household income, household size, number
of persons in the household, household food security category) as well as self-perceived
general health status. Moreover, we included diabetes status (as assessed by the question:
“Have you ever been told by a doctor or health professional that you have diabetes or sugar diabetes?”),
smoking status (as assessed by the question “Have you smoked at least 100 cigarettes in your
entire life?”), and physical activity (as assessed by the question “In a typical week do you
do any moderate-intensity sports, fitness, or recreational activities that cause a small increase in
breathing or heart rate such as brisk walking, bicycling, swimming, or volleyball for at least 10 min
continuously?”). Apart from age (continuous variable) all other variables were treated as
categorical variables.

2.4. Inclusion and Exclusion Criteria

We included all participants with the following criteria: age ≥ 20 years, available
demographic data, and available milk intake data. Individuals with incomplete or missing
data were not considered for this study.

2.5. Statistical Analysis

Statistical analysis was performed with Stata 14 statistical software (StataCorp. 2015.
Stata Statistical Software: Release 14. College Station, TX, USA: StataCorp LP). The primary
sampling unit variable for variance estimation and the pseudo-stratum variable as the strati-
fication variable that were provided with both NHANES cycles were used for each analysis.
To avoid missing standard errors because of strata with a single sampling unit, we used the
“singleunit(scaled)” option in Stata, which is a scaled version of singleunit(certainty) and intro-
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duces a scaling factor that is derived from using the average of the variances from the strata
with multiple sampling units for each stratum with a singleton primary sampling unit [45].

We used histograms and subpopulation summary statistics to check for normality of
the data. Categorical variables were described with their weighted proportions and stan-
dard error in parenthesis. Normally distributed variables were described with their mean
and standard error in parenthesis. All standard errors were estimated using Taylor series
linearization to account for the complex NHANES sampling design. All weighting pro-
cedures were performed in accordance with the most recent applied survey data analysis
techniques by Heeringa, West, and Berglund [46], and in compliance with the current Na-
tional Center for Health Statistics (NCHS) data presentation standards for proportions [47].
All weighted proportions were manually screened for reliability using the user-written
post-estimation Stata command “kg_nchs” [48]. Potentially unreliable proportions that
did not meet the NCHS presentation standards were highlighted and clearly marked with
superscript letters.

Stata’s Rao–Scott test and multivariate logistic regression models were used to examine
potential associations between self-reported soy milk intake and various predictor variables.
Logistic regression models were constructed based on the recommendations of Heeringa,
West, and Berglund [46]. In a first step, we conducted exploratory bivariate analyses
to check the eligibility of potential candidate predictors of soy milk intake. Candidate
predictors of scientific interest and a bivariate relationship of significance p < 0.25 with
the response variable were included in the multivariate logistic models. Subsequently, we
evaluated the contribution of each predictor to the multivariate model using Wald tests.
All variables (except age) were entered as categorical variables into the regression models.
At least two models were constructed for each cycle, based on the available cycle-specific
predictors. A p-value < 0.05 was used as the cutoff for statistical significance.

3. Results

The total NHANES 2015–2016 sample for analysis comprised n = 5264 participants
with a full data set, of which n = 132 reported soy milk consumption. This may be
extrapolated to represent n = 4,427,078 US Americans. The NHANES 2017–2020 pre-
pandemic cycle included n = 8511 participants with a full dataset, of which n = 187 reported
soy milk consumption. This may be extrapolated to represent n = 3,460,784 US Americans.
Figure 1 shows the participant inclusion flow chart for the 2015–2016 cycle on the left side
and for the NHANES 2017–2020 pre-pandemic cycle on the right side.

The weighted proportion of individuals reporting soy milk consumption in the 2015–
2016 cycle was 2%, whereas it was 1.54% in the NHANES 2017–2020 pre-pandemic cycle.

3.1. NHANES 2015–2016

The sample characteristics of the participants reporting soy milk consumption are
shown in Table 1. The weighted percentage of females consuming soy milk tended to be
higher as compared to males drinking soy milk (Table 1); however, the difference was not
statistically significant. Almost 43% (weighted proportion) of soy milk consumers were of
Non-Hispanic White origin. Non-Hispanic Blacks and Non-Hispanic Asians accounted for
more than 17% each.

Significant differences between soy milk consumers and non-consumers were found
with regard to educational level. A significantly higher weighted proportion of individuals
reporting soy milk intake had a college degree or higher (46.96% vs. 32.18%, p = 0.03). No
significant intergroup differences were found with regard to household size, household
food security level, and annual income. A significantly higher proportion of soy milk
consumers indicated moderate recreational activities as compared to non-consumers.
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Figure 1. Participant inclusion flowchart for the NHANES 2015–2016 cycle (left side) and the
NHANES 2017–2020 cycle (right side).

In a next step, we used multivariate logistic regression models to examine potential
associations between soy milk intake status (dependent variable) and various predictor
variables (Table 2). While female sex did not increase the odds for soy milk consumption,
Non-Hispanic Black and Non-Hispanic Asian ethnicities significantly increased the odds
(OR: 2.51 and 4.87, respectively) in model 1. In a second (model 2) households with six
or more persons had significantly lower odds for soy milk consumption (Table 2). Notably,
said model was overall no longer statistically significant. When adding physical activity in
model 3, statistical significance was retained. Participants with moderate-intensity sports and
recreational activities had significantly higher odds for soy milk consumption (OR: 2.36).

3.2. NHANES 2017–2020

Sample characteristics of participants reporting soy milk consumption in the NHANES
pre-pandemic cycle are shown in Table 3. The weighted percentage of females consuming
soy milk was significantly higher in the NHANES 2017–2020 cycle: 63.45% vs. 36.55%. Only
34.55% (weighted proportion) of soy milk consumers were of Non-Hispanic White origin,
whereas approximately 18.52% were Non-Hispanic Asians. Significant differences between
both groups were also found with regard to educational level. The weighted proportion of
individuals with a high school degree was substantially lower among soy milk consumers
(16.01% vs. 27.10%, p = 0.006) while the weighted proportion of participants with (some)
college degree tended to be higher. No significant differences were found with regard to
household food security level, general (self-perceived health condition), and annual income.
A significantly higher proportion of soy milk consumers indicated moderate recreational
activities as compared to non-consumers. The weighted proportion of smokers also differed
significantly between groups.
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Table 1. Sample characteristics by soy milk consumption status: NHANES 2015–2016.

Soy Milk: Consumers
n = 132

Soy Milk: Non-Consumers
n = 5132

p-Value

Sex

p = 0.217 bMale 40.46% (5.80) 48.04% (0.54)
Female 59.54% (5.80) 51.96% (0.54)

Age (years) 46.40 (2.24) 47.82 (0.55) p = 0.508 c

Race/ethnicity

p < 0.001 b

Mexican American 6.35% (2.53) f 8.59% (2.05)
Other Hispanic 8.93% (3.22) f 6.10% (1.34)
Non-Hispanic White 42.90% (7.76) e,f 65.54% (3.89)
Non-Hispanic Black 18.11% (4.27) 10.88% (2.13)
Non-Hispanic Asian 17.06% (4.83) e 5.34% (1.16)
Other Race a 6.64% (3.61) f 3.56% (0.35)

Marital status

p = 0.401 bMarried/Living with Partner 60.07% (1.53) f 64.69% (1.55)
Widowed/Divorced/Separated 15.48% (0.80) 18.00% (1.19)
Never married 24.45% (6.34) 17.31% (1.27)

Annual household income

p = 0.315 b<20,000 US$ 9.97% (2.59) 12.95% (1.23)
>20,000 US$ 90.03% (2.59) 87.05% (1.23)

Education Level

p = 0.124 b

Less than 9th grade 5.25% (1.27) f 5.66% (0.91)
9–11th grade 4.89% (2.01) f 8.35% (0.90)
High school graduate/GED d 16.32% (5.07) f 20.97% (1.18)
Some college or AA degree 26.58% (4.73) 32.84% (1.52)
College graduate or above 46.96% (5.09) e 32.18% (3.09)

Food security category

p = 0.416 b
Full food security 70.91% (4.66) 71.90% (2.16)
Marginal food security 15.32% (4.35) 10.38% (1.00)
Low food security 8.19% (2.86) f 10.73% (1.03)
Very low food security 5.58% (2.12) f 7.00% (0.58)

Household size

p = 0.101 b

One person 9.77% (2.26) 14.01% (0.81)
Two persons 43.98% (6.72) 33.35% (1.71)
Three persons 20.19% (3.85) 17.36% (1.38)
Four persons 10.67% (2.62) e 17.33% (1.10)
Five persons 12.44% (4.03) f 9.87% (0.69)
Six persons 1.96% (1.15) e,f 4.45% (0.57)
Seven persons or more 0.99% (0.70) e 3.63% (0.49)

General health condition

p = 0.158 b

Excellent 18.42% (0.87) 14.63% (0.87)
Very good 32.71% (4.70) 32.62% (1.44)
Good 35.63% (5.97) 34.66% (1.04)
Fair 7.11% (1.50) e,f 14.77% (1.09)
Poor 6.13% (2.01) f 3.32% (0.38)

Diabetes status

p = 0.224 bYes 7.53% (2.60) f 10.84% (0.80)
No 91.85% (2.82) 87.15% (0.84)
Borderline 0.63% (0.43) e,f 2.01% (0.30)

Smoking status

p = 0.624 bYes 46.37% (5.84) 43.39% (1.05)
No 53.63% (5.84) 56.61% (1.05)

Moderate recreational activities

p = 0.005 bYes 65.59% (5.32) e 46.72% (1.79)
No 34.41% (5.32) e 53.28% (1.79)

Weighted proportions. Total number of unweighted observations: n = 5264. Continuous variables shown as mean
(standard error). Categorical variables shown as weighted proportion (standard error). a = includes multi-racial;
b = based on Stata’s design-adjusted Rao–Scott test, c = based on regression analyses followed by adjusted Wald
tests, d = or equivalent, e = indicates significant differences in the weighted proportions, f = weighted proportions
to be considered unreliable, as per recent NCHS Guidelines. Column percentages may not equal 100% due
to rounding.
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Table 2. Multivariate logistic regression models examining potential associations between soy milk
consumption status and sex, race/ethnicity, and household size.

Independent
Variables

OR CI p OR CI p OR CI p

Model 1 Model 2 Model 3

Sex
Female 1.34 [0.80, 2.25] 0.242 1.36 [0.81, 2.28] 0.229 1.33 [0.79, 2.24] 0.258

Ethnicity
Mexican American 1.14 [0.49, 2.66] 0.750 1.44 [0.60, 3.44] 0.392 1.29 [0.54, 3.07] 0.547
Other Hispanic 2.24 [0.96, 5.23] 0.061 2.59 [1.15, 5.81] 0.024 2.43 [1.05, 5.63] 0.039
Non-Hispanic Black 2.51 [1.18, 5.40] 0.022 2.81 [1.38, 5.70] 0.007 2.72 [1.32, 5.60] 0.010
Non-Hispanic Asian 4.87 [2.45, 9.68] <0.001 5.48 [2.74, 11.01] <0.001 5.27 [2.59, 10.70] <0.001
Other Race a 2.87 [0.76, 10.83] 0.112 2.89 [0.75,11.21] 0.115 3.06 [0.80,11.72] 0.096

Household size
1 person 0.51 [0.24, 1.11] 0.084
3 persons 0.74 [0.41, 1.34] 0.292
4 persons 0.40 [0.20, 0.78] 0.011
5 persons 0.77 [0.30, 1.93] 0.547
6 persons 0.26 [0.08, 0.92] 0.039
7 persons or more 0.14 [0.03, 0.67] 0.017

Moderate activity
Yes 2.36 [1.40, 3.99] 0.003

Legend: a = includes multi-racial. A significant regression equation was found for model 1: F(6,10) = 4.57 (model 1)
with a p-value of 0.017. When adding household size (model 2), the regression equation was no longer significant:
F(6,10) = 4.56 with a p-value of 0.078. When adding physical activity to model 1 (model 3), a significant regression
equation was found: F(7,9) = 8.06, p-value: 0.003. Reference categories were as follows: Male sex; Non-Hispanic
White; Household size: two persons. Moderate recreational activities in a typical week: “no”. OR = odds ratio.
CI = confidence interval. The model is based on a total n of 5264 participants.

Table 3. Sample characteristics by soy milk consumption status: NHANES 2017–2020.

Soy Milk: Consumers
n = 187

Soy Milk: Non-Consumers
n = 8324

p-Value

Sex

p = 0.048 bMale 36.55% (5.33) e 48.09% (0.80)
Female 63.45% (5.33) e 51.91% (0. 80)

Age (years) 50.26 (2.05) 48.37 (0.56) p = 0.373 c

Race/ethnicity

p < 0.001 b

Mexican American 16.40% (4.68) 8.21% (1.12)
Other Hispanic 12.01% (3.41) 7.40% (0.68)
Non-Hispanic White 34.55% (5.71) e 63.69% (2.44)
Non-Hispanic Black 14.77% (3.22) 11.24% (1.43)
Non-Hispanic Asian 18.52% (2.92) e 5.52% (0.84)
Other Race a 3.75% (1.60) f 3.95% (1.60)

Marital status

p = 0.430 bMarried/Living with Partner 56.74% (3.62) 61.82% (1.34)
Widowed/Divorced/Separated 23.05% (4.07) 18.92% (0.76)
Never married 20.21% (3.92) 19.26% (1.09)

Education Level

p = 0.080 b

Less than 9th grade 5.81% (1.29) f 3.64% (0.36)
9–11th grade 6.95% (1.82) 7.12% (0.33)
High school graduate/GED d 16.01% (3.61) e 27.10% (1.38)
Some college or AA degree 32.09% (5.44) 30.56% (0.92)
College graduate or above 39.13% (4.84) 31.57% (2.14)

62



Nutrients 2023, 15, 2532

Table 3. Cont.

Soy Milk: Consumers
n = 187

Soy Milk: Non-Consumers
n = 8324

p-Value

Food security category

p = 0.304 b
Full food security 65.45% (4.41) 72.22% (1.14)
Marginal food security 14.61% (2.98) 10.73% (0.58)
Low food security 11.70% (2.31) 10.45% (0.61)
Very low food security 8.24% (2.13) 6.59% (0.48)

General health condition

p = 0.285 b

Excellent 17.43% (3.79) 13.94% (1.05)
Very good 24.71% (4.84) 32.34% (0.87)
Good 40.38% (3.95) 35.15% (0.96)
Fair 13.77% (3.40) 16.01% (0.74)
Poor 3.70% (1.14) f 2.57% (0.15)

Ratio of family income to poverty

p = 0.443 b
<1 11.68% (2.24) 11.82% (0.84)
≥1 and <2 19.61% (3.91) 17.86% (0.87)
≥2 and <3 18.48% (3.44) 14.19% (0.80)
≥3 50.23% (5.60) 56.12% (1.57)

Diabetes status

p = 0.289 bYes 15.11% (2.96) 11.61% (0.42)
No 81.86% (2.95) 85.90% (0.41)
Borderline 3.03% (0.92) f 2.49% (0.29)

Smoking status

p = 0.010 bYes 29.22% (4.25) e 42.59% (1.22)
No 70.78% (4.25) e 57.41% (1.22)

Moderate recreational activities

p = 0.009 bYes 58.62% (4.21) e 46.64% (1.17)
No 41.38% (4.21) e 53.36% (1.17)

Weighted proportions. Total number of unweighted observations: n = 8511. Continuous variables shown as mean
(standard error). Categorical variables shown as weighted proportion (standard error). a = includes multi-racial;
b = based on Stata’s design-adjusted Rao–Scott test, c = based on regression analyses followed by adjusted Wald
tests, d = or equivalent, e = indicates significant differences in the weighted proportions, f = weighted proportions
to be considered unreliable, as peer recent NCHS Guidelines. Column percentages may not equal 100% due
to rounding.

Again, we used multivariate logistic regression models to examine potential associa-
tions between soy milk intake status and various predictor variables (Table 4). Female sex
did not increase the odds for soy milk consumption after adjustment for race/ethnicity and
education level. Notably, Mexican American and Other Hispanic ethnicities significantly
increased the odds (OR: 4.26 and 3.21, respectively). The same applied to Non-Hispanic
Black and Non-Hispanic Asian ethnicities (OR: 2.62 and 5.60, respectively) in a second
model adjusted for smoking status and moderate intensity activity. In both models, college
graduates had a significantly higher OR for soy milk consumption (Table 4). The additional
adjustment for physical activity did not significantly alter the findings from model 1. Par-
ticipants with moderate-intensity sports and recreational activities had significantly higher
odds for soy milk consumption (OR: 1.65).
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Table 4. Multivariate logistic regression models examining potential associations between soy milk
consumption status and sex, race/ethnicity, education level, and age.

Independent Variables OR CI p OR CI p

Model 1 Model 2

Sex
Female 1.57 [0.97, 2.56] 0.067 1.55 [0.96, 2.51] 0.071

Ethnicity
Mexican American 4.26 [2.07, 8.76] <0.001 4.16 [2.52, 10.18] <0.001
Other Hispanic 3.21 [1.61, 6.41] 0.002 3.22 [1.85, 6.91] 0.002
Non-Hispanic Black 2.55 [1.56, 4.17] 0.001 2.62 [1.69, 4.44] <0.001
Non-Hispanic Asian 5.70 [3.82, 8.53] <0.001 5.60 [4.23, 9.30] <0.001
Other Race a 1.85 [0.73, 4.72] 0.185 1.95 [0.78, 4.99] 0.150

Education level
Less than 9th grade 1.51 [0.86, 2.65] 0.143 1.60 [0.93, 2.77] 0.087
9–11th grade 1.36 [0.78, 2.35] 0.265 1.47 [0.85, 2.57] 0.159
Some college or AA degree 1.83 [0.93, 3.62] 0.079 1.75 [0.88, 3.47] 0.105
College graduate or above 2.14 [1.21, 3.80] 0.011 1.84 [1.01, 3.33] 0.045

Moderate activity
Yes 1.65 [1.14, 2.40] 0.011

Smoking
Yes 0.82 [0.51, 1.32] 0.402

Legend: a = includes multi-racial. Significant regression equations were found for both models: F(10,16) = 21.98
(model 1) and F(12,14) = 21.16 (model 2), respectively, with a p-value < 0.001 for both. Reference categories were
as follows: Male sex; Non-Hispanic White; High school graduate/GED; Moderate recreational activities in a
typical week: “no”; Smoking: “no”. OR = odds ratio. CI = confidence interval. The model is based on a total n of
8511 participants.

4. Discussion

We used NHANES data to assess the prevalence of soy milk consumption in the
Unites States and sought to identify potential sociodemographic predictors increasing the
likelihood of its usage. The weighted proportion of individuals reporting soy milk intake
in the NHANES 2015–2016 cycle was 2% and changed slightly to 1.54% in the NHANES
2017–2020 pre-pandemic cycle. Non-Hispanic Asian and Black ethnicities (as well as other
Hispanic and Mexican American ethnicities in the 2017–2020 cycle) significantly increased
the odds for soy milk consumption. College graduates also had significantly higher odds
for consuming soy milk (OR: 2.14) in the pre-pandemic NHANES cycle. Our results also
suggest that sex is apparently not an important predictor of soy milk consumption in this
cross-sectional sample, while moderate physical activity was associated with higher odds.

Soy milk is one of the fastest growing categories in the U.S. plant-based non-dairy
functional beverage market [49,50]. Cow milk allergies, lactose intolerance, calorie con-
cerns, an unfavorable lipid profile, and a preference towards vegan diets for health and
ethical reasons (including aspects such as environmental concerns and animal welfare)
have increasingly influenced consumers across the globe towards choosing cow milk
alternatives [50,51].

In addition to that, individuals are also increasingly concerned about potential nega-
tive health impacts of dairy products [52], including their high saturated fat content, their
potential hormonal contamination [53], and, above all, their potential association with
several diseases including various types of cancer [54–56]. However, recent systematic
data highlighted some beneficial aspects of cow milk consumption in osteoporosis, cardio-
vascular diseases, and metabolic syndrome at various stages of life [57,58]. Nevertheless,
concerns about acne, infant iron-deficiency anemia, prostate, colorectal and bladder cancers,
and Parkinson’s disease associated with cow milk consumption remain.

For the aforementioned reasons, soy milk is as a rapidly emerging competitor to dairy
milk [49]. With regard to its nutritional profile, a 2018 review suggested that soy milk is

64



Nutrients 2023, 15, 2532

the best alternative milk for replacing cow milk in the human diet [16]. Soy milk may
also favorably affect circulating estrogen levels in premenopausal women, which could
reduce the risk for breast cancer [59]. In men, soy milk consumption was associated with a
reduction in prostate cancer risk [60].

Despite these putative benefits, data on soy milk intake is scarce. Sociodemographic
predictors and drivers of soy milk have rarely been investigated. A study by Dharmasena
and Capps suggested that age, employment status, education level, race, ethnicity, region,
and presence of children in a household are significant drivers of the demand for soy
milk [49]. While based on a larger sample, their study dates back to the year 2008 [49].
Using more recent data from the NHANES, we were able to confirm some of the previously
identified sociodemographic predictors.

Our findings may provide valuable information about soy milk consumers and could
be employed in possible public health strategies to enhance soy milk product usage and
consumption. Marketing for soy products is said to require meticulous consumer segmen-
tation in order to development food products that may appeal to different populations
with various opinion and tastes [61,62]. Based on our results, individuals of Non-Hispanic
White ethnicity could be such a group. The same may apply to individuals with a lower
education level. Targeted marketing improving the nutritional knowledge about soy milk
as a potential dairy substitute could enhance consumption in said prospective buyers.

Strengths and Limitations

The present study has various strengths and limitations that require further discussion.
One major limitation is the cross-sectional nature of this analysis, which does not allow
for any causal inference. Although we used a nationally-representative sample of United
States Americans, the number of soy milk consumers was only modest, and some estimated
reported proportions must be considered unreliable as per recent NCHS guidelines. We
transparently flagged these proportions in the results section and clearly acknowledge this
limitation. Furthermore, this analysis solely relied on data from the NHANES Diet Behavior
& Nutrition module, it is not based on 24-h dietary recalls and does not inquire about
reasons for (and barriers to) soy milk consumption. Such variables were unavailable in the
employed NHANES cycles but would have significantly enriched our analysis. Finally,
the NHANES “only” inquired about the usage of (soy) milk consumption as a drink or
in combination with cereals. This excludes cooking and therefore some classical (vegan)
meals that include soy milk, including but not limited to dairy-free macaroni and cheese,
dairy-free lasagna, soy milk shakes as well as dairy-free pies, desserts, and cookies. As such,
we may have underestimated the true prevalence of soy milk consumption. Nevertheless,
we believe in the value of our data and call for additional studies in this particular field to
enhance our understanding of soy milk consumption.

5. Conclusions

The weighted proportion of individuals reporting soy milk consumption in the
NHANES ranged from approximately 1.54 to 2.0% in some of the latest NHNAES cycles.
Several sociodemographic predictors of soy milk consumption (including race/ethnicity,
household size, and educational level) were identified. Nevertheless, additional studies
are warranted to gain a better understanding of drivers for (and barriers to) soy milk
consumption in the United States. In light of the putative health benefits of soy milk and
its more favorable environmental impact as compared to cow milk, future investigations
should attempt to identify strategies that help promote its consumption.
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Abstract: Besides their common use as an adaptogen, Rhaponticum carthamoides (Willd.) Iljin. rhi-
zome and its root extract (RCE) are also reported to beneficially affect lipid metabolism. The main
characteristic secondary metabolites of RCE are phytoecdysteroids. In order to determine an RCE’s
phytoecdysteroid profile, a novel, sensitive, and robust high-performance thin-layer chromatog-
raphy (HPTLC) method was developed and validated. Moreover, a comparative analysis was
conducted to investigate the effects of RCE and its secondary metabolites on adipogenesis and
adipolysis. The evaluation of the anti-adipogenic and lipolytic effects was performed using hu-
man Simpson–Golabi–Behmel syndrome cells, where lipid staining and measurement of released
glycerol and free fatty acids were employed. The HPTLC method confirmed the presence of 20-
hydroxyecdysone (20E), ponasterone A (PA), and turkesterone (TU) in RCE. The observed results
revealed that RCE, 20E, and TU significantly reduced lipid accumulation in human adipocytes,
demonstrating their anti-adipogenic activity. Moreover, RCE and 20E were found to effectively
stimulate basal lipolysis. However, no significant effects were observed with PA and TU applications.
Based on our findings, RCE and 20E affect both lipogenesis and lipolysis, while TU only restrains
adipogenesis. These results are fundamental for further investigations.

Keywords: Rhaponticum carthamoides (Willd.) Iljin.; 20-hydroxyecdysone; ponasterone A; turkesterone;
high-performance thin layer chromatography (HPTLC); obesity; adipocytes; adipogenesis; adipolysis

1. Introduction

Obesity and the state of being overweight are among the continuously growing public
health concerns [1–4]. According to the World Health Organization (WHO), currently,
almost 2 billion adults are considered overweight and 650 million of them are considered
obese [5]. Common comorbidities attributed to obesity and the state of being overweight are
hypertension, dyslipidemia, type 2 diabetes, sleep apnea, osteoarthritis, and cancer [2,6–8].
Current strategies for excess adiposity management include lifestyle modifications, phar-
macotherapy, and bariatric surgery in the most severe cases [8–10]. However, the number of
approved and safe drugs for the reduction of body weight is quite limited—orlistat, phen-
termine, topiramate, and semaglutide [11–13]. At present, plenty of studies are focused
on the research of novel molecules with anti-obesity activity [14]. Many of these potential
therapeutic molecules are plant secondary metabolites [15–17]. Numerous plants are re-
ported to possess anti-obesity potential such as Eleutherococcus senticosus, Bassia scoparia,
Platycodon grandiflorum, Gypsophila oldhamiana, Momordica charantia, Rosmarinus officinalis,
Citrus limon, Taraxacum officinale, and Ziziphus jujuba [1,18,19]. The anti-obesity activity of
plant species is related to their phytochemical content, especially: saponins (platycodin A,
platycodin C, deapioplatycodin D, momordin Ic, escin Ia, escin IIa, escin Ib, etc.), polyphe-
nols (caffeic acid, chlorogenic acid, resveratrol, curcumin, kaempferol, quercetin, cyanidin,
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naringenin, etc.), terpenoids (lycopene, lutein, and carotene), organosulfurs (allicin and
alliin), and phytosterols (protodisoscin and diosgenin) [18,20]. These natural compounds
may exert their anti-obesity effect through more than one of the following mechanisms:
inhibition of pancreatic lipases, stimulation of lipolysis, inhibition of differentiation of
preadipocytes, stimulation of adipose tissue browning, and induction apoptosis of existing
hypertrophied adipocytes [18,20].

Although many bioactive compounds of plant origin possess anti-obesity potential,
the specific role of phytoecdysteroids (PDs) remains incompletely understood. Noratto et al.
reported that the intake of quinoa (a phytoecdysteroid-rich plant) is associated with positive
effects on obesity in mice [21]. However, further research is needed to reveal the potential of
PDs and phytoecdysteroid-containing plants on obesity. Among the phytoecdysteroid-rich
plants is the endemic perennial plant Rhaponticum carthamoides (Willd.) Iljin. from the
Asteraceae family, commonly known as maral root or Russian leuzea [22,23]. In tradi-
tional medicine, it has been used to improve physical strength [22]. In 1969, leuzea was
systemized as one of the plant adaptogens by Brekman and Dardimov [22]. In recent
decades, extracts from its rhizomes and roots have been used for physical weakness, to
promote muscle growth, to treat impotency, etc. [22]. Various medicinal preparations from
R. carthamoides rhizomes and roots have been reported to possess not only adaptogenic
effects but also a broad spectrum of biological effects, such as antioxidant, immunomodu-
latory, anticancerogenic, antimicrobial, antiparasitic, and repellent activities [22–24]. The
main isolated chemical classes from R. carthamoides rhizomes and roots are not only PDs
but also phenolics (flavonoids and phenolic acids) [22]. Previous phytochemical reports
regarding ecdysteroids of R. carthamoides from the underground parts of the plants revealed
the isolation of 20-hydroxyecdysone, also known as ecdysterone (20E), ponasterone A (PA),
and turkesterone (TU) [22,25,26]. Ecdysteroids are a group of polyhydroxylated sterols,
structurally similar to androgens (Figure 1) [24,27,28].

 
Figure 1. Chemical structures of the phytoecdysteroids–20-hydroxyecdysone, ponasterone A
and turkesterone.

PDs possess a wide range of pharmacological properties, including antidiabetic and
hepatoprotective properties [24,29]. Previous studies reported that 20E possesses an-
abolic, neuroprotective, and antitumor effects, restores renal dysfunction, and decreases
triglycerides [28–34]. It has the potential to prevent adiposity, dyslipidemia, and hyper-
glycemia [35,36], while PA possesses anabolic activity [29]. Turkesterone has been associ-
ated with anabolic, antidiabetic, and hypoazotemic effects, as well as the ability to decrease
cholesterol levels and restore renal function, according to previous investigations [29].

The current study aimed to evaluate the phytochemical profile of R. carthamoides
rhizomes and roots extract (RCE) via an innovative high-performance thin layer chro-
matography (HPTLC) method. Moreover, the PDs in the extract—20E, PA, and TU—were
quantified. Following the chemical analysis, the effect of RCE as well as its secondary
metabolites on adipogenesis and adipolysis were investigated in an in vitro obesity model
of human adipocytes.
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2. Materials and Methods

2.1. Chemicals and Reagents

The reference standard of PA (molecular weight: 464.6 g·mol−1; purity: HPLC ≥ 95%,
#16,386) was purchased from Cayman Chemical, Ann Arbor, MI, USA. The reference
standards of 20E (molecular weight 480.64 g·mol−1; purity: HPLC ≥ 95%, #89,651) and
TU (molecular weight: 496.6 g·mol−1; purity: HPLC ≥ 95%, #85,781) were obtained from
PhytoLab GmbH & Co. KG, Vestenbergsgreuth, Germany. Analytical grade dimethyl
sulfoxide (DMSO), isopropanol, acetonitrile, methanol, cell culture medium Dulbecco’s
modified Eagle’s medium/Nutrient F-12 Ham, Oil red O (ORO; 0.5% solution in iso-
propanol), fetal bovine serum, penicillin/streptomycin 10,000 IU/10 mg·mL−1, d-biotin
(purity > 99%), d-pantothenic acid (purity > 99%), human apo-transferrin (purity > 98%),
rosiglitazone (purity: HPLC > 98%), human insulin, 3-isobutyl-1-methylxantine (purity:
HPLC > 99%), dexamethasone (purity: HPLC > 98%), triiodothyronine (purity > 95%), cor-
tisol (purity > 95%), and isoproterenol hydrochloride (purity: HPLC > 98%) were obtained
from Merck KGaA (Darmstadt, Germany).

2.2. Plant Material and Extraction

The dried R. carthamoides rhizomes and roots were purchased from Russia. The plant
material was characterized according to the Russian Pharmacopoeia by the Department
of Pharmacognosy and pharmaceutical chemistry, Medical University of Plovdiv. The
plant material was further frozen, freeze-dried, and ground before ultrasound-assisted
extraction with 50% aqueous methanol at 20 ◦C for 30 min. The obtained RCE was filtered
and concentrated via a rotary vacuum evaporator at 40 ◦C, further freeze-dried, and stored
at −20 ◦C before use.

2.3. HPTLC Analyses
2.3.1. Sample Preparation

The stock solutions for HPTLC analysis of 20E, PA, T, and the extract were prepared
in acetonitrile in concentration 1 mg·mL−1. Ultrasound was used for better dissolution.
The prepared stock solutions were stored before use in brown vials, protected from light
at 4 ◦C.

2.3.2. Instrumentation

The method was developed using a CAMAG HPTLC system (CAMAG, Muttenz,
Switzerland) in the following configuration: CAMAG Limomat 5, a software-controlled
applicator of CAMAG, Muttenz, Switzerland); CAMAG Automatic Developing Chamber
2 (CAMAG, Muttenz, Switzerland), and CAMAG TLC Visualizer 2 (CAMAG, Muttenz,
Switzerland). The software used was “VisionCATS” (version 3, CAMAG, Muttenz, Switzer-
land). An ultrasonic bath (Bandelin, Berlin, Germany) was used for better dissolution of
the standard solutions.

2.3.3. Method Development

The analyses were carried out using silica gel 60 F254 glass TLC plates of 10 × 20 cm
size and with 200 μm layer thickness (E. Merck KGaA, Darmstadt, Germany). The mobile
phase comprised methanol: acetonitrile at a ratio of 10:90 (v/v). The volume of the mobile
phase was 10 mL. The application type was a band, and the front was 70 mm. The time
for development was 10 min, followed by drying for 5 min. Detection was performed at
254 nm using CAMAG TLC Visualizer 2.

2.3.4. Method Validation

The developed method was validated according to the International Council for
Harmonization of Technical Requirements for Pharmaceuticals for Human Use (ICH) with
the following validation parameters: linearity, range, precision, accuracy, and limits of
detection (LD) and quantification (LQ) [37].
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2.4. Cell Culture and Treatment

Human Simpson–Golabi–Behmel syndrome (SGBS) preadipocytes were kindly pro-
vided by Professor Martin Wabitsch (University of Ulm, Germany). The cells were cultured
under optimal conditions [38,39]. The differentiation of near-confluent preadipocytes was
carried out with the presence of RCE (5–50 μg·mL−1), 20E (5–50 μM), PA (5–50 μM), TU
(5–50 μM), or 0.02% DMSO as a vehicle. These concentrations were selected based on cell
viability evaluation with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. The experimental treatments were applied upon differentiation and on the
fourth and eighth days with every culture media replacement process. Sample collection
and subsequent analyses were performed 24 h after the last treatment. Each assay was
performed at least in three independent experiments.

2.5. Cell Viability Assay

The preadipocytes were seeded in 96-well plates, grown to near confluence, and incu-
bated for 48 h with increasing concentrations from 0.1 to 100 μM for the pure compounds
and 0.1 to 100 μg·mL−1 for the extract or 0.02% DMSO as a vehicle. The results are pre-
sented as the percentage of cell viability compared to the vehicle as the mean ± SEM and
are representative of three independent experiments.

2.6. Lipid Staining

The procedure was performed as previously described [40]. Briefly, on day 9 of differ-
entiation, the SGBS adipocytes were fixed with formalin and subsequently stained with
freshly prepared ORO solution. Then, the representative microphotographs were taken us-
ing an Oxion Inverso OX.2053-PLPH inverted microscope, equipped with a DC.10,000-Pro
CMEX camera (Euromex, Arnhem, The Netherlands). For the quantification of accumulated
lipids for each group, the absorbance of the extracted lipid dye at 495 nm was measured
using an Anthos Zenyth 340 multiplate reader from Biochrom Ltd. (Cambridge, United
Kingdom). The results were represented as the percentage of accumulated lipids compared
to the vehicle-treated group.

2.7. Analysis of Basal and Stimulated Lipolysis

The effect of increasing concentrations of RCE, 20E, PA, and TU, was evaluated
through quantification of released glycerol and free fatty acids (FFAs) in the culture media,
as products of lipid hydrolysis. Along with the last treatment, on day 8 of adipogenic
differentiation, lipolysis was stimulated with 10 μM isoproterenol for 24 h [41]; then, culture
media samples were collected from the tested treatments subjected to both basal and
isoproterenol-stimulated conditions. Glycerol and FFA concentrations were determined
using a glycerol assay kit (#MAK117) and a free fatty acid assay kit (#MAK044) from Merck
KGaA according to the manufacturer’s instructions.

2.8. Statistical Analysis

The resulting data were expressed as the mean ± SEM and statistical significance
between groups was determined by one-way ANOVA, followed by Tukey’s post hoc test,
using SigmaPlot v11.0 software from Systat Software GmbH (Erkrath, Germany). Values of
p < 0.05 were considered significant.

3. Results

3.1. HPTLC Analysis
3.1.1. Method Development

A rapid and sensitive HPTLC method was developed to quantify the PDs present in
RCE. The method was effective for the estimation of 20E, PA, and TU.

The first step of the method development was to choose a suitable solvent system
for the analyzed compounds. For the determination of a suitable phase, various propor-
tions of acetonitrile and methanol were used. Proportions including acetonitrile/methanol
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(85:15, v/v), acetonitrile/methanol (80:20, v/v), acetonitrile/methanol (10:90, v/v), ace-
tonitrile/methanol (95:5, v/v), and acetonitrile/methanol (50:50, v/v) were investigated
as the solvent systems for the development of a suitable band for quantitation. From the
results, it was observed that the acetonitrile/methanol (85:15, v/v), acetonitrile/methanol
(80:20, v/v), acetonitrile/methanol (10:90, v/v), acetonitrile/methanol (95:5, v/v), and
acetonitrile/methanol (50:50, v/v) solvent systems presented a poor chromatogram of the
examined PDs with a poor asymmetry factor. Among the tested solvent systems, acetoni-
trile/methanol (90:10, v/v) provided well-separated and compact chromatographic peaks
of TU, 20E, and PA at Rf 0.2, 0.3, and 0.6, respectively. Hence, the acetonitrile/methanol
(90:10, v/v) proportion was considered as a proper solvent system for the determination
of 20E, PA, and TU in the HPTLC method. Figures 2 and 3 represent the HPTLC chro-
matogram and profiles of different concentration levels of the PDs and RCE, respectively.

Figure 2. Comparison between different concentration levels of the standard solutions of PDs and
RCE, where 1. TU 0.5 μg·band−1; 2. TU 0.75 μg·band−1; 3. TU 1 μg·band−1; 4. TU 1.25 μg·band−1;
5. TU 1.5 μg·band−1; 6. 20E 0.5 μg·band−1; 7. 20E 0.75 μg·band−1; 8. 20E 1 μg·band−1; 9. 20E
1.25 μg·band−1; 10. 20E 1.5 μg·band−1; 11. PA 0.5 μg.band−1; 12. PA 0.75 μg·band−1; 13. PA
1 μg·band−1; 14. PA 1.25 μg·band−1; 15. PA 1.5 μg·band−1; 16. RCE.

3.1.2. Method Validation

The method was validated according to ICH guidelines [37].

Linearity

To establish linearity, an external standard curve was employed. The calibration curves
were plotted by concentrations and the peak area of each PD. To prepare the standard
solution, 20E (0.5 to 1.5 μg·band−1), PA (0.5 to 1.5 μg·band−1), and TU (0.5 to 1.5 μg·band−1)
were dissolved in acetonitrile. The regression line was calculated with y = ax ± b, where
x is the concentration and y is the peak area of each PD, b is the y-intercept, and a is the
slope of the regression line. Moreover, the coefficient of determination (R2) was established
for the linearity.

The linearity of the method was determined in the 0.5–1.5 μg.band−1 range for the
tested substances. The regression line equation and the R2 for 20E were y = 0.0027x + 0.0002
and R2 = 0.9988, for PA, they were y = 0.0042x + 0.0003 and R2 = 0.9986, and for TU, they
were y = 0.004x + 0.0008 and R2 = 0.997, respectively. These results showed a significant
correlation and demonstrated the reliability of the method for estimating these PDs. Table 1
presents the results of the regression analysis, LD, and LQ.
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Figure 3. Profiles of different concentration levels of the standard solutions of PDs and RCE,
where 1. TU 0.5 μg·band−1; 2. TU 0.75 μg·band−1; 3. TU 1 μg·band−1; 4. TU 1.25 μg·band−1;
5. TU 1.5 μg·band−1; 6. 20E 0.5 μg·band−1; 7. 20E 0.75 μg·band−1; 8. 20E 1 μg·band−1; 9. 20E
1.25 μg·band−1; 10. 20E 1.5 μg·band−1; 11. PA 0.5 μg·band−1; 12. PA 0.75 μg·band−1; 13. PA
1 μg·band−1; 14. PA 1.25 μg·band−1; 15. PA 1.5 μg·band−1; 16. RCE.

Table 1. Linearity, LD, and LQ of the developed HPTLC method.

Parameter 20-Hydroxyecdysterone Ponasterone A Turkesterone

Range 0.5–1.5 μg·band−1 0.5–1.5 μg·band−1 0.5–1.5 μg·band−1

Regression line y = 0.0027x + 0.0002 y = 0.0042x + 0.0003 y = 0.004x + 0.0008
R2 0.9988 0.9986 0.997
LD 0.11 μg·band−1 0.13 μg·band−1 0.04 μg·band−1

LQ 0.35 μg·band−1 0.39 μg·band−1 0.12 μg·band−1

Accuracy

Accuracy was established across the specified range of the analytical procedure, which
was determined to be from the 0.5 to 1.5 μg·band−1 for 20E, PA, and TU.

The accuracy of the suggested HPTLC method was evaluated using the percentage
of recovery of three concentration levels (low, medium, and high) with six replicates of
each concentration. For the accuracy test, from each examined substance, three different
quality control (QC) levels were used: lower QC (LQC: 0.75 μg·band−1), middle QC (MQC:
1 μg·band−1), and high QC (HQC: 1.25 μg·band−1) with six replicates. Table 2 presents the
results of the accuracy of the developed HPTLC method.

Precision

The precision of the proposed HPTLC method was evaluated for both intra-day and
inter-day precision, with six replicates of the injection. Examining the intra-day variation
for the examined substances involved quantifying fresh solutions at LQC, MQC, and HQC
on the same day in six replicates (n = 6). Inter-day variability for the examined substances
was examined using the quantitation of freshly generated solutions at LQC, MQC, and
HQC on three consecutive days in six replicates (n =6). Table 3 presents the results for the
precision of these PDs.
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Table 2. Evaluating the accuracy of the developed HPTLC method.

Concentration
(μg·band−1)

Mean
(μg.band−1) ± SD

Recovery % CV%

20-hydroxyecdysone
1.25 1.24 ± 0.010 99.06 0.82

1 0.99 ± 0.008 99.07 0.84
0.75 0.76 ± 0.008 100.90 1.10

Ponasterone A
1.25 1.25 ± 0.006 99.62 0.49

1 0.99 ± 0.009 98.65 0.89
0.75 0.76 ± 0.007 100.95 0.93

Turkesterone
1.25 1.26 ± 0.014 100.97 1.12

1 0.99 ± 0.010 99.21 1.01
0.75 0.74 ± 0.012 98.83 1.70

CV%—percent of coefficient of variation.

Table 3. The precision of the developed HPTLC method.

Concentration
(μg·band−1)

Intraday Precision Interday Precision

Mean
(μg·band−1)

± SD
SE CV%

Mean
(μg·band−1)

± SD
SE CV%

20-hydroxyecdysone
1.25 1.24 ± 0.011 0.004 0.86 1.24 ± 0.011 0.003 0.95

1 1.00 ± 0.009 0.004 0.86 0.99 ± 0.009 0.004 0.96
0.75 0.75 ± 0.008 0.003 1.02 0.75 ± 0.010 0.004 1.27

Ponasterone A
1.25 1.25 ± 0.008 0.003 0.62 1.25 ± 0.007 0.003 0.53

1 0.99 ± 0.008 0.003 0.85 0.99 ± 0.008 0.003 0.77
0.75 0.75 ± 0.010 0.004 1.37 0.75 ± 0.009 0.004 1.16

Turkesterone
1.25 1.25 ± 0.010 0.004 0.79 1.24 ± 0.010 0.004 0.82

1 0.99 ± 0.017 0.007 1.66 0.99 ± 0.013 0.005 1.31
0.75 0.74 ± 0.008 0.003 1.06 0.74 ± 0.010 0.004 1.29

CV%—percent of coefficient of variation; SE—standard error.

Detection Limit (DL) and Quantitation Limit (QL)

The detection limit and quantification limit were expressed by the standard deviation
of the slope (σ) and the slope of the calibration curve (S) using the following formulas:
DL = 3.3 σ/S and QL = 10 σ/S, respectively.

The lowest concentrations for which a reliable spot was established were 0.11 μg·band−1

for 20E, 0.13 μg·band−1 for PA, and 0.04 μg·band−1 for TU. The quantification limit for 20E
was 0.35 μg·band−1, for PA, it was 0.39 μg·band−1, and for TU, it was 0.12 μg·band−1, as
shown in Table 1.

Robustness

The robustness of the proposed method was assessed by deliberately introducing
variations in the mobile phase compositions and total run length. The solvents ratio of
acetonitrile/methanol (90:10, v/v) was modified within a range of ±1%, and the HPTLC
response was recorded for each set of conditions. The total solvent distance was altered to
72 mm and 68 mm from the initial 70 mm, and the HPTLC response was recorded. The
observed changes in Rf values were within the range ± 0.02, which indicated that the
method was robust.

In order to assess the stability of the standard solutions, they were stored at 2–8 ◦C
for a week, visual inspection confirmed the clarity of the solutions, and subsequently, the
obtained chromatograms from the freshly prepared solutions were compared with those
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derived from the stored solutions. The comparative analysis revealed that the samples
maintained their stability throughout the entire duration of storage.

The close values of correlation factors to one, the high percentage of accuracy, and the
low values of standard deviation suggested that the developed method is linear, accurate,
precise, and reliable for the determination and quantification of 20E, PA, and TU. The
developed and validated method was used for the quality determination of the three
compounds in RCE. The amount of 20E was found to be 2.96 mg·g−1, PA was found to be
1.75 mg·g−1, and the amount of TU was found to be 1.65 mg·g−1 crude dry extract. The
obtained HPTLC results were confirmed through HPLC/UV analysis using the previously
validated method [42].

3.2. Effect of RCE, 20E, PA, and TU on Cell Viability

The performed MTT assay revealed that the cell viability of the near-confluent
preadipocytes was not affected upon incubation for 48 h with RCE μg·mL−1 and 20E,
PA, and TU in 0.1–100 μM, respectively (Figure 4). Consequently, the selected treatment
concentrations are safe for application in the following experiments.

Figure 4. Cell viability was not affected upon RCE, 20E, PA, and TU treatment. Cell viability,
expressed as the percentage of cell viability compared to the vehicle as the mean ± SEM upon
treatment with (A) RCE, (B) 20E, (C) PA, and (D) TU.

3.3. Effect of RCE, 20E, PA, and TU on Adipogenesis in Human Adipocytes

The chemical profiling of RCE affirmed the presence of 20E, PA, and TU. To evaluate
whether RCE and the identified PDs modulate adipogenesis, ORO lipid staining was
performed. The observed tendency toward a reduction in accumulated lipids is represented
through microscopic images of the treated groups (Figure 5A).

The results of total lipid quantification (Figure 5B) revealed a statistically significant
reduction upon the administration of the following treatments—RCE (86.8, 87.1, 80.2, and
82.8% for 5, 10, 25 and 50 μg·mL−1, respectively), 20E (97, 90.4, 90.2, and 88.3% for 5, 10,
25 and 50 μM, respectively), and TU (91.9, 82.3, 76, and 79.9% for 5, 10, 25 and 50 μM,
respectively). Among the investigated treatments, the highest anti-adipogenic activity was
observed for TU, followed by RCE and 20E. In the current experiment, PA did not affect
adipogenic differentiation in human adipocytes.

Collectively, the screening, based on lipid staining, affirmed that RCE and the identi-
fied PDs—20E and TU—possess promising anti-adipogenic activity. Further experiments
evaluated whether the modulation of adipolysis is involved in the observed decrease in
total lipid content.
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Figure 5. A significant decrease in adipogenic differentiation and lipid accumulation was observed
upon RCE, 20E, and TU treatment. Representative microphotographs from the Oil red O staining
of the experimental groups, 20x magnification (A). Quantification of accumulated lipids through
spectrophotometric measures of the absorbance of the extracted Oil red O dye at 495 nm, represented
as a percentage from vehicle (B). The data are expressed as the mean ± SEM. * p < 0.05 compared to
the vehicle control group.

3.4. Effect of RCE, 20E, PA, and TU on Basal and Isoproterenol-Stimulated Lipolysis in
Human Adipocytes

To determine the effect of RCE, 20E, PA, and TU on basal and isoproterenol-stimulated
lipolysis, quantification of glycerol and FFAs released in the culture media was performed.

Incubation with RCE (50 μg·mL−1) significantly increased the concentration of both
glycerol (Figure 6A) and FFAs (Figure 6C) in the culture media under basal conditions. In
a similar manner, in unstimulated adipocytes, 20E (50 μM) application only significantly
increased the FFA concentration (Figure 6C). Treatment with PA and TU affected neither
glycerol (Figure 6A) nor FFA (Figure 6C) concentrations. Therefore, we can suggest that
both RCE and 20E significantly increased basal lipolysis, while such an effect was not
observed upon PA or TU treatment (Figure 6A,C). Isoproterenol stimulation elevated the
released glycerol and FFAs in comparison to the basal level. However, no significant effect
on both glycerol (Figure 6B) and FFAs (Figure 6D) was detected upon all the treatments
applied compared to the isoproterenol-stimulated vehicle.
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Figure 6. Only RCE and 20E stimulated basal lipolysis in human adipocytes. Glycerol concentration
(μM) in cell culture media on day 9 of differentiation under basal conditions (A) and isoproterenol
stimulation (10 μM for 24 h) (B). Free fatty acids concentration (nM) in cell culture media on day 9 of
differentiation under basal conditions (C) and isoproterenol stimulation (D). The data are expressed
as the mean ± SEM. * p < 0.05 compared to the vehicle control group.

Basal lipolysis was elevated only in the highest concentrations of RCE and 20E. How-
ever, none of the treatments affected isoproterenol-stimulated adipolysis.

4. Discussion

Considering the continuously increasing interest in plant products as food supple-
ments due to the assumption of their safety [43], it is crucial to address the limited data
regarding the control of their quality. Moreover, a lack of relevant scientific evidence
confirming the biological activity and efficacy of some plant products [44] raises additional
questions about the rationale of their use. Therefore, the development of fast, precise,
and sensitive analytical methods is of great importance for the adequate control of plant
products. RCE and PDs are widely used as adaptogens [22,45]. However, the available
HPTLC methods for identifying and quantifying PDs, especially for PDs isolated from RCE,
are currently quite limited, as evidenced by the data presented in Table 4 [46–50]. For that
reason, a new HPTLC method that offers high sensitivity, efficiency, and reproducibility
has been developed. The HPTLC technique has several advantages, including rapidity,
cost-effectiveness, etc. [51,52], making it a highly suitable method for the future analysis
of PDs.
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Table 4. Comparison between chromatographic conditions of the HPTLC methods for PD determination.

Purpose
Chromatographic

Conditions
LD/LQ Ref.

Ecdysteroids (20E,
ponasterone A, and others)

characterization of some
Silane species

RP-HPTLC plates, mobile
phase: chloroform: ethanol
4:1 (v/v), visualized under

254 nm.

- [46]

Ecdysteroids (20E,
ponasterone A,

turkesterone, and others)
characterization of some

Silane species

RP-HPTLC plates, ethanol:
water 3:2 (v/v) and acetone:
water 3:2 (v/v), visualized

under 254 nm.

- [47]

Determination and
quantitation of 20E in Sida
rhombifolia L. and dietary

supplements

HPTLC plates were
prewashed with methanol

and dried in an oven at
120 ◦C for three minutes,

mobile phase: chloroform:
methanol 8:2 (v/v),

distance 60 mm, visualized
under 250 nm.

LD 60 ng·spot−1

LQ 200 ng·spot−1 [48]

Development and
validation of an HPTLC

method for the
quantification of 20E

HPTLC plates, mobile
phase: THF: toluene: 1 mM

TFA in methanol: water
16:8:2:1 (v/v/v/v), a
distance of 70 mm,

visualized under 250 nm.

Lower limits of
quantitation—

70–100 μg·mL−1

Upper limits of
quantitation—815 μg·mL−1

above 1000 μg·mL−1.

[49]

Monitoring of ecdysteroids
isolated from

Manduca sexta pupae

HPTLC plates, mobile
phase: chloroform: ethanol

(65:35, v/v),
chloroform: methanol:

10-N-ammonium
hydroxide 28:20:2 (v/v/v)
for ecdysteroid acids and

15:35:3.5 (v/v/v) for
ecdysteroid conjugates,

visualized under UV light
and sprayed with 50%
sulfuric acid solution.

- [50]

Except for the traditional adaptogenic activity of RCE, diverse biological activities are
reported either for the extract or for the PDs investigated in this study. The extract has been
evaluated for anti-neoplastic activity [53,54], cardioprotective effects [55], and the stimula-
tion of muscle protein synthesis [56]. Moreover, an in vivo study indicates the beneficial
effects of RCE on fat tissue expansion and hepatic triglyceride accumulation [57]. The re-
ported biological activity of 20E includes anti-neoplastic activity [31,58], the modulation of
mitochondrial bioenergetics [59], immunomodulatory effects [60], an increase in the muscle
mass amelioration of the radiation-induced damage of oral mucosa [61], and neuroprotec-
tive [30,62,63], anti-fibrotic [64], wound-healing [65], and anti-inflammatory [66,67] activi-
ties. Several reports have proposed the potential of 20E to benefit metabolic disturbances
such as obesity [36,68]; in addition, it has been reported to exert anti-diabetic [36,65,69,70]
and anti-osteoporotic [71–73] effects. Moreover, as a food supplement in humans, 20E was
found to increase strength performance with no effect on steroid profile [32]. Both PA and
TU have not been investigated as natural compounds with anti-obesogenic effects.

The balance between adipogenesis and adipolysis determines the size of fat cells [74].
Thus, a decrease in lipid accumulation along with the stimulation of triglyceride mobiliza-
tion are among the anti-obesogenic mechanisms of plant extracts and their constituents [75].
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In order to affirm the available data for the potential of RCE and 20E in obesity man-
agement, as well as to evaluate the anti-adipogenic activity of PA and TU, the current
investigation assessed the effect of RCE, 20E, PA, and TU on adipogenesis and lipolysis
in vitro in human adipocytes. The applied cell-based platform provides fast and reliable
screening of anti-adipogenic potential and accelerates the identification and selection of
drugs which leads to their effects being subsequently evaluated in vivo.

The observed anti-adipogenic activity of RCE is in accordance with the previously
reported decrease in the weight of epididymal fat tissue in rats [57]. Moreover, the obtained
results suggested that among the identified PDs from the extract, only 20E and TU signifi-
cantly decreased lipid accumulation during adipocyte differentiation. The detected effect
upon 20E treatment is consistent with the literature data for reduced adipocyte size in diet-
induced obesity in a murine model [68]. Interestingly, the current investigation suggested
the notable anti-adipogenic activity of TU, which has not been previously reported.

Lipolysis is the process of triglyceride hydrolysis which is assumed to decrease the
size of adipocytes [75] and can also be accepted as an indicator of energy expenditure [76].
Principally, there are two types of adipolysis—basal and stimulated (upon β3-adrenergic
receptor activation by isoproterenol or catecholamines) [75]. Our findings suggest that RCE
and 20E elevated basal lipolysis, which apparently contributes to the observed decrease in
total lipid content.

In the current study, in comparison to 20E and TU, PA had no effect on adipogenesis
and adipolysis, which have not been reported to our knowledge. Despite the common
ecdysteroid structure in the investigated natural compounds, we could suggest that the
observed difference in biological response is attributed to the lack of hydroxyl group on
position 25 in PA, compared to 20E and TU.

The results of the present study demonstrated that RCE and 20E exhibit anti-obesity
potential by reducing adipogenesis and promoting lipolysis in human adipocytes, while
turkesterone promotes only adipogenesis. Further investigation is needed to fully under-
stand the mechanism and affirm its potential therapeutic applications. Nevertheless, the
findings highlight the importance of exploring the diversity of plant metabolites for drug
discovery and development and suggest that R. carthamoides could be a promising source of
natural anti-obesity agents or a combination of the most abundant secondary metabolites.

5. Conclusions

In summary, the developed and validated HPTLC method was demonstrated to
be reliable for the estimation and quantification of the PDs 20E, PA, and TU. Using the
developed HPTLC method, identification and quantification of these PDs in RCE were
performed. Additionally, evaluation of anti-adipogenic activity revealed that RCE, 20E, and
TU considerably decreased lipid accumulation in human adipocytes. Further experiments
indicated that RCE and 20E significantly stimulated basal lipolysis, while no effect was
observed upon PA and TU application. The obtained results from RCE, 20E, and TU
are worth further mechanistic evaluation, which would provide a scientific rationale for
subsequent in vivo experiments.
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25. Kosović, E.; Lino, K.; Kuchař, M. HPLC-MS Methodology for R. Carthamoides Extract Quality Evaluation: A Simultaneous
Determination of Eight Bioactive Compounds. Diversity 2022, 14, 880. [CrossRef]
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Abstract: Vegan diets have gained popularity in recent years for reasons including health benefits
and concerns for animal welfare. Although these diets are considered to be nutritionally adequate,
questions remain over whether the current protein recommendation (0.8 g/kg/d) is sufficient. Protein
status is determined through a nitrogen balance analysis when the protein content of the diet is
known. A negative balance indicates a catabolic state, and a positive nitrogen balance indicates an
anabolic state. In healthy adults, nitrogen equilibrium is the expectation reflecting the net synthesis
and breakdown of proteins. Currently, there are no known studies measuring nitrogen balance in
strict vegan men fed the protein requirement. Eighteen minimally active vegan men received a
5-day eucaloric diet (protein content: 0.8 g/kg/d). On day five, 24 h urine was collected for nitrogen
analysis. Both the mean absolute nitrogen balance (−1.38 ± 1.22 g/d) and the mean relative nitrogen
balance (−18.60 ± 16.96 mg/kg/d) were significantly lower than zero (equilibrium) (p < 0.001).
There were no correlations seen between nitrogen balance and age, years as vegan, or fat-free mass.
Consuming 0.8 g/kg/d of protein is not adequate to produce nitrogen balance in men adhering to
typical strict vegan diets for at least one year.

Keywords: nitrogen balance; vegan; protein requirement

1. Introduction

In recent years, vegetarian diets have gained in popularity with 5% of United States
(U.S.) adults aged 18–34 years old identifying as vegetarian, and half of those being ve-
gan [1]. This amounts to 3.8 million vegetarians, nearly two million of whom are vegan.
The popularity of vegetarian diets in the U.S. has been linked to ethical and environmental
concerns, but the desire to have a healthier lifestyle was the most prominent reason for
adopting vegetarianism [2]. Vegetarian diet adherence has been associated with reduced
risk and mortality for several chronic conditions including cardiovascular disease and
cancer [3,4]; however, vegetarian diet adherence is not consistently linked to reductions in
all-cause mortality [5,6].

It is the position of the Academy of Nutrition and Dietetics that appropriately planned
vegetarian diets are nutritionally adequate and appropriate for all stages of the life cycle [7].
Yet concern remains over the potential for inadequacies in several micronutrients, the
omega-3 fatty acids, and protein [8–10]. Considering protein adequacy, the amino acid
profile and the digestibility of dietary proteins differ between animal and plant sources. To
support body protein synthesis, adequate amounts of indispensable amino acids must be
ingested, e.g., those amino acids that cannot be synthesized in vivo. Many plant proteins
have less optimal indispensable amino acid profiles in comparison with animal proteins [11].
Additionally, plant protein digestibility is reduced in comparison with animal proteins due
to its structure and to the high levels of antinutritional factors present in many plants (e.g.,
protease inhibitors, insoluble fibers, and phytates) that interfere with the digestion and
absorption of protein [12,13]. The digestible indispensable amino acid score [DIAAS] is the
recommended manner for ranking the biological value of dietary proteins and is calculated
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using a protein’s amino acid profile and ileal digestibility [14,15]. Animal proteins such as
dairy have higher DIAAS values (>100) than plant proteins such as pea, soy, or wheat (62,
84, and 45, respectively) [16].

Due to the lower biological value of plant proteins in comparison with animal proteins,
greater intakes of plant proteins are necessary to meet protein synthesis needs. Tang et al.
demonstrated that whey protein ingestion (10 g) was superior to an equal dose of soy
protein for stimulating muscle protein synthesis at rest as well as following resistance
exercise in young, healthy men (+18% and +31%, respectively) [17]. Gorissen et al. showed
that casein protein ingestion (35 g) produced a higher postprandial myofibrillar protein
synthetic response versus the same amount of wheat protein in healthy older men (+56%)
and that greater amounts of wheat protein (60 g) were required to increase myofibrillar
protein synthetic rates to those observed for 35 g of casein protein [18]. Generally, the
literature supports an adequate protein status in U.S. vegetarians [19]; however, less
information is available specifically for vegan-diet adherence. Moreover, much of the
available data are from cross-sectional trials, and protein and energy intakes are not
controlled; hence, it is difficult to assess whether the current protein recommendations are
adequate for individuals following a vegan diet exclusively.

The recommended dietary allowance (RDA) for protein is 0.80 g/kg/d for all adults
over 18 years of age, including vegetarians and vegans. The RDA is based on the results
of numerous nitrogen balance studies, which are considered the gold standard criteria
for determining protein requirements [20]. Protein is the only macronutrient containing
nitrogen; hence, protein status is determined by comparing the amount of nitrogen ingested
to the amount of nitrogen which is excreted. A negative balance indicates net protein
catabolism, and a positive nitrogen balance indicates a net anabolic state. In healthy adults,
nitrogen equilibrium is the expectation reflecting the net synthesis and breakdown of
proteins. Rand and colleagues analyzed data from twenty-nine nitrogen balance subtrials
(twenty-three mixed diets and six vegetable diets; n = 235) and concluded that the estimated
RDA was 0.83 g/kg/d for all healthy adults regardless of age, gender, or diet group [19].
The authors stated that there were no significant differences in dietary protein source
(e.g., animal vs. plant sources) with regards to protein needs [19]; however, the ‘plant-
based diets’ included in this meta-analysis were defined as diets with “vegetable sources
providing > 90% of total protein”, indicating that these diets could contain up to 10%
animal protein. Furthermore, a close analysis of the data revealed an average nitrogen
balance of −2.21 mg N·kg−1·d−1 and +7.39 mg N·kg−1·d−1 for the “vegetable diets” and
mixed diets, respectively, and +5.41 mg N·kg−1·d−1 overall [19].

To date, a nitrogen balance trial in strict vegan participants has not been reported. The
purpose of this study was to determine the nitrogen balance in minimally active, male
vegans ingesting a controlled, eucaloric diet containing the protein RDA, 0.8 g/kg/d. It
was hypothesized that participants would exhibit a negative nitrogen balance in response
to this diet plan.

2. Materials and Methods

2.1. Participants and Study Design

Minimally active, male adults (20–45 years) who adhered exclusively to a vegan diet for
at least one year were recruited from the Phoenix metropolitan area between October 2020
and October 2021 using fliers, word of mouth, email listservs, and local social media groups.
Participants were healthy by self-report and minimally active (<150 min of moderate to
vigorous exercise per week). Further exclusion criteria included prescription medications,
muscle-building supplements, such as protein or creatine powders, food allergies, an
unwillingness to consume the trial foods exclusively, and/or those participating in or
training for competitive sports in the past year. The stage of the menstrual cycle can impact
nitrogen balance; hence, women were not recruited for this trial [21,22]. This study was
approved by the Institutional Review Board at Arizona State University (STUDY00012662),
and all participants provided written informed consent.
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Following an initial screening via an internet questionnaire, potential participants took
part in a separate, follow-up phone screening to explain to them the procedures and require-
ments of the study and ask any follow-up screening questions that may need clarification
by the investigator. Upon agreement, qualifying participants were then scheduled to visit
the lab where written informed consent was obtained. At the visit, anthropometric data
(height, body mass, and waist circumference) were collected. Fat-free mass was assessed
via bioelectrical impedance analysis following a 12 h fasting period in which no food, bev-
erages, or water were consumed [23]. Participants received all foods for a complete 5-day
menu plan personalized to provide maintenance energy for light activity (Harris–Benedict
equation × 1.3) and 0.8 g/kg protein. Diets consisted of frozen meals, meal replacement
shakes, and dried fruits with protein from mixed, complementary plant-based sources of
varying degrees of protein quality based on DIAAS values, held constant at 0.8 g/kg/d
(See Table 1). Participants were also allowed to eat selected foods from a list of fruits and
vegetables, and logged all foods eaten in a daily food log (Table 2). Participants were
scheduled to begin the 5-day feeding period immediately following the baseline visit.

Table 1. Example Meal Plans for Vegan Diets *.

Vegan Example Menu

Protein (g) Energy (kcal)

Breakfast Orgain Protein Shake 20 150
Cinnamon Raisin Bagel 9 280

Peanut Butter (2 T) 8 180
Apple 0 65

Lunch Amy’s Indian Vegetable Korma 9 330
Dried Pineapple (2 servings) 0 280

Dinner Sweet Earth General Tso’s Tofu 10 330
Trader Joes Dried Mango (1/2 package) 0 280

Peanut Butter (2 T) 8 180
Fruit Snacks (2 packages) 0 160

Total 64 2235
* Example meal plan is for 80 kg male using the Harris–Benedict equation and a physical activity factor of 1.3
(seated work, no purposeful exercise). Meal plans provided 0.8 g protein/kg/d. Frozen entrees from Amy’s
Kitchen and Sweet Earth.

Table 2. List of Permitted Foods (≤3 servings/d) to Supplement Diet Plan.

2 large celery stalks
2 cups shredded romaine lettuce
1⁄2 cucumber
1 medium tomato
1⁄2 cup sugar snap peas
1 carrot
1 cup jicama sticks
1 peach
1⁄2 grapefruit
1 cup winter mix vegetables
1 cup Tuscan-style vegetables
1 cup mixed broccoli, cauliflower, and carrots
3⁄4 cup whole green beans

Participants were provided instructions and a container for the 24 h urine collection
on day 5, the final day of feeding. During the 5-day feeding period, participants were asked
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to refrain from any moderate–vigorous physical activity and limit all other activities in
general. Participants tracked activity daily using the validated Godin leisure time physical
activity questionnaire, and a score ≥24 METs × hours/week was the cutoff for ‘active’ [24].
Participants were instructed to record any uneaten food portions or additional foods eaten.
For the 24 h urine collection, the first morning void was discarded, and all urine was
collected throughout the day and overnight, including the first morning sample on day 6.
No urine preservative was necessary and participants were asked to refrigerate the sample.
The 24 h urine sample was delivered to the lab on the morning of day 6.

2.2. Diet and Urine Analysis

Diet records were reviewed with the participants on their return to clarify any am-
biguities and were analyzed by a trained investigator using the Food Processor software
(version 7.71; ESHA Research, Salem, OR, USA). Urine samples were thoroughly mixed,
total volume determined, and aliquots frozen at −80 ◦C for later analysis via photometric
assay to determine nitrogen content by Sonora Quest Laboratories. Nitrogen balance was
determined using the known protein content of the diet on the fifth day of consumption
and the nitrogen content of the urine (as UUN) using the equation

Nitrogen Balance (g/d) = (PRO intake (g/d)/6.25) − UUN (g/d) − 4

where the coefficient of 6.25 is derived from the knowledge that protein is 16% nitrogen
(e.g., there are 6.25 g of nitrogen per g of protein) [25]. A constant of 4 is used to account
for obligatory nitrogen losses: 2 g urinary non-urea nitrogen excretion (e.g., ammonia, uric
acid, creatinine, and amino acids) and 2 g gastrointestinal, integumentary (dermal), and
sweat losses [26].

2.3. Statistical Analysis

Data for this cross-sectional study are reported as the mean ± SD, and an a priori α
of 0.05 used to determine significance. All outcome data were tested for normality and
nonparametric statistics used when necessary. Statistical analyses were performed using
SPSS version 27 (IBM, Armonk, NY, USA). To determine if calculated nitrogen balance
values were different from zero (nitrogen equilibrium), a one-sample t-test was used.
Simple regression analyses were used to understand whether nitrogen balance could be
predicted based on diet duration, age, fat free mass, or physical activity (Spearman rank
test). Sample size was determined using G*Power version 3.1 (Heinrich Heine Universität,
Düsseldorf, Germany). Based on Rand et al. [19], given an expected change of 5 mg
nitrogen/kg/d and an SD of 6.4 mg nitrogen/kg/d, this yields an effect size of 0.78 (e.g.,
5/6.4 = 0.78). Using a predetermined α of 0.05, a sample size N = 16 yielded a power of
90%. Thus, allowing for an attrition rate of 20%, 20 participants was the enrollment goal.

3. Results

3.1. Participant Characteristics

One hundred and twenty people responded to the online screening questionnaire,
and thirty-five met the eligibility criteria for enrollment. Twelve of these qualifiers did
not respond to emails, three declined to participate after a phone interview, and two
withdrew from the study prior to any participation. Thus, 18 participants were enrolled
and completed the study. Prior to analyses, age, years vegan, fat-free mass, physical activity,
and nitrogen balance values were assessed for normality and potential outliers. A box plot
analysis determined that only nitrogen balance had an outlier which was confirmed by
Shapiro–Wilk normality testing (W(18) = 0.89, p < 0.047) (Figure 1). This participant was
removed from all analyses, and data are presented for 17 participants.
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Figure 1. Nitrogen Balance (NB) (g/d) Box Plot Analysis displaying the median (×) and the outlier
value (◦).

Participants were young healthy male adults aged 31.6 ± 6.2 years (range: 25–43 years;
body mass index: 24.2 ± 3.8 kg/m2) (Table 3). Four participants were overweight (BMI
25.0–29.9 kg/m2) and two were obese (BMI > 30.0 kg/m2). Adherence to the vegan diet
averaged 7.1 ± 6.5 years (range: 1–23 years). Maintenance energy was calculated using the
Harris–Benedict equation, accounting for light activity (2377 ± 362 kcal) and protein needs
(0.8 g/kg/d) averaged 60.9 ± 10.5 g/d (Table 3).

Table 3. Participant Characteristics 1.

N = 17

Age (years) 31.6 ± 6.2
Years vegan (years) 7.1 ± 6.5

Height (cm) 176.6 ± 8.1
Weight (kg) 75.5 ± 13.7

Waist circumference (cm) 85.9 ± 10.5
Hip circumference (cm) 101.3 ± 8.3

Fat-free mass (kg) 60.0 ± 7.5
Fat mass (kg) 15.1 ± 8.2
Body fat (%) 19.2 ± 7.2

Body mass index (kg/m2) 24.2 ± 3.8
Physical activity (METs × hours/week) 18.1 ± 28.2

Maintenance energy (kcal/d) 2377 ± 362
Protein requirement (g/d) 60.9 ± 10.5

Nitrogen balance (g/d) −1.38 ± 1.22 *
Nitrogen balance (mg/kg/d) −18.60 ± 16.96 *

1 Data are mean ± SD. Maintenance energy for light activity was calculated using the Harris–Benedict equa-
tion × 1.3. Protein requirement, 0.8 g/kg/d. Asterisk indicates significant difference from nitrogen equilibrium
(p < 0.05; one sample t-test).

3.2. Nitrogen Balance

A one-sample t-test was performed to determine whether nitrogen balance values
following the 5-day dietary protocol were statistically different than nitrogen equilibrium
(a nitrogen balance value of zero). Nitrogen balance was analyzed as absolute nitrogen
balance in grams per day (g/d) and, relative to body weight, as relative nitrogen balance
in milligrams per kilogram per day (mg/kg/d). The mean absolute nitrogen balance
(−1.38 ± 1.22 g/d) was statistically lower than the nitrogen equilibrium score of zero
[(95% CI, −2.00 to −0.75), t(16) = −4.643, p < 0.001]. The mean relative nitrogen balance
score (−18.60 ± 16.96 mg/kg/d) was statistically lower than the nitrogen equilibrium
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score of zero [(95% CI, −27.32 to −9.88), t(16) = −4.522, p < 0.001]. Individual participant
nitrogen balance values are displayed in Figure 2A,B).

Figure 2. Individual participant nitrogen balance (NB) data: (A) Absolute NB (g/d) and (B) Relative
NB (mg/kg/d).

There were no significant correlations between nitrogen balance and age, years vegan,
fat-free mass, BMI, physical activity, or other descriptive variable (p ≥ 0.100; Spearman rank
correlation). A weak correlation was noted for age (r = −0.409; p = 0.103). The ages for the
two participants displaying a positive nitrogen balance were 25 and 26 years. Daily energy
intakes during the trial ranged from 1925 to 3231 kcals (average, 2338 ± 380 kcals/d;
calculated average energy needs pre-trial, 2377 kcals/d), and the daily protein intake
averaged 61 ± 9 g (calculated average protein need pre-trial, 60.9 g/d). Nitrogen balance
was not related to energy or protein intakes.

4. Discussion

The U.S. protein RDA for adults (0.8 g/kg/d) is defined as the amount to achieve a
‘zero nitrogen balance’ [27]. The data presented herein suggest that 0.8 g/kg/d was not
adequate to maintain nitrogen balance in men who have adhered to a strict vegan diet for at
least one year. The U.S. protein requirement was informed by a series of nitrogen-balance
studies systematically reviewed by Rand et al. [19], which incorporated trials focused
mainly on animal proteins (trials = 23, participants = 247). Of the few trials that fed predom-
inately plant-based proteins (trials = 6, participants = 73), animal proteins made up to 10%
of the dietary protein in these trials, and participants were omnivores who only omitted an-
imal foods for the purpose of these trials [19]. The present results, when compared with the
plant-based protein data presented by Rand et al., showed a markedly decreased relative
nitrogen balance (−18.60 ± 16.96 mg/kg/d versus −2.2 ± 7.75 mg/kg/d, respectively).
Putting these results into perspective, a mean nitrogen balance of −1.38 g/d signifies a
daily loss of 8.63 g body protein, or a loss of 3.1 kg body protein over one year.

Previous research that used 4-day diet recalls to calculate the protein digestibility
corrected amino acid scores for the diet plans of 22 vegetarian women suggested that the
protein requirement for vegetarians appeared to be 25% higher than that for omnivores [10].
In the present study, about 12 g of additional protein (incorporating a 74% digestibility
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factor for vegan diets [28]) is needed to counter the nitrogen losses, equating to a 20%
increase in the protein requirement (e.g., 0.96 g/kg/d).

Nitrogen balance trials in vegetarian populations are scarce; however, several early
studies support a protein requirement of 1 g/kg/d for individuals adhering to vege-
tarian diets. Yanez et al. [29] conducted a long-term nitrogen balance trial in eight
Chilean men fed a controlled, eucaloric vegetarian diet for three months with protein
at 1 g/kg/d. Body weight remained stable during the trial, and nitrogen balance averaged
+6.7 mg/kg/d. Only one of the eight participants recorded a negative relative nitrogen
balance (−2.3 mg/kg/d). Register et al. [30] also reported an overall positive nitrogen
balance (+0.07 g/d) in six young adults fed a vegan, eucaloric diet for nine days with
protein held at 1 g/kg/d; however, three of six participants reported a negative nitrogen
balance (average: −3.4 g/d).

Negative nitrogen balance indicates a decline in body protein mass. For a healthy
inactive adult consuming a eucaloric diet at the RDA of 0.8 g/kg/d, a negative nitrogen
balance would suggest inferior protein quality and a lack of essential amino acids rather
than an inadequate quantity of protein [31]. A chronic negative nitrogen balance would
adversely impact the synthesis of new proteins and eventually reduce skeletal muscle
mass and the synthesis of enzymes, hormones, and immune factors, and impede tissue
maintenance and repair [32,33]. Negative nitrogen balances are noted in clinical cases
including individuals with protein energy malnutrition and older adults suffering from
sarcopenia [34,35]. Although muscle loss has not been studied over the long term in
vegetarians, age-related muscle loss begins at about age 40, and up to 50% of muscle mass
may be lost by age 80 [35,36]. The loss of muscle mass in older adults has been linked to
lower protein intakes [37], and experts recommend a higher protein intake for older adults
(1.0 to 1.5 g/kg/d) to combat muscle loss [38,39].

Vegan diet adherence has been linked to lower muscle mass in young adults in
cross-sectional trials. Vanacore et al. [40] showed a nearly 5 kg difference in muscle mass
between omnivore (n = 10; 32.1 ± 0.81 kg) and long-term vegan (n = 10; 27.3 ± 1.2 kg)
cohorts, with no difference between vegetarians (n = 10; 32.8 ± 1.4 kg) and omnivores.
The study sample had a mean age of 29 ± 5 years and participants were age matched.
Another study examined the relationship between protein intake from animal-based sources
(1.05 g/kg/d) versus plant-based sources (0.98 g/kg/d) and muscle mass in healthy
women [41]. They found that the vegetarian group (n = 19, with only one strict vegan;
mean age = 48 ± 12 years; mean years on diet = 12) had significantly lower muscle mass
compared with the omnivore control group (n = 21) (18.2 ± 3.9 kg vs. 22.6 ± 5.0 kg,
respectively). There was also a significantly lower muscle mass index in vegetarians (6.7
±1.2 kg/m2) compared with omnivores (8.3 ± 1.5 kg/m2). The data suggested that animal
protein intake was an independent predictor of muscle mass index (adjusted r2 = 0.42) [41].
Caso et al. demonstrated that albumin synthesis was lower in participants adhering to a
vegetarian versus omnivore diet plan when protein intakes were held at 1 g/kg/d [42].
However, when supplementing 18 g soy protein to the vegetarian diet plan (raising protein
intake to 1.25 g/kg/d), the albumin synthesis rate balanced between diet groups [42].
Monteyne et al. [43] randomized participants to two eucaloric-controlled diet groups
(omnivore versus strict vegan) for 3 days (protein = 1.8 g/kg/d) and reported similar
myofibrillar protein synthesis rates between diet groups for both rested and exercised
muscle. Based on these results, as recommended for older adults to combat sarcopenia,
vegetarian populations should be advised to consume protein at levels above the RDA (e.g.,
1.2 to 1.8 g/kg/d).

The analyses of possible predictors of nitrogen balance in the present study (e.g., age,
years vegan, FFM, or physical activity) yielded no significant relationships suggesting
that minimum protein requirements are not influenced by these factors in healthy adult
men, assuming overall energy intake is adequate and physical activity is minimal. Nitro-
gen balance is sensitive to variations in energy intake, and energy intakes were tightly
controlled in the present trial. Basal metabolic rates were calculated for each participant
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and personalized menu plans were devised to provide energy to support light activity
(basal metabolic rate × 1.3). All foods were provided during the 5-day feeding period,
the minimum adaptation period recommended for protein equilibration [19]. Participants
were mostly inactive prior to the study and were asked to remain sedentary during the
study protocol to standardize physical activity.

Further strengths of this study include personalized menu planning to incorporate
mixed, complementary proteins from various plant-based sources to reflect participants’
normal diets, thus enhancing ecological validity (e.g., dietary protein was not limited to
a single protein source). Importantly, this study was limited to long-term (>1 year), strict
vegans, for which data in the literature was previously lacking. The current U.S. protein
RDA was determined using nitrogen balance studies in omnivores and a few vegetarians—
all of whom consume animal products, at least in part. The results of this study will
serve as a starting point to better inform protein recommendations for those following a
vegan lifestyle.

This study had several limitations. First, this was a short-term study, with an adapta-
tion feeding period of five days. This is at the short end of what is considered adequate
for nitrogen balance determination with standard protocol being between four days to
several weeks adaptation to the experimental diet before the measurement of nitrogen
balance [19]. Next, this was not an inpatient study, thus participants were free to live their
daily lives during the study protocol. Because of this, dietary menu adherence was based
on participants’ trustworthiness in tracking their intake. Although all food was provided
to participants at no cost, it is possible they may not have consumed all meals, added
prohibited foods, or measured certain foods incorrectly, thus providing inaccurate informa-
tion on total energy and protein intake. Like dietary intake, physical activity was based
on participants’ honesty of tracking outside of the laboratory as well. While participants
were asked to keep all physical activity to a minimum, this definition may vary between
individuals and can affect energy needs, thus nitrogen balance. Future studies of a similar
design should better assess physical activity using body worn accelerometers to gather
objective data. This study utilized a single protein intake for all individuals in order to
test the adequacy of the U.S. protein RDA for a vegan population. While our data shows
that the RDA was inadequate in achieving nitrogen balance, it is unknown at what intake
this equilibrium could be achieved. Future studies could employ a crossover design, with
participants consuming other protein amounts such as 1.0 g/kg/d, 1.2 g/kg/d, and so on
in a randomized order to better determine protein adequacy. Lastly, this study used only a
small sample of underactive males, thus these results are not generalizable to females or
those engaging in physical activity or exercise. Further work is needed in these areas.

5. Conclusions

The results of this study suggest that the current U.S. RDA for protein, 0.8 g/kg/d,
is not adequate to produce nitrogen equilibrium in underactive, vegan males consuming
typical menu plans. This is important, given the increasing numbers of people who follow
a vegan lifestyle, and the fact that high quality and quantity protein foods are less common
in a vegan diet compared with an omnivore diet. Due to the inferior protein quality of
most plant-based foods compared with animal-based foods, it is likely that the protein
RDA should be amended with special recommendations for vegans, or at the very least
highlight the importance of a diet with a higher protein intake to better guide and assure
nutrient adequacy in vegans.
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Abstract: The relationship between food and the pathophysiological mechanisms of gastroesophageal
reflux disease (GERD) is unclear. There are few data on the impact of dietary habits on GERD
symptoms and on the incidence of GERD in subjects undergoing plant-based diets. In this study,
we investigated the association between diet and GERD, using data collected through an online
survey of the Italian general population. In total, 1077 subjects participated in the study. GERD was
defined according to the Montreal Consensus. For all subjects age, gender, body mass index (BMI),
marital status, education, occupation, alcohol consumption, and smoking habits were recorded. All
participants also completed the SF-36 questionnaire on Quality of Life. A total of 402 subjects (37.3%)
were vegans and 675 (62.7%) non-vegans. The prevalence of GERD in the total population was 9%.
Subjects with GERD-related symptoms recorded a worse quality of life according to SF-36 analysis
(p < 0.05 for all dimensions). In multivariate analysis, after adjusting for confounders, participants
undergoing a vegan diet had a significantly lower risk of GERD (OR = 0.47, 95% CI 0.28–0.81,
p = 0.006). These findings should be taken into account to inform the lifestyle management of GERD.

Keywords: gastroesophageal reflux disease; GERD; plant-based diet; plant-only diet; vegan diet;
heartburn; regurgitation; non-cardiac chest pain; lifestyle habits; Quality of Life; QoL; SF-36

1. Introduction

Gastroesophageal reflux disease (GERD) occurs when the passage of gastric contents
back into the esophagus causes either mucosal damage or symptoms [1]. When GERD is
defined as heartburn and/or acid regurgitation occurring at least weekly, its prevalence
is less than 5% in Asia, and ranges from 10% to 20% in Western countries [2–4]. There is
evidence that the prevalence of GERD has increased over the past two decades [4–6].

The main pathological mechanism is the passage of gastric contents into the esophagus
and the dysfunction of the esophageal anti-reflux barrier. The former is primarily brought
about by delayed stomach emptying and the creation of gastric acid pockets. The latter
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is mostly brought on by the lower esophageal sphincter’s (LES) malfunction. Among
other things, there is an increase in the frequency of transient lower esophageal sphincter
relaxation (TLESR) and a reduction in esophageal clearing mechanisms [7,8].

However, the reason for the increase in GERD and its complications is not yet clear. It
is likely that the general change in dietary habits plays an important role: diets in Western
countries are now mainly characterized by the consumption of sugars, fats, and animal
foods instead of plant foods [9]. Many studies have indicated a relationship between
the increasing prevalence of obesity and GERD [10,11]. Accordingly, it has been shown
that a diet planned to induce weight loss decreases symptoms and PPI consumption in
overweight/obese GERD subjects [10]. Few studies have investigated the role of different
dietary patterns in the development of reflux symptoms, often leading to conflicting
results [12,13]. The American College of Gastroenterology recommends that subjects with
GERD reduce their intake of total fat, chocolate, alcohol, citrus fruits, tomato products,
coffee, tea, and large meals, and make lifestyle changes, including quitting smoking and
loosing body weight. It has been suggested that there is a potential difference in dietary
style among patients with erosive and non-erosive GERD [14]. More recently, a potential
role of functional foods seems playing some role in GERD management [15]. However,
due to the paucity of evidence, routine global elimination of foods that may trigger reflux
is not recommended for the treatment of all subjects with GERD [16–18]. To date, there
are few data on the role of different dietary patterns on GERD symptoms, which affect the
quality of daily life, interfering with physical activity, social life, sleep, and productivity at
work [19–21]. According to previous guidelines, a negative impact on quality of life is a
criterion for the diagnosis of GERD in subjects with frequent heartburn [22,23].

In this study, we investigated the association between a plant-only (vegan) diet and
GERD-related symptoms after adjusting for socio-demographic characteristics, life habits,
and health-related quality of life by using data collected through an online survey.

2. Materials and Methods

2.1. Data Collection

The INVITA study (INVestigation on ITAlians’ habits and health) uses an online
survey launched on 26 July 2022, with the aim of cross-sectionally collecting data on the
lifestyle, health status, and diet of the Italian general population. Participants were vol-
untarily recruited online by advertising the access link of the study through social media
and newsletters. The exclusion criteria were age < 18 years, pregnancy or breastfeed-
ing, and plant-based dietary restrictions (macrobiotic, fruit-based, raw-food, hygienist
diets). The survey ensured anonymity and informed consent was obtained from all the
participants. The online questionnaire was hosted by the Scientific Society for Vegetarian
Nutrition (an Italian non-profit organization) in a dedicated application on the domain
www.studioinvita.it (accessed on 26 July 2022) and could be accessed from computers,
tablets, and smartphones. The data collected were downloaded and managed by data man-
agement personnel who had no possibility to identify study participants. This study was
approved by the Bioethics Committee of the University of Pisa, Italy (Prot. N. 0116339/2021,
approval date 29 September 2021).

2.2. Assessments

The dietary pattern (‘vegan’ or ‘non-vegan’) classification was established by cate-
gorizing participants who consumed at least one food item among meat, fish, poultry,
dairy, or eggs as ‘non-vegan,’ and those who did not consume any food among meat, fish,
poultry, dairy, or eggs as ‘vegan.’ GERD was diagnosed according to the Montreal consen-
sus [23] by evaluating the presence of chest pain, regurgitation, and heartburn. Subjects
were diagnosed as either having (GERD+) or not having (GERD−). To be considered as
GERD-related, symptoms were required to have occurred two or more times per week
over the previous 30 days. An ad hoc question about medications was used to classify
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those subjects who were controlling GERD symptoms with antiacids, histamine-2 blockers
and/or proton pump inhibitors as GERD+.

The health-related quality of life was assessed by the self-reported Medical Outcomes
Study 36-item Short Form Survey (SF-36; Italian version) [24]. The scale comprises 36 items.
Item 1 asks participants to judge their health condition in general as excellent, very good,
good, fair, or poor. Item 2 asks to rate their health in general compared to one year
ago (from 1 ‘Much better now than one year ago’ to 5 ‘Much worse now than one year
ago’). Items 3–12 describe how their health status could limit a series of activities usually
performed during a typical day (vigorous activities such as running, lifting heavy objects
etc.; moderate activities such as moving a table, pushing a vacuum cleaner, etc.; lifting or
carrying groceries; climbing several flights of stairs; climbing one flight of stairs; bending,
kneeling, or stooping; walking more than a mile; walking several blocks; walking one
block; bathing or dressing yourself). Items 13–16 list (with an option of ‘Yes’ or ‘No’) some
problems with work or other daily activities as a result of physical health in the past 4 weeks
(cut down the amount of time spent on work or other activities; accomplished less than a
subject would like; limited in the kind of work or other activities; difficulty performing the
work or other activities). Items 17–19 ask (with an option of ‘Yes’ or ‘No’) about problems
with work or other regular activities as a result of emotional problems in the past 4 weeks
(cut down the amount of time spent on work or other activities; accomplished less than
a subject would like; did not work or do other activities as carefully as usual). Item 20
‘During the past 4 weeks, to what extent has your physical health or emotional problems
interfered with your normal social activities with family, friends, neighbors, or groups?’
was scored from 1 ‘Not at all’ to 5 ‘Extremely’. Item 21 explores how much bodily pain
was experienced during the past 4 weeks (from 1 ‘None’ to 6 ‘Very severe’), while item 22
asks how much pain interfered with the normal work (from 1 ‘Not at all’ to 5 ‘Extremely).
Items 23–31 assess how participants felt during the past 4 weeks (very nervous, down in
the dumps, calm and peaceful, with a lot of energy, etc.) by scoring from 1 ‘All of the time’
to 6 ‘None of the time’. Item 32 ‘During the past 4 weeks, how much of the time has your
physical health or emotional problems interfered with your social activities?’ was scored
from 1 ‘All of the time’ to 5 ‘None of the time’. Finally, items 33–36 ask participants to judge
as true or false statements about their health (to become sick a little easier than other people;
healthy as anybody I know; to expect health becoming worse; to have excellent health).
All items were recorded so that a high score defined a more favorable health status. In
addition, each item was scored on a range from 0 to 100 to represent the percentage of total
possible score achieved. After that, items were averaged together to create 8 dimensions:
general health (5 items), physical functioning (10 items), role limitations due to emotional
problems (3 items), bodily pain (2 items), emotional well-being (5 items), role limitations
due to physical health (4 items), energy/fatigue (4 items), and social functioning (2 items).

Moreover, ad hoc forms were used to collect sociodemographic characteristics and
lifestyle habits: gender, age, marital status, education level, occupation, self-reported height
and weight (BMI was computed by dividing weight in kilograms by height in meters
squared), smoking history (yes/no), and alcohol consumption per month (1 alcohol unit,
AU = 12 gr of pure alcohol, which corresponds to an average 330 cc of beer or 125 cc of
wine or 80 cc of vermouth or 40 cc of liquor. ‘At risk’ consumption was defined as >60 AUs
for males and >30 AUs for females [25,26]).

2.3. Statistical Analyses

Categorical variables were described as absolute numbers and percentages; continu-
ous variables were summarized as means and standard deviations (SDs). Comparisons
between groups were performed by Fisher’s exact test (4 cells) or Chi-square test (more than
4 cells) in the case of categorical variables, and by t test in the case of continuous variables.
Subsequently, univariate logistic regression models with GERD+ as the dependent variable
and each characteristic (dietary pattern and a set of possible confounding factors such as
gender, age, marital status, education, occupation, BMI, alcohol consumption, smoking,
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and the 8 quality of life dimensions) as the independent variable were estimated to cal-
culate unadjusted ORs. The characteristics that were found to be associated (at p < 0.05)
with GERD+ entered the multivariate logistic regression model, returning adjusted ORs.
All tests were two-tailed, with a significance level of 0.05. Analyses were performed by
Stata 17 for Windows.

3. Results

At the time data were extracted (16 May 2023), 4352 subjects completed socio-demographics
and life habits questionnaires. Of these, 1077 (24.7%) completed both the GERD survey and the
SF-36 assessment and were included in the study (Figure 1).

Figure 1. Flowchart of participants throughout the study.

A percentage of about 9% were found to have GERD symptoms and were categorized
as GERD+. The number of participants in the sample giving information about medications
were 929. In this sub-sample, the number of subjects taking antiacids, histamine 2 blockers,
and/or proton pump inhibitors (PPI) were 16. Furthermore, 93% of participants were
female, the mean age of the overall population was 37 ± 12 years, more than 60% were
married, about 65% had a high education level (a degree or a post-degree), and more than
70% were employed. The mean BMI was 22.2 (SD 3.8) (Table 1, part a). By considering
life habits (Table 1, part b), 4.9% declared a monthly alcohol consumption at risk, 9% were
smokers, and 37.3% were vegans. By comparing socio-demographic characteristics and
life habits between the study sample (n = 1077) and the subjects who did not complete
the GERD survey or the SF-36 (n = 3275), age (37.1, SD 12.0 vs. 35.2, SD 11.8; p < 0.001
t test), vegan dietary pattern (37.3% vs. 31.7%; p < 0.001 Fisher’s test), and monthly alcohol
consumption (no consumption 21.4% vs. 1.1%, low/moderate 73.7% vs. 90.8%, at risk
4.9% vs. 8.2%; p < 0.001 Chi-square test) were the only variables reaching a statistical sig-
nificance. By considering the health-related quality of life (Table 1, part c), the mean scores
for the eight dimensions ranged from 53.8 (SD 18.4) for Energy/fatigue to 94.6 (SD 9.9) for
Physical functioning.
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Table 1. Socio-demographic characteristics of (a) life habits, (b) health-related quality of life (SF-36),
and (c) of the overall sample, and of GERD+ and GERD− participants (n = 1077).

a. Socio-Demographic
Characteristics

Overall Sample
n = 1077

GERD−
n = 982 (91.2%)

GERD+
n = 95 (8.8%)

p-Value

Gender, n (%)
0.672
Fisher

Male 75 (7.0%) 70 (7.1%) 5 (5.3%)
Female 1002 (93.0%) 912 (92.9%) 90 (94.7%)

Age, mean (SD) 37.1 (12.0) 37.0 (11.9) 37.7 (12.9) 0.583
t test

BMI, mean (SD) 22.2 (3.8) 22.0 (3.5) 24.1 (5.4) <0.001
t test

Marital status, n (%)
0.508
Fisher

Married 664 (61.7%) 602 (61.3%) 62 (65.3%)
Not married 413 (38.3%) 380 (38.7%) 33 (34.7%)

Education, n (%)
0.027
Fisher

Professional
qualification/Diploma

362 (33.6%) 321 (32.7%) 41 (43.2%)

Degree/Post-degree 715 (66.4%) 661 (67.3%) 54 (56.8%)

Occupation, n (%)
0.097
Fisher

Employed 765 (71.0%) 705 (71.8%) 60 (63.2%)
Not employed 312 (29.0%) 277 (28.2%) 35 (36.8%)

b. Life habits
Overall Sample

n = 1077
GERD−

n = 982 (91.2%)
GERD+

n = 95 (8.8%)
p-value

Dietary pattern, n (%)
0.005
Fisher

Vegan 402 (37.3%) 379 (38.6%) 23 (24.2%)
Non-vegan 675 (62.7%) 603 (61.4%) 72 (75.8%)

Monthly alcohol consumption,
n (%) 32 missing 30 missing 2 missing

0.864
Chi-squareNo consumption 224 (21.4%) 206 (21.6%) 18 (19.4%)

Low/Moderate 1 770 (73.7%) 700 (73.5%) 70 (75.3%)
At risk 2 51 (4.9%) 46 (4.8%) 5 (5.4%)

Currently smoking, n (%) 5 missing 4 missing 1 missing
0.022
Fisher

No 975 (91.0%) 896 (91.6%) 79 (84.0%)
Yes 97 (9.0%) 82 (8.4%) 15 (16.0%)

c. Health-related quality of life
(SF-36), mean (SD)

Overall Sample
n = 1077

GERD−
n = 982 (91.2%)

GERD+
n = 95 (8.8%)

p-value
t test

General health 68.4 (17.2) 69.7 (16.0) 54.3 (22.5) <0.001

Physical functioning 94.6 (9.9) 95.2 (8.7) 88.3 (17.4) <0.001

Role limitations due to
emotional problems 58.9 (40.9) 60.0 (40.7) 48.2 (41.5) 0.007

Bodily pain 82.7 (20.3) 84.0 (19.4) 68.4 (23.4) <0.001

Emotional well-being 65.8 (17.1) 66.6 (16.7) 57.9 (18.7) <0.001

Role limitations due to
physical health 84.6 (28.8) 86.0 (27.2) 70.0 (39.4) <0.001

Energy/fatigue 53.8 (18.4) 54.8 (17.9) 43.9 (20.8) <0.001

Social functioning 74.3 (22.7) 75.4 (22.0) 63.0 (25.8) <0.001
1 ≤60 alcohol units for males; ≤30 alcohol units for females [26]. 2 >60 alcohol units for males; >30 alcohol units
for females [26].

GERD+ subjects had a higher BMI (24.1, SD 5.4 vs. 22.0, SD 3.5; p < 0.001 t test), a
lower education level (degree/post-degree 56.8% vs. 67.3%; p = 0.027 Fisher’s test), a lower
percentage of vegan dietary pattern (24.2% vs. 38.6%; p = 0.005 Fisher’s test), and a higher
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percentage of smoking habit (16.0% vs. 8.4%; p = 0.022 Fisher’s test). All the health-related
quality of life dimensions showed that the GERD+ group had mean scores lower than the
GERD− group.

The unadjusted ORs estimated by univariate logistic regression models confirmed the
association between GERD+ and BMI, education, dietary pattern, current smoking, and all
the health-related quality of life dimensions (p < 0.05 for all) (Table 2).

Table 2. Univariate logistic models for GERD+ participants: unadjusted ORs (n = 1077).

Independent Variable OR (Unadjusted) 95% CI p-Value

Gender
Male Ref. - -

Female 1.38 0.54–3.51 0.497

Age 1.01 0.99–1.02 0.345

BMI 1.12 1.07–1.17 <0.001

Marital status
Married Ref. - -

Not married 0.84 0.54–1.31 0.449

Education
Professional qualification/Diploma Ref. - -

Degree/Post-degree 0.64 0.42–0.98 0.040

Occupation
Employed Ref. - -

Not employed 1.48 0.96–2.30 0.078

Dietary pattern
Non-vegan Ref. - -

Vegan 0.51 0.31–0.83 0.006

Monthly alcohol consumption
No consumption Ref. - -
Low/Moderate 1 1.14 0.67–1.96 0.625

At risk 2 1.24 0.44–3.52 0.681

Currently smoking
No Ref. - -
Yes 2.07 1.14–3.77 0.016

General health 0.96 0.95–0.97 <0.001

Physical functioning 0.98 0.98–0.99 <0.001

Role limitations due to emotional problems 0.99 0.98–0.99 0.008

Bodily pain 0.97 0.96–0.98 <0.001

Emotional well-being 0.97 0.96–0.98 <0.001

Role limitations due to physical health 0.96 0.94–0.97 <0.001

Energy/fatigue 0.97 0.96–0.98 <0.001

Social functioning 0.98 0.97–0.99 <0.001
1 ≤60 alcohol units for males; ≤30 alcohol units for females [26]. 2 >60 alcohol units for males; >30 alcohol units
for females [26].

These characteristics entered the multivariate logistic regression model ultimately
providing adjusted ORs (adj-ORs) (Table 3). A higher BMI (adj-OR = 1.07, p = 0.007),
smoking (adj-OR = 1.97, p = 0.039), a worse General health (adj-OR = 0.97, p = 0.001), and
a worse Bodily pain (adj-OR = 0.98, p = 0.005) were significantly associated with GERD+
condition, while a vegan dietary pattern was inversely associated with GERD+ status
(adj-OR = 0.47, p = 0.006).
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Table 3. Multivariate logistic model for GERD+ participants: adjusted ORs (only independent
variables significantly associated at p < 0.05 in univariate logistic regression models entered the
multivariate logistic regression model).

Independent Variable OR (Adjusted) 95% CI p-Value

BMI 1.07 1.02–1.13 0.007

Education
Professional qualification/Diploma Ref. - -

Degree/Post-degree 0.74 0.46–1.19 0.219

Dietary pattern
Non-vegan Ref. - -

Vegan 0.47 0.28–0.81 0.006

Currently smoking
No Ref. - -
Yes 1.97 1.03–3.74 0.039

General health 0.97 0.96–0.99 0.001

Physical functioning 1.00 0.99–1.01 0.721

Role limitations due to emotional problems 1.00 0.99–1.01 0.317

Bodily pain 0.98 0.97–0.99 0.005

Emotional well-being 0.99 0.97–1.01 0.544

Role limitations due to physical health 1.00 0.98–1.02 0.921

Energy/fatigue 0.99 0.97–1.01 0.547

Social functioning 1.00 0.98–1.01 0.583

Number of observations 1077

LR test, p-value Chi2(12) = 94.45, p < 0.001

Hosmer—Lemeshow goodness-of-fit (10 groups)

Chi2(df), p-value Chi2(8) = 7.55, p = 0.479

Pearson goodness-of-fit
Number of covariate patterns 1072

Chi2(df), p-value Chi2(1059) = 1060.64, p = 0.480

Area under ROC curve 0.78

4. Discussion

GERD is a very common disease, affecting about 1 billion people worldwide with
some degree of variability according to the geographical location. In Europe, the prevalence
of GERD is about 14.12% [3,27]. Typically reported risk factors are represented by sex, age,
BMI, use of non-steroidal anti-inflammatory drugs, and smoking [3,27,28]. Additionally,
diet is a potential risk factor for GERD symptoms; however, there is currently limited re-
search on the impact of dietary choices on reflux symptoms [16,29]. The clinical diagnosis of
GERD is based on the frequency of troublesome symptoms such as heartburn, regurgitation,
and chest pain [23,30]. The recently updated version of the Lyon Consensus 2.0 suggests
that only patients with typical symptoms (without clinical red signs) should be approached
with a short empiric trial of proton pump inhibitors (PPIs) because the likelihood of GERD
is quite high compared to atypical or extraesophageal presentations [31].

Our results showed a very strong association between some dietary choices and
GERD: a plant-only (vegan) diet was inversely associated with the GERD+ condition (about
halving the risk, compared to any other animal-based dietary patterns (OR = 0.47, 95% CI
0.28–0.81, p = 0.006)).
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Moreover, we confirmed other established GERD risk factors, including smoking
cigarettes (OR 1.97) and increased BMI (OR 1.07). In addition, the Quality-of-Life (SF-36)
perception resulted lower in GERD+ subjects.

The American College of Gastroenterology guidelines [17] suggest, in the statement
regarding lifestyle modifications for GERD treatment, avoiding trigger foods (indicated
individually), reducing body weight for overweight and obese subjects, avoiding tobacco
smoking, and head of bed elevation for subjects with nighttime symptoms. Despite the low
level of evidence, the American College of Gastroenterology suggests cessation of foods
that potentially aggravate reflux symptoms such as coffee, chocolate, carbonated beverages,
spicy foods, and acidic foods such as citrus and tomatoes [11,17].

Only a few studies have evaluated the role of food components in the genesis of
reflux symptoms, with conflicting results [9,12,18]. Moreover, eating animal food has been
associated with a worsening of GERD symptoms. Similarly, a high-fat diet, including
mainly animal fats, is considered a risk factor for the development of GERD complications
such as Barrett esophagus [9,32,33].

Zalvan et al. suggested that a plant-based Mediterranean diet should be considered
in the treatment of laryngopharyngeal reflux. A Mediterranean diet includes plant foods
such as vegetables, bread and other grains, potatoes, beans, nuts and seeds, fresh fruit as
the typical daily dessert, olive oil as the principal source of fat, dairy products (principally
cheese and yoghurt), and fish and poultry consumed in low to moderate amounts, zero to
four eggs consumed weekly, red meat consumed in low amounts, and wine consumed in
low to moderate amounts, normally at mealtime [34].

Another study by Jung J.G. et al. suggested that a vegetarian diet may offer a protec-
tive effect for reflux esophagitis [35]. Similarly, Martinucci I. et al. [9] have shown that plant
foods are associated with a lower number of reflux episodes, particularly acid refluxes, and
with a reduced number of symptoms during the first postprandial hour. Unfortunately,
these studies included a relatively small sample of individuals, and their findings warrant
further investigation. Vegetarians may experience fewer symptoms of gastroesophageal
reflux due to a typically healthier lifestyle [36], and some research has indicated that a veg-
etarian diet may be associated with improved mood and reduced stress [37]; these factors
could potentially reduce reflux symptoms [38]. Nevertheless, it is yet to be determined
whether subjects with GERD symptoms and related issues can benefit from adopting a
vegetarian diet. In support of the potential anti-reflux effect of fiber, it was shown that fiber
food improved heartburn symptoms in a randomized controlled trial [39]. The vegetarian
diet is also rich in antioxidants and maintains a higher antioxidant vitamin status (vitamin
C, vitamin E, ß-carotene) [40]. a chronic oxidative stress has been shown to contribute to
the development of GERD [41,42], and diets high in vitamin C content were associated
with a lower risk of GERD [43].

The determinant role of vegetables and fibers in the diet has been underlined in many
different studies. A very elegant study provided from Houston team (US) discovered that
a daily intake of more than 1.58 cups of vegetables and 0.18 cups of dark green vegetables
per 1000 calories was associated with a lower risk of intestinal metaplasia in the esophagus
(Barrett Esophagus, BE) [44].

Kubo et al., in a population-based case–control study conducted in the United States,
observed that the consumption of veggies was associated with a lower risk of BE [45].
Similarly, a nice research study, conducted in Washington State with 170 hospitalized cases
and 182 controls from the general population, showed that a global vegetable intake was
linked to a 60–70% risk decrease for BE [46].

Anderson and colleagues found an inverse correlation between fruit and vegetable
intake and the risk of complicated GERD [47]. However, consumption of leafy or dark green
vegetables has consistently been linked to a lower risk of cancer [48–50]. Different reports
have shown that dietary fibers are known to play a determinant role in the prevention
of different gastrointestinal diseases such as constipation, hemorrhoids, colon cancer,
gastroesophageal reflux disease, duodenal ulcer, and diverticulitis, as well in serious
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and systemic diseases such as obesity, diabetes, stroke, hypertension, and cardiovascular
diseases [51–53].

A reduction in Quality-of-Life in GERD subjects has been reported in previous
studies [54–57]. The QoL in patients with GERD-related symptoms was lower than that
associated with untreated duodenal ulcer, angina, mild heart failure, diabetes, and hy-
pertension [58,59]. Importantly, when compared with population normal values, the
decrements QoL in GERD patients were independent of whether patients have erosive or
nonerosive disease [60].

Some literature reports have highlighted that the presence of mucosal injury has little
impact on how reflux symptoms affect individual quality of life. This result is in line with
the observation that patients with symptomatic GERD (without any mucosal lesion) experi-
ence symptoms that are comparable to those of patients with erosive GERD [61]. Numerous
studies have also revealed that the impact on the QoL is often proportional to symptom
improvement, and that improvements in QoL in response to treatment are independent
of whether esophagitis is present or not [62]. According to our results, we may speculate
that the different QoL perception is not only related to the prevalence of GERD-related
symptoms. Some reports describe a reduced QoL in subjects with dietary habits based on a
Western diet. Moreover, a healthy Mediterranean diet-lifestyle was associated with a lower
risk of depression onset [63,64], especially when it was compared with a Western dietary
style including processed foods, meat, and dairy, which seems to be associated with an
increased risk of depression [65,66]. Accordingly, some randomized control trials described
an improvement in depression-related symptom scores when subjects changed from an
unhealthy diet (Western) to a healthy diet based on plant foods [63,67,68].

The main strength of this study is the large sample: 1077 questionnaires on GERD-
related symptoms and SF-36 were received, in addition to questionnaires about food
choices; almost 40% of those who took part in the study declared to follow a vegan diet.
Such a large sample, with 402 participants following a diet based exclusively on plant
foods, is larger than that of other studies, and provides results with a higher strength of
evidence.

Some limitations are also present in this study: data collection relied on self-reported
data, thus resulting in possible recall bias and a biased interpretation of the questions.
In addition, the design of the study was cross-sectional, which does not allow for the
identification of causal relationships. The study was conducted in Italy, hampering the
generalizability of the findings to other countries. Moreover, despite the large sample size
of participants in the INVITA study (n = 4352), the percentage of those who completed
the GERD survey and the SF-36 assessment was relatively low (24.7%). The comparison
between those who completed GERDQ and SF-36 (n = 1077) and those who did not
complete them (n = 3275) showed that completers were slightly older, more often vegans,
and had a lower alcohol consumption. The comparison between the whole INVITA sample
(n = 4352) and the Italian general population (≥18 years) showed that there are differences
in some characteristics: gender (females 92.2% vs. 51.2%), BMI (>25 kg/m2 17.5% vs. 43%),
age (<50 56.3% vs. 85.2%), education (university degree: 52.7% vs. 22.4%), smoking habit
(10.1% vs. 24.2%), and ‘at risk’ alcohol consumption (7.0% vs. 17.3%). The vegan dietary
pattern, as mentioned above, was over-represented (33.1% vs. 2.4%) [69,70]. All in all, in
our study, GERD was defined based on the presence of typical symptoms according to
the Montreal Consensus [23] and cannot be considered an objective diagnosis of GERD.
Anyway, both versions of the Lyon Consensus [31,71] suggest that typical symptoms are
associated with a high likelihood of having objective GERD, corroborating the use of a
short course of PPIs in primary care. Finally, the dietary pattern classification in ‘vegan’ vs.
‘non-vegan’ did not permit an evaluation of the quality of the diet.

5. Conclusions

In conclusion, this study confirmed that a plant-only (vegan) diet is associated with a
lower risk of GERD-related symptoms and could therefore prevent the onset of GERD. The
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results about quality of life (SF-36 questionnaire, QoL) have shown how the GERD+ partic-
ipants had a lower score on the SF-36 questionnaire in comparison to GERD− participants.
These findings suggest that GERD subjects have a lower perception of their health status,
stressing the impact of this disease on the QoL. Considering the low level of evidence of
guidelines in suggesting the avoidance of some type of food as a first-line therapy of this
disease, the possibility of following a vegan diet, or at least of decreasing the consumption
of animal foods, is worthy of consideration as a first-line therapy approach.
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Abstract: Within the realm of aging, the nexus between diet and health has garnered considerable
attention. However, only select studies have amalgamated insights into the correlation between
plant and animal food consumption and frailty. Our aim was to appraise the connections between
the overall plant-based diet index (PDI), healthful plant-based diet index (hPDI), and unhealthful
plant-based diet index (uPDI) and frailty in the elderly, utilizing data from the Chinese Longitudinal
Healthy Longevity Survey (CLHLS). This cohort study drew upon CLHLS data spanning from 2008
to 2018. The PDI, hPDI, and uPDI were gauged using a simplified food frequency questionnaire
(FFQ). A frailty index, encompassing 35 variables across major health domains, was formulated. Cox
proportional hazard models were employed to scrutinize the associations between the three plant-
based dietary indices and frailty in older adults, including an exploration of gender disparities in
these associations. A cohort of 2883 study participants was encompassed, with 1987 (68.9%) observed
to be either frail or in the pre-frail stage. The Cox model with penalized spline exhibited linear
associations of PDI, hPDI, and uPDI with the frailty index. Following covariate adjustments, it was
discerned that older adults situated in the highest quartiles of PDI (HR = 0.86, 95% CI: 0.77–0.95) and
hPDI (HR = 0.83, 95% CI: 0.74–0.93) experienced a 14% and 17% diminished risk of frailty compared
to those in the lowest quartiles of PDI and hPDI, respectively. Conversely, when contrasted with
those in the lowest quartile of uPDI, older adults adhering to the highest tertile of uPDI exhibited a
21% elevated risk of frailty (HR = 1.21, 95% CI: 1.08–1.36), with both associations achieving statistical
significance (p < 0.01). Moreover, additional subgroup analyses revealed that the protective effects
of PDI and hPDI against frailty and the deleterious effects of uPDI were more conspicuous in men
compared to women. To forestall or decelerate the progression of frailty in the elderly, tailored dietary
interventions are imperative, particularly targeting male seniors.

Keywords: Chinese longitudinal healthy longevity survey; older adults; plant-based diet indices; frailty

1. Introduction

Frailty, defined as a state of vulnerability marked by cumulative decline in physiologi-
cal systems and a diminished resistance to stressors [1], constitutes an escalating global
health concern, notably prevalent among the elderly. Previous data have indicated that the
prevalence of frailty and pre-frailty in the elderly reached 24% and 49%, respectively [2].
Projections suggest that the prevalence of frailty will continue to escalate in the context
of the ongoing global ageing trend [3]. Frailty typically manifests as a general decline in
various systems and organs, characterized by compromised resistance and responsiveness
to stressors [4]. This condition not only gives rise to heightened clinical symptoms and ad-
verse outcomes, including mobility disability, falls, cardiovascular diseases, and cognitive
decline, but also elevates the risk of hospitalization and mortality in the elderly [5–8]. The
public health implications associated with frailty exert substantial pressure on healthcare
systems worldwide, and the health of older individuals is increasingly under scrutiny.
While frailty is dynamic and preventable, effective interventions become challenging when
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it progresses to an advanced stage before death [9]. Therefore, adopting proactive strategies
to prevent frailty or identify and delay its onset in the early stages is pivotal for enhancing
the quality of life and well-being of the elderly in their later years.

The etiology of frailty in the elderly is multifactorial, influenced by environmental,
behavioural, and nutritional factors [10–13]. As a modifiable aspect of lifestyle, diet has gar-
nered increasing attention for its role in promoting human health. It has been demonstrated
that habitual tea consumption and a high intake of fruits and vegetables are efficacious
in preventing frailty development [14–16], whereas habitual red meat intake is associated
with an elevated risk of frailty [17]. However, assessing only individual foods and the
relative limitations of nutrients can be mitigated by the plant-based diet index, which
incorporates multiple food groups and comprehensively considers their health benefits [18–
20]. By encompassing common food groups in the population and categorizing them into
healthful plant-based foods, unhealthful plant-based foods, and animal-based foods based
on their health benefits, the plant-based diet index offers greater flexibility and enhanced
population promotion compared to the conventional “Mediterranean diet” and “Western
diet” [21–23].

Only three studies have investigated the correlation between a plant-based dietary
index and frailty. Two of these studies were conducted among female nurses [24] and
community-dwelling older adults [25], resulting in limitations related to the generalization
of findings to broader populations. Another study, exclusive to Chinese elderly participants,
solely examined the association between the Plant-based diet index (PDI) and frailty [26].
Furthermore, all these studies employed the physical frailty phenotype as the basis for
defining frailty, a categorization that does not directly correlate with a specific disease or
significant disability. This phenotype overlooks cognitive and emotional aspects and proves
inadequate for characterizing frailty linked to known comorbidities [27]. Divergent from
the frailty phenotype, the deficit accumulation model incorporates numerous candidate
factors, encompassing all major health domains (e.g., cognition, emotion, chronic disease,
and cognitive function), and its multidimensional advantage facilitates the understanding
of frailty across various pathogenic pathways. The frailty index employed in this study
is grounded in the deficit accumulation model, offering a pragmatic measure of frailty.
This study sought to investigate the associations between three plant-based dietary indices
and frailty in individuals aged 65 and above in China, utilizing nationally representative
cohort data. Additionally, the study aimed to explore gender-specific differences in these
associations, providing a scientific reference for older individuals to adapt their dietary
habits and forestall frailty.

2. Objects and Methods

2.1. Study Population

The Chinese Longitudinal Healthy Longevity Survey (CLHLS) commenced in 1998
with the aim of conducting a nationally representative survey of Chinese individuals aged
65 years and above. The primary objective of the CLHLS is to scrutinize the correlation
between common health-related factors and health outcomes in the elderly, providing a
valuable reference for promoting healthy ageing. The survey encompassed 23 provinces,
municipalities, and autonomous regions, covering approximately 85% of China’s pop-
ulation. Information gathered by the project included fundamental characteristics, so-
cioeconomic features, behavioural habits, dietary status, and physical health status of the
elderly. More detailed descriptions of the CLHLS project can be found elsewhere [28–30].
The CLHLS received ethical approval from the Biomedical Ethics Committee of Peking
University, China (IRB00001052–13074).

This study utilised data extracted from the 2008–2018 CLHLS. A total of 16,954 partici-
pants aged 65 years and older were enrolled for this follow-up analysis. Exclusions were
applied to those with missing dietary information, frailty details, and covariates at baseline
and during follow up. Additionally, older adults presenting with frailty at baseline or in
the pre-frailty stage were excluded, retaining only those without predisposition to frailty
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at baseline. Furthermore, individuals who experienced mortality or were lost to follow
up without an outcome of interest during the follow-up period were also excluded. The
analysis ultimately included a final cohort of 2883 participants. A comprehensive depiction
of participant enrolment and exclusion processes is presented in Figure 1.

Figure 1. Flowchart of Participant Screening Flowchart.

2.2. Calculation of Plant-Based Diet Indices

The dietary information of the subjects was acquired through a simplified food fre-
quency questionnaire (FFQ). A total of 16 common food groups in the daily Chinese diet
were encompassed, categorised into three groups based on the nature of the food: healthful
plant-based foods (whole grains, vegetable oils, fruits, vegetables, soy products, garlic, nuts,
and tea), unhealthful plant-based foods (refined grains, preserved vegetables, and sugar),
and animal-based foods (animal fats, meat, fish and other aquatic products, eggs, and
dairy products). From the self-reported dietary frequency, we computed three plant-based
diet indices: an overall plant-based diet index (PDI), a healthful plant-based diet index
(hPDI), and an unhealthful plant-based diet index (uPDI). The consumption of each food
was taken into account in the calculation of the three plant-based diet indices. Drawing
from prior research [18,31–33], each food item was assigned a score between 1 and 5, with
subtle variations in emphasis for the three plant-based diet indices. Among them, PDI
focuses on the high consumption of plant food and the low consumption of animal food in
the study population. hPDI highlights the high consumption of healthy plant foods and
the low consumption of unhealthy plant foods; uPDI, in contrast to hPDI, focuses on high
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consumption of unhealthy plant foods and low consumption of healthy plant foods. For
the PDI, scores were allocated based on the frequency of consumption, favouring health-
ful plant-based diets over unhealthful ones (5 points for the most frequent consumption,
and 1 point for rarely or never consumption). In the case of hPDI, a higher frequency of
consumption of healthful plant-based diets garnered a higher score (5 points for the most
frequent consumption, and 1 point for rarely or never consumption), while unhealthful
plant-based and animal-based diets were inversely scored (1 point for the most frequent
consumption, and 5 points for rarely or never consumption). The uPDI assigned a higher
score for a more frequent consumption of an unhealthful plant-based diet (5 points for
the most frequent consumption, and 1 point for rarely or never consumption), with an
inverse scoring for healthful plant-based diets and animal-based diets (1 point for the most
frequent consumption, and 5 points for rarely or never consumption). For animal foods,
1 point is given for most frequent consumption and 5 points for rarely or never consump-
tion. Detailed information regarding food grouping and assignment can be found in
Table S1. In this study, PDI, hPDI, and uPDI were further stratified into three groups (T1,
T2, and T3) based on the tertiles of the subjects’ scores.

2.3. Assessment of Frailty

In adherence to the frailty index (FI) construction standard [34], this study employed
35 health-related variables to formulate the FI. These variables encompassed self-rated
health, psychological status, activities of daily living, sensory status, physical limitations,
and chronic diseases (Table S2). Health status was assigned a score ranging from 0 to 1,
contingent on the participant’s response to the respective variable. For instance, self-rated
health status was categorised as healthy, moderately healthy, fair, unhealthy, and very
unhealthy, with scores of 0, 0.25, 0.5, 0.75, and 1, respectively. Notably, 2 points were
assigned if the subject had experienced two or more severe illnesses in the preceding two
years. The FI was computed by dividing the aggregate health score by the total number of
variables. In instances where study subjects had missing information on certain variables,
deductions were applied in both the numerator and denominator. However, if the count of
missing variables exceeded 30%, it was categorised as missing FI. In line with established
literature [9,34,35], the FI was categorised into three scales: non-frail (FI ≤ 0.10), pre-frail
(0.10 < FI ≤ 0.21), and frail (FI > 0.21). For our study, either prefrailty or frailty at the
conclusion of the follow-up period was considered as the outcome of interest.

2.4. Assessment of Covariates

In consideration of factors identified in prior studies as potential influences on frailty,
the covariates encompassed age (years), sex (male and female), type of residence (urban
and rural), economic status (wealthy or not wealthy), living arrangement (solitary or not
living alone), marital status (married and cohabiting or other), smoking status (current,
former, or never), alcohol consumption (current, former, or never), exercise status (current,
former, or never), and body-mass index (BMI; underweight, normal, overweight, or obese).
The subjects’ height and weight were measured using standard methods and employed to
calculate BMI = weight (kg)/height (m)2.

2.5. Statistical Analysis

Descriptive statistics were employed to calculate baseline characteristics. Cox pro-
portional hazard models were constructed to scrutinize the association between the three
plant-based diet indices and frailty in older adults, utilizing Schoenfeld residuals to assess
the proportional risk hypothesis. Participant follow up was computed from baseline until
the initial occurrence of the outcome of interest, death, loss to follow up, or the conclusion
of the follow-up period, whichever transpired first. Restricted cubic spline curves, with
4 nodes chosen at the 5th, 35th, 65th, and 95th percentiles, were employed to explore
potential nonlinear associations of baseline PDI, hPDI and uPDI with the frailty index. The
models integrated multiple covariates to adjust for potential confounding factors affecting
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study outcomes. Model 1 incorporated adjustments for age and sex, while Model 2 addi-
tionally adjusted for type of residence, economic situation, residence status, marital status,
smoking status, alcohol consumption, exercise status, and body mass index (BMI) based on
Model 1. Subgroup analyses were conducted based on Model 2 to investigate whether the
associations between plant-based diet indices and frailty exhibited variations by gender.
The statistical analysis of this study was conducted using IBM SPSS version 20.0 and R
version 4.2.1. GraphPad version 8.3 was utilised for visualising the results of subgroup
analyses. A two-sided test with p < 0.05 was deemed statistically significant.

3. Results

3.1. Basic Information

A total of 2883 subjects, with an average age of 81 years, were included in this study,
comprising 1331 females (46.2%) and 1552 males (53.8%). At the conclusion of the follow-
up period, 1987 participants (68.9%) were either frail or pre-frail. The results indicated
differences in PDI, hPDI, and uPDI scores at baseline among older adults by age, genders,
marital statuses, smoking statuses, and BMI. There were differences in PDI and uPDI scores
among individuals residing in different locations. Nevertheless, in different economic
situations, residence statuses, alcohol consumption, and exercise statuses of the elderly,
uPDI significant differences in scores. (p < 0.05) (Table 1). In addition, we compared
the basic characteristics of participants of different genders, and there were statistically
significant differences between males and females in age, residential status, marital status,
smoking status, alcohol consumption status, exercise status, and BMI among older adults
(p < 0.001) (Table S3).

3.2. Association between Baseline Plant-Based Diet Index and Frailty Index

The outcomes of the restricted cubic spline curves demonstrated statistically signif-
icant correlations (p < 0.05) of PDI, hPDI, and uPDI with the frailty index among older
participants. Moreover, the correlations of PDI, hPDI, and uPDI with the frailty index
exhibited linear tendencies (Figure 2). Upon stratifying the three plant-based diet indices
into three groups based on participants’ scores’ tertiles, the highest tertile of PDI scores
correlated with a 14% lower risk of frailty compared to participants in the lowest tertile
of PDI in the fully adjusted model (HR = 0.86, 95% CI: 0.77–0.95, p < 0.01). Likewise,
participants with the highest hPDI scores exhibited a 17% lower risk of frailty compared to
those in the lowest hPDI tertile (HR = 0.83, 95% CI: 0.74–0.93, p < 0.01). Conversely, the
highest quartile of uPDI scores correlated with a 21% increased risk of frailty compared to
participants in the lowest quartile of uPDI scores (HR = 1.21, 95% CI: 1.08–1.36, p < 0.01)
(Table 2).
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Figure 2. Cubic Spline Curves for PDI, hPDI, and uPDI Versus Association with Frailty.

Table 2. Association of Baseline PDI, hPDI and uPDI with Incidence of Frailty Risk.

T1
T2 T3

HR (95% CI) p-Value HR (95% CI) p-Value

PDI
Model 1 1 0.93 (0.84–1.04) 0.21 0.85 (0.77–0.95) <0.01
Model 2 1 0.93 (0.83–1.04) 0.19 0.86 (0.77–0.95) <0.01

hPDI
Model 1 1 0.87 (0.79–0.97) <0.05 0.82 (0.73–0.92) <0.001
Model 2 1 0.87 (0.79–0.97) <0.05 0.83 (0.74–0.93) <0.001

uPDI
Model 1 1 1.07 (0.96–1.19) 0.21 1.23 (1.10–1.38) <0.001
Model 2 1 1.05 (0.94–1.18) 0.37 1.21 (1.08–1.36) <0.01

Note: OR—odds ratio; CI—confidence interval. Grouping basis of three plant-based diet indices: PDI (T1 ≤ 48,
49 ≤ T2 ≤ 53, T3 ≥ 54); hPDI (T1 ≤ 45, 46 ≤ T2 ≤ 50, T3 ≥ 51); uPDI (T1 ≤ 47, 48 ≤ T2 ≤ 53, T3 ≥ 54). Model 1
adjusted for age and gender; Model 2 adjusted for type of residence, economic situation, residence status, marital
status, smoking status, alcohol consumption, exercise status, and BMI based on Model 1.

3.3. Gender Differences in the Association between Plant-Based Diet Index and Frailty Index

To further investigate potential gender differences in the association between PDI,
hPDI, uPDI and the onset of frailty in older adults, subgroup analyses were conducted
based on gender subgroups. The results (Figure 3) demonstrated that the association
between the highest tertile of PDI (HR = 0.77, 95% CI: 0.66–0.89, p < 0.001) and hPDI
(HR = 0.79, 95% CI: 0.68–0.93, p < 0.01) scores and a reduced risk of frailty in males,
compared to study participants in the lowest tertile of PDI and hPDI, was statistically
significant. However, this association was not significant in females. Conversely, the
association between the highest quartile of uPDI scores and an increased risk of developing
frailty was statistically significant in both men (HR = 1.26, 95% CI: 1.07–1.48, p < 0.01) and
women (HR = 1.19, 95% CI: 1.01–1.41) when compared to study participants in the lowest
quartile of uPDI scores. Nevertheless, the detrimental effect was more pronounced in the
male population than in the female population.
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Figure 3. Association of baseline PDI, hPDI and uPDI with incidence of frailty risk.

4. Discussion

The outcomes of the investigation revealed a correlation between overall plant-based
diet index, healthful plant-based diet index (hPDI), and unhealthful plant-based diet index
(uPDI) with the propensity for developing frailty. The outcomes from the restricted cubic
spline analysis indicated that the consumption of a diet rich in plant-based constituents
and low in animal-derived components exhibited an inversely proportional relationship
with the likelihood of frailty onset in the elderly. Conversely, an increased risk of frailty
was evident with elevated consumption of animal-based foods and diminished intake of
plant-based foods in the geriatric population. Notably, PDI and hPDI exhibited a negative
correlation with the susceptibility to frailty in the elderly, while uPDI demonstrated a
positive association with frailty risk in this demographic. Furthermore, heightened ad-
herence to PDI and hPDI exerted a more pronounced protective effect against frailty in
males compared to females. Conversely, greater adherence to uPDI was notably linked
to an increased risk of frailty in males. These findings suggest that the rationalization of
dietary habits may function as a mitigating factor against frailty in the elderly.

Our findings indicate that higher PDI and hPDI are associated with a decreased risk of
frailty in older adults. The role of a balanced diet in safeguarding the physical and mental
health of a population has been extensively discussed [36–39]. Nonetheless, few studies
have specifically evaluated the connection between the quality of a plant-based diet and
the risk of frailty. Unlike specific diseases, frailty is often accompanied by a decline in the
functioning of multiple physiological systems. Despite its prevalence increasing with age,
frailty is an extreme consequence of normal aging. A previous cohort study with female
nurses demonstrated that a higher adherence to a healthful plant-based diet was linked
to a lower risk of frailty, while an unhealthful plant-based diet was associated with an
increased risk [24]. Additionally, a study focused on older Brazilian and Italian women
observed that older Brazilian women with a higher plant protein intake exhibited better
physical functioning [40]. Similarly, a study based on a Chinese cohort found a significant
negative association between high PDI and the risk of frailty in older adults [26]. However,
contrasting findings exist. Another Chinese cohort study suggested that a dietary pattern
including eggs, fish, and meat might reduce the incidence of frailty in older adults [41].
A cross-sectional study from Brazil indicated that relatively low meat consumption was
linked to a high prevalence of frailty in edentulous individuals [42]. Hence, exploring
the association between specific food groups and frailty warrants further investigation.
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Our study also revealed that a higher adherence to uPDI was associated with an increased
risk of frailty in older adults. A U.S.-based cohort study noted that habitual consumption
of unprocessed or processed red meat was associated with a higher risk of frailty [17].
Similarly, a study among community-dwelling older adults in Spain found that uPDI
was associated with a higher risk of frailty, while the opposite was true for hPDI [25].
Some findings suggest that the consumption of ultra-processed foods, including dairy and
meat products, strongly correlates with the risk of frailty in older adults. These findings
emphasize the critical role of consuming unprocessed or minimally processed foods, such
as vegetables and fruits, in preventing age-related frailty [43]. Interestingly, our results
suggest that the protective effect of hPDI against frailty appears to be more pronounced
in older adults compared to PDI. This implies that a reduced intake of refined grains,
preserved vegetables, and sugar may be associated with a further reduction in the risk
of frailty. However, the cause of this discrepancy, particularly whether it is related to the
low intake of unhealthful plant-based foods, warrants further discussion. In future clinical
practice, controlled clinical interventions around the role of specific food types in frailty
related health disorders can be appropriately conducted.

Several pathophysiological mechanisms may help elucidate our findings. Firstly,
inflammation and oxidative stress may contribute to frailty by inducing dysregulation in the
organism. Plant-based foods, rich in flavonoids and antioxidants with anti-inflammatory
and antioxidant properties, may mitigate the risk of frailty [44]. Secondly, imbalances in
gut ecology can lead to immune responses and low-grade inflammation. Plant-based foods
have been associated with greater gut microbiota diversity in older adults, potentially
reducing inflammation and oxidative stress [45]. Additionally, insulin resistance (IR)
increases as an individual ages [46]. Insulin resistance can cause frailty related health
deficits by causing problems such as altered lipid metabolism, increased inflammatory
status, impaired endothelial function, pro-thrombotic status, and atherosclerosis [47–49].
Moreover, deficiencies in macronutrients, such as protein, and micronutrients, such as
vitamins, zinc and magnesium, negatively affect anabolic responses, levels of oxidative
stress and levels of inflammation in the body in the elderly, leading to loss of individual
muscle mass and tissue damage, thereby increasing the risk of frailty in the elderly [50–54].
Vegetable, fruit and other plant foods are often rich in macronutrients and micronutrients.
Finally, a high consumption of animal diets, including meat, sugar, and dairy products, is
often associated with unfavourable levels of low-grade inflammation and glucose metabolic
biomarkers, elevated levels of oxidative stress, and metabolic disorders in the body, which
can lead to chronic diseases such as type 2 diabetes and cardiovascular disease [55,56]. This
is closely related to the pathogenesis of frailty.

Significantly, upon stratifying participants by gender, our findings demonstrated that
although the association of the plant-based diet index with the development of frailty was
statistically significant for both men and women, higher adherence to PDI and hPDI was
more protective against developing frailty in men compared to women. Simultaneously,
higher adherence to uPDI was also more significantly detrimental to frailty in men. This
gender-specific difference may be attributed to biological, psychological, social, and be-
havioural distinctions between women and men. Women typically bear a higher burden of
chronic disease and more severe disability [57], exhibit lower levels of physical activity [58],
are more susceptible to mood disorders and stress [59], and often lack social support [60,61],
among other factors contributing to a higher risk of frailty in females [62]. This could di-
minish the impact of the plant-based diet compared to the animal-based diet on frailty risk
in females. Additionally, it has been noted that the relevance of diet in the pathogenesis
of female frailty is lower than that of males if the body is already in an inflammatory
state due to the influence of other factors [58]. Furthermore, due to differences between
sex chromosomes, males exhibit higher innate and pro-inflammatory activity, rendering
them more susceptible to inflammatory diets than females [63]. Therefore, based on the
multidimensional nature of frailty, the progress of frailty can be interfered in multiple areas
such as diet, physical activity, mental health and drug optimization. In addition, since the
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role of diet can play a more important role in the process of male frailty, it can be effec-
tively prevented and delayed by forming a healthy diet pattern of hypoinsulinemia, low
inflammation and reducing the risk of diabetes, providing the necessary macronutrients
and micronutrients to ensure body function and maintain homeostasis, thereby effectively
preventing and delaying frailty [58,64].

The present study boasts several strengths. Unlike other investigations relying on
simple indicators, our study comprehensively assesses frailty status using Frailty Indices
(FIs) that encompass all major health domains. Furthermore, the study utilizes nationally
representative data with an extended follow-up period. However, certain limitations
should be acknowledged. Firstly, participants’ dietary information was obtained through
interviews, introducing potential recall bias. Secondly, the questionnaire, focusing solely
on the frequency of food intake and not addressing the amount consumed, precluded the
calculation and adjustment of total energy intake. Thirdly, despite extensive adjustment
for confounders, the potential for confounding bias persists. Fourth, the classification of
indicators used to construct the plant-based diet indices and frailty index is worth exploring
in a more rigorous way to highlight different risk groups. Fifth, this study had a long
follow-up period, and this study used baseline dietary information from study subjects
to calculate the plant-based diet indices for older adults, which may have overlooked
possible changes in participants’ dietary patterns. Lastly, the study’s primary focus on the
Chinese elderly population restricts the generalizability of findings to other ethnic and
racial populations.

Older people have limited access to ideal dietary patterns, and the burden of health
defects attributed to irrational diets can be very high, especially among older men. There-
fore, in the future social policy practice, the diet pattern based on healthy plant food or
other healthy diet guidance patterns can be promoted in communities or hospitals, and
health education can be carried out among the elderly to change the concept of healthy
diet for the elderly. Different interventions should be taken for frail elderly people with
different dietary habits, and the role of primary health care should be played to enhance
the sustainability of healthy poverty reduction from the source.

5. Conclusions

In conclusion, the current study establishes an association between high adherence
to PDI and hPDI and a reduced risk of frailty in older adults. Conversely, high adherence
to uPDI is associated with an increased risk of frailty in older adults. Furthermore, the
protective effects of PDI and hPDI against frailty, as well as the detrimental effects of uPDI,
exhibit more pronounced trends in men compared to women. The findings underscore the
pivotal role of appropriate dietary behaviours in influencing frailty risk among older adults.
This implies that judicious control of plant-based food intake and reduction of animal-based
food intake can contribute to preventing the onset and managing the progression of frailty,
particularly in the male elderly population.
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Abstract: The popularity of veganism and plant-based diets is rapidly increasing worldwide, includ-
ing in Italy, where more individuals and families are adopting this lifestyle. However, medical and
health professionals often lack the necessary knowledge and are skeptical about this diet despite
the scientific evidence. It is important for them to provide support and expertise to those following
this diet. The survey evaluated various aspects of the lifestyle of Italian vegans living in Italy and
abroad, including food frequency, vitamin and mineral supplementation, relationship with medical
and health professionals, and perceived difficulties in daily life. The emphasis was on potentially
critical aspects for those following this dietary choice. A cross-sectional survey was conducted in Italy
between March and April 2022. A questionnaire was distributed through social media platforms such
as Instagram, Facebook, and Telegram, and 2180 Italian adults who follow a vegan diet completed
it. The survey found that most of the vegan population surveyed were female, showed a greater
sensitivity to ethical issues, were aware of the need for vitamin B12 supplementation, and followed
healthy-eating guidelines. It is evident that despite the increasing popularity of plant-based diets,
many medical and health professionals remain cautious and hesitant to recommend them.

Keywords: plant-based diet; vegan diet; healthy habits and eating trends; dietary patterns

1. Introduction

A vegan diet is characterized by the complete exclusion of animal products, including
meat, fish, dairy, eggs, and honey. In recent years, there has been a significant increase in
the popularity of plant-based diets among Western populations. In the UK, 8% of people
claimed to follow a plant-based diet in 2021 [1], while in the US and Australia, the figures
were 1.5% in 2023 [2] and 2% in 2020 [3], respectively.

The Eurispes survey reports that the percentage of Italians following a vegan diet will
increase from 1.4% in 2022 to 2.4% in 2023 [4]. Respondents cited a broader philosophy of
life as their main motivation for adopting a vegan or vegetarian diet, followed by health
(mental and physical wellbeing), ethics, and respect for animals. In fourth, fifth, and sixth
place, respectively, additional reasons for adopting a vegetarian diet were environmental
protection, experimentation with new ways of eating, and the belief in sacrificing quantity
for quality by eating less but better [5]. This increase may be due to a growing concern
for environmental sustainability, increased popularization of animal welfare issues, and
heightened sensitivity towards personal health, as demonstrated in other populations [6].

The scientific literature confirms that a plant-based diet, when supplemented with
adequate vitamin B12 and attention to critical nutrients such as protein, omega-3, iron,
calcium, zinc, iodine, and vitamin D, promotes health and is associated with a lower risk
of all-cause mortality. Additionally, it has been shown to be effective in treating, halting,
and reversing some major diseases, including type 2 diabetes, cardiovascular disease,
and cancer incidence [7–9]. The Academy of Nutrition and Dietetics (AND) states that
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plant-based diets, whether vegetarian or vegan, can be healthy, nutritionally adequate, and
appropriate for individuals at any stage of life, provided they are properly planned and
supplemented [10].

From an environmental perspective, a plant-based diet is considered the most effective
dietary model to date. This is because emissions of pollutants, as well as land and water
use, are closely related to diet [11]. A vegan diet has a favorable impact on many ecological
indicators and is compatible with the ‘diet for planetary health’ recommended by the
EAT-Lancet Commission. This diet has the potential to address the environmental crisis,
feed the entire world population, and prevent chronic diseases [12].

Despite the evidence and confirmation, some medical professionals still hold the
opinion that a vegan diet is nutritionally deficient and may not be suitable for certain patient
groups, particularly pregnant and lactating women and children. A study conducted in
Italy found that around half of vegan parents reported that their Primary Care Pediatrician
(PCP) was unable to provide sufficient guidance on vegan weaning, while almost 80%
stated that their PCP was against vegan weaning [13]. Similarly, 36.2% of parents who raise
their children on a plant-based diet did not inform their primary care physician (PCP). In
70.8% of cases, the PCP was skeptical or opposed to the child’s fully plant-based diet. The
most common professionals involved were dietitians, followed by medical dietitians [14].

Misinformation in this area can have serious consequences. Those who choose to fol-
low a vegan diet by relying on their doctor may not receive the necessary knowledge about
supplementation, monitoring, and proper planning of their diet. This can compromise
their health and discredit the validity of a plant-based diet. To avoid this risk, VegPlate was
created in 2017. VegPlate is a vegetarian food guide based on the Mediterranean diet that
follows the established Italian Dietary Reference Intakes (DRIs). Its main objective is to help
health professionals and individuals following a vegetarian or vegan diet to conveniently
organize well-balanced meal plans [15].

Currently, there is a lack of knowledge regarding the health and supplementation
behavior of Italian vegans. The study aimed to investigate the habits and behaviors of the
Italian vegan population, including their vitamin and mineral supplementation practices,
with a special focus on vitamin B12. Additionally, the study examined the frequency of
consumption of processed foods and adherence to the Mediterranean food pyramid. The
reasons behind the participants’ adoption of a vegan diet were also explored, as well as
the main difficulties they faced in social settings and interactions with health professionals.
The study aimed to assess possible critical issues. For research purposes, it was important
to investigate the relationship between the participants’ social and dietary choices and their
health status.

The study presents a qualitative analysis of lifestyle and perceived difficulties, as
well as a quantitative analysis of supplements and staple foods based on the VegPlate
recommendations [16].

2. Materials and Methods

2.1. Study Design and Participants

The study was conducted from 9 March to 6 April 2022 through a questionnaire.
The questionnaire consisted of 46 items divided into 11 sections and was created using
Google Forms. The total duration of the questionnaire varied between 8 and 12 min
depending on individual responses. Each section explores different topics, including
biographical and socio-economic information, motivation for choosing a vegan diet, eating
habits and behavior, and questions on vitamin and mineral supplementation. The survey
also includes questions on perceived difficulties in dealing with health professionals, as
well as other general questions such as anthropometric data, personal choices, and types of
vegan diets. The language used is clear, concise, and objective, with a formal register and
precise word choice. The text adheres to conventional structure and formatting features,
including consistent citation and footnote style. The grammar, spelling, and punctuation
are correct. No changes in content have been made. The study employed structured and
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semi-structured questions, with some allowing for an “other” option to capture unexpected
responses. For instance, participants were asked about unintentional exceptions, challenges
in finding vegan options, and their interactions with nutrition professionals.

This study is a cross-sectional web-based survey that collects data on the dietary
habits and lifestyle choices of the vegan population in Italy and abroad. The subjects
were recruited primarily through social media channels, including Instagram, WhatsApp,
Telegram, and Facebook. The sample was selected based on specific criteria:

• Italian nationality
• Adopting a vegan diet for more than 365 days
• Over 18 years of age

Prior to its use in this study, we pre-tested our survey for face validity with a sample
of ten individuals who provided feedback on its comprehensibility, functionality, content,
and completion time. Participation in the survey was voluntary and anonymous, and it
could be terminated at any time without justification.

2.2. Data Assessment

The questionnaire was online for 1 month, from 9 March 2022 to 6 April 2022.

2.3. Data Analysis and Statistics

For each variable considered in the study, the absolute and percentage distributions
of the subjects were calculated and supplemented where appropriate by indicators of
centrality and variability. For each variable considered in the study, the absolute and
percentage distributions of the subjects were calculated. For quantitative variables, the
main indicators of centrality and variability were calculated.

Non-parametric tests were used to analyze comparisons between clinical variables
in different groups. The normality of the distributions of the variables considered was
checked prior to analysis. Numerical variables were analyzed using the Mann–Whitney U
test and Kruskal–Wallis test, while categorical variables were analyzed using Pearson’s X2
test and Fisher’s exact test where appropriate. The correlation between ordinal variables
was assessed using Spearman’s Rho correlation coefficient. Statistical significance was
considered for p-values less than 0.05 (two-tailed test). IBM SPSS statistical software
(version 20.0) was used for all analyses.

3. Results

3.1. Study Participants

The study included 2180 subjects who reported being vegan for more than one year
(365 days). Of these, 69.1% (n = 1783) reported being vegan for between 1 and 5 years,
10.9% (n = 282) for between 5 and 10 years, and 4.5% (n = 115) for 10 years or more.

3.2. Sample Characteristics

The baseline characteristics of participants are shown in Table 1.

Table 1. Baseline characteristics.

Total Subjects, % 100.0% (2180)

Females, % 90.2%
Males, % 8.4%

Others 1, % 1.4%
Age, years (median ± SD 2, range) 28 ± 8.9
Height, cm (median ± SD 2, range) 165.0 ± 7.6 (145–203)
Weight, kg (median ± SD 2, range) 58.0 ± 10.7 (37–135)

Total weight status n = 2180
BMI 3, kg/m2 (mean ± SD 2, range) 21.8 ± 3.4 (14.7–45.1)
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Table 1. Cont.

Total Subjects, % 100.0% (2180)

Underweight, % (BMI 3 < 18.5) 10.0%
Normal weight, % (BMI 3 18.5–24.9) 77.0%

Overweight, % (BMI 3 25–29.9) 10.2%
Obesity, % (BMI 3 > 30) 2.9%

Geographical area
North-West Italy, % 38.8%
North-East Italy, % 27.3%

Central Italy, % 16.0%
South Italy, % 7.9%

Italian islands, % 4.3%
Abroad, % 5.8%

Marital status
Engaged, % 31.6%

Single, % 28.0%
Cohabit, % 21.7%
Married, % 15.0%
Divorced, % 1.5%
Widowed, % 0.1%

Polyamorous relationship, % 0.1%
Profession

Full-time employee, % 32.9%
Student, % 31.9%

Freelance worker, % 13.5%
Part-time employee, % 10.0%

Unemployed, % 4.4%
Housewife, % 2.2%

Student worker, % 1.9%
Retired, % 0.4%
Education

High school diploma, % 42.3%
Bachelor, % 24.2%
MA/MSc, % 27.8%

Secondary school diploma, % 3.8%
PhD, % 1.7%

1 Other: not declared, non-binary, agender, transgender. 2 SD (Standard Deviation). 3 BMI (Body Mass Index)
based on self-reported indications of body weight and size and calculated kg/m2.

3.2.1. Weight Status

The BMI of females and males differed by only one point, with females having a BMI
of 21.7 kg/m2 and males having a BMI of 22.7 kg/m2. The percentage of underweight
subjects (BMI < 18.5) was 10.2% for females and 7.1% for males, while the percentage
of overweight subjects (BMI > 24.9) was 9.7% for females and 15.2% for males. Most
participants in both groups had a normal weight (BMI 18.5–24.9), with 77.4% of females
and 75% of males falling into this category. The rate of obesity (BMI > 30) was very low in
both populations, with only 2.7% of females and 2.8% of males being classified as obese.

3.2.2. Type of Vegan Diet

Of the participants, 95.6% (n = 2084) reported following a standard vegan diet, while
1.6% (n = 34) followed a high-protein vegan diet. A Whole-Food Plant-Based (WFPB) diet
was followed by 0.4% (n = 8), a gluten-free vegan diet by 0.6% (n = 13), a low carbohydrate
diet by 0.8% (n = 17), a raw vegan diet by 0.4% (n = 9), and a macrobiotic vegan diet by
0.7% (n = 15). None of the respondents followed strict fruitarian or liquid/juice-based
vegan diets.
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3.2.3. Medical Conditions

Out of the 1805 subjects, 83.3% reported not having any chronic pathology. The
remaining 16.7% reported suffering from various pathologies, including endometriosis
(1.0%), asthma (3.7%), dyslipidemia (1.2%), chronic inflammatory bowel disease (1.5%),
thyroiditis (3.3%), and other unidentified pathologies (5.1%).

3.3. Vegan Choice: MAIN Motivation

The main reasons for choosing a vegan diet are listed in Table 2.

Table 2. What is the MAIN reason that made you turn vegan?

Percentage (%)

Total 100.0% (2180)

Environmental sustainability 21.2%
Health and general wellbeing 14.5%

Health (suffering from a chronic illness) 1.3%
Ethics/animal rights 61.2%

Food preferences 0.8%
Foods scandals 0.01%

Social influence (from friends, relatives, partner, etc.) 0.4%
Social justice/world’s hunger 0.5%

Curiosity/current trend 0.01%
Religious and spiritual beliefs 0.0%

A significant association (p = 0.005) was found between the level of higher education
attained and the importance placed on environmental sustainability and health and wellbe-
ing when adopting a vegan diet (Figure 1). However, no significant association was found
for the other aspects analyzed, including ethics and animal rights, religious and spiritual
beliefs, curiosity, and current trends.

 
Figure 1. Correlation between higher educational qualification and the MAIN reason for the adoption
of the vegan diet. Nominal variables were compared using the chi-square test.

A negative significant association (p = 0.005) was found between the time of adopting
a vegan diet and the importance of switching to such a diet for environmental sustainability
reasons (Figure 2). Additionally, a positive significant association (p = 0.005) was found
between the time of adopting a vegan diet and ethical motivations.
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Figure 2. Correlation between the time of adoption of the vegan diet and MAIN reason for adopting
the vegan diet. Nominal variables were compared using a chi-square test.

3.4. Vegan Diet in the Family

Of the subjects surveyed, 57.4% (n = 1365) claimed to be the only member of their
family following a vegan diet. A total of 21.7% (n = 517) reported that their partner also
follows this diet. A total of 8.7% (n = 207) declared that other family members are also
vegan, 5.9% (n = 140) specified that either their father or mother is vegan, and 5.4% (n = 128)
said at least one of their children is vegan. The remaining 0.9% (n = 22) reported that both
parents are vegan.

3.4.1. Children

Out of the 2180 participants, 88.6% (n = 1937) reported not having any children
between the ages of 0 and 18 years. A total of 6.9% (n = 151) reported having one child, and
4.4% (n = 97) reported having more than one child.

3.4.2. Weaning

Of the 356 children surveyed, 85 (23.9%) were raised with a vegan weaning, 49 (12.8%)
with a vegetarian weaning, and 222 (63.3%) with an omnivorous weaning. A total of
37 (14.9%) of the subjects reported that their pediatrician supported vegan weaning, while
an equal percentage, 37 (14.9%), reported that their pediatrician was against it. Of the
respondents, 14.1% (n = 35) disagreed with the pediatrician but still weaned their child
vegan. Meanwhile, 21.1% (n = 60) did not confront their pediatrician, and 32.1% (n = 80)
had no intention of vegan weaning. Currently, 33.1% (n = 118) of the children follow an
omnivorous diet, 26.7% (n = 95) follow a vegan diet, 14% (n = 50) follow a vegetarian diet,
and 26.1% (n = 93) eat vegan at home but consume non-vegan food when outside. Of the
children who are not currently following a vegan diet, 45.2% (n = 100) do not consider it a
suitable choice at present, while 22.2% (n = 49) cite their partner’s opposition as the reason.
A total of 17.2% (n = 38) state that their parent does not consider it a suitable choice, and
14.5% (n = 32) report that a vegan menu is not available in the canteen. Only 0.9% (n = 2) of
cases cite opposition from the pediatrician as the reason.

3.4.3. Exceptions

In the past year, 48.6% (n = 1060) of the participants reported no intentional deviations
from their vegan diet. In 21.5% (n = 468) of cases, there were less than three deviations,
while in 12.1% (n = 263) there were between three and five deviations. In 17.8% (n = 389) of
cases, there were more than five deviations. Of the exceptions that occurred, 40.4% (n = 668)
were due to a lack of other vegan options, 18% (n = 298) were to avoid disappointing others,
17.9% (n = 297) were due to a desire to taste, 14% (n = 231) were for other reasons, and
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9.7% (n = 161) were to avoid feeling embarrassed. Overall, 96.1% (n = 2096) of respondents
reported difficulty finding vegan options when dining out.

3.5. Frequencies

A significant correlation was found between the frequency of food consumption and
the time of adoption of the vegan diet for some items (Table 3). Specifically, there was
a negative correlation for the consumption of grains (ρ = −0.140, p < 0.001), legumes
(ρ = −0.110, p < 0.001), soy products (ρ = −0.068, p = 0.002), and sugary drinks (ρ = −0.077,
p < 0.001). On the other hand, there was a positive correlation for burgers and meat
substitutes (ρ = +0.102, p < 0.001), coconut oil-based vegan cheeses (ρ = +0.139, p < 0.001),
and nut-based vegan cheeses (ρ = +0.145 p < 0.001).

Table 3. Frequency of different foods consumption.

Food Frequency % (Total Population n = 2180)

>1/Day 1/Day 3–5/Week 1/Week 1 Every 2 Weeks 1/Month Never

Fruit and vegetables 89.2% 8.1% 2.1% 0.5% 0.1% 0.0% 0.01%

Cereals (pasta, rice, bread. . .) 75.9% 19.7% 3.7% 0.5% 0.1% 0.0% 0.2%

Legumes (beans, lentils. . .) 42.9% 41.0% 14.5% 1.0% 0.2% 0.2% 0.1%

Soy products (tofu, tempeh. . .) 22.3% 37.8% 30.0% 6.6% 1.7% 0.8% 0.7%

Seeds and dried fruit 25.0% 43.4% 21.0% 6.3% 2.2% 1.4% 0.6%

Extra virgin olive oil 74.2% 20.2% 3.1% 1.0% 0.3% 0.4% 0.7%

Sugary drinks (Coca-Cola, Sprite. . .) 0.6% 0.6% 3.1% 14.6% 9.9% 20.3% 51.0%

Other vegetable oils (corn, peanut. . .) 3.6% 9.2% 21.2% 27.2% 12.0% 15.9% 10.9%

Industrial and packaged products
(cookies, chips) 3.1% 16.8% 24.1% 27.3% 9.3% 12.9% 6.5%

Fried foods 0.0% 0.3% 3.4% 19.2% 22.6% 39.0% 15.4%

Meat alternatives
(meatballs, burgers. . .) 0.5% 2.7% 20.4% 40.9% 14.3% 13.1% 8.3%

Coconut oil-based cheese substitutes 0.2% 0.5% 6.1% 15.0% 15.3% 27.0% 35.9%

Nuts-based cheeses 0.2% 0.8% 4.7% 11.9% 12.7% 29.1% 40.6%

Frozen ready meals (pizza, lasagna. . .) 0.01% 0.4% 2.4% 12.9% 10.1% 23.5% 50.5%

Preserved ready products
(hummus, noodles. . .) 0.01% 0.7% 5.9% 10.9% 11.6% 20.7% 51.1%

High-protein products
(bars, protein powder) 0.5% 3.2% 5.2% 4.6% 4.5% 9.3% 72.7%

Meal replacements 0.2% 0.1% 0.4% 0.7% 0.7% 1.7% 96.2%

In addition, when comparing the time of adoption of a vegan diet with the importance
of factors that determine the choice of frozen foods, preserved convenience foods, high-
protein products, and meal replacements, a significant inverse correlation was found for
speed (ρ = −0.52, p = 0.014) and curiosity (ρ = −0.86, p < 0.001).

No significant differences were found between the frequency of consumption of
the analyzed food groups and educational qualifications, except in subjects with higher
university qualifications who consumed more fruit and vegetables (p = 0.001) and nut-based
vegan cheeses (p = 0.018) and fewer packaged and industrial products (p < 0.001).
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3.6. Lifestyle
3.6.1. Physical Activity, Tobacco and Alcohol

Of the respondents, 75.4% (n = 1643) reported practicing regular physical activity
several times a week for 1–2 h, while 24.6% (n = 537) reported doing so sporadically. Non-
smokers accounted for 56.7% (n = 1237) of the respondents, while ex-smokers accounted
for 20% (n = 435). Occasional smokers and those who smoke less than 20 cigarettes per day
accounted for 13.1% (n = 285) and 7.8% (n = 170), respectively. Only 0.3% (n = 7) reported
smoking more than 20 cigarettes per day. In terms of alcohol consumption, 16.7% (n = 636)
of participants reported never drinking alcohol, 27.6% (n = 602) reported drinking it a
maximum of once per month, 37.8% (n = 824) reported drinking it 2 to 4 times per month,
15.9% (n = 347) reported drinking it 2 to 4 times per week, and 2.0% (n = 44) reported
drinking it 5 or more times per week. Additionally, 80.7% (n = 1466) of participants reported
drinking less than 2 alcoholic units.

3.6.2. Medical Aspects

The results indicate that 49.2% (n = 1073) of the respondents undergo blood exams at
least once a year to monitor their vitamin-mineral status. A total of 19.3% (n = 420) do so
once every two years, while 21.4% (n = 466) and 10.1% (n = 221) do not undergo regular
exams or rarely do so, respectively.

3.7. Relationship with Professionals in Nutrition

Of the participants, 69% (n = 1547) did not receive professional nutritional advice.
Among those who did, 17.2% (n = 385) received advice from a nutritionist, 7% (n =158)
from a dietitian, 6.3% (n = 142) from a medical dietitian, and 0.4% (n = 10) from a non-
professional figure not belonging to any of the above categories. Of the total participants
(n = 1209), 51.3% reported experiencing reticence from their general practitioner, 12.6%
from gynecologists (n = 297), 10% from nutritionists (n = 235), 6% from pediatricians
(n = 141), 5.3% from dietitians (n = 126), 6.5% from medical dietitians, and 8.3% from other
medical professionals.

3.8. Source of Nutritional Knowledge

Of the respondents, 28.8% (n = 1761) usually source information about the vegan
diet from the Internet (Instagram, blogs, groups, etc.), while 23.4% (n = 1426) rely on
scientific articles. Additionally, 20.7% (n = 1238) seek advice from nutritional practitioners,
18.8% read books and magazines on the topic, 4.2% (n = 256) obtain information from
acquaintances and friends, and 3.6% (n = 221) attend courses and seminars. Only 0.4%
(n = 22) report never searching for nutritional information.

4. Discussion

This study examines the eating habits and behavior of the Italian vegan population,
with particular attention to food frequency consumption, vitamin-mineral supplementation
(Table 4), and their relationship with medical professionals. Most of the sample has followed
a vegan diet for one year, with less than 5% following it for longer. These data further
confirm the increasing interest in plant-based diets in recent years in Italy, as already shown
in the Eurispes Italy Report [4].

In this study, most vegans were female (90.2%) and young (median age of 28 years),
with a normal weight status. Only a small percentage of the total population was found to
be underweight or overweight.

The surveyed population did not show any interest in restrictive and potentially
dangerous dietary patterns, such as fruitarian or raw diets. In fact, almost all participants
followed a standard vegan diet with no particular dietary restrictions within the plant
food groups.
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Table 4. Vitamin-mineral supplementation.

Supplement Regularly % Occasionally % By Prescription % Never %

Vitamin B12 89.0% 6.3% 0.9% 3.7%
Vitamin D 28.9% 16.8% 9.3% 45.0%

Omega 3 (EPA 1/DHA 2) 8.2% 11.1% 1.7% 79.1%
Iron 4.2% 7.6% 7.3% 80.9%

Calcium 1.8% 4.0% 1.3% 92.9%
Multivitamin 6.0% 18.1% 2.8% 73.1%

Protein powder/BCAA 3/EAA 4 5.7% 9.0% 0.6% 84.7%
Other 5.6% 4.4% 1.8% 88.1%

1 EPA (Eicosapentenoic Acid). 2 DHA (Docosahexaenoic Acid). 3 BCAA (Branched-Chain Amino Acids). 4 EAA
(Essential Amino Acids).

Over 80% of the total subjects did not have chronic pathologies. Less than 5% of the
subjects had diseases associated with incorrect lifestyles, such as heart disease, type 2 dia-
betes mellitus, IBD (Inflammatory Bowel Disease), dyslipidemia, and arterial hypertension.
Although the low average age of the sample must be taken into consideration, these results
could confirm two hypotheses. First, an entirely plant-based diet may have positive effects
on individuals’ health. Second, as suggested by the literature, those who follow a plant-
based diet not only make more careful and conscious food choices but also tend to have a
healthier and more active lifestyle in general than the omnivorous population, taking care
of their health in all respects, as shown in other studies [10,17]. Further investigation is
required to confirm this hypothesis.

Among the studied population, over half of the subjects shifted towards a plant-based
diet due to ethical and animal rights concerns, followed by environmental sustainability,
and lastly, health and general wellbeing. This is consistent with previous studies conducted
in Australia, America, Canada, Great Britain, and Holland [18–21].

The study found a statistically significant positive correlation between higher reported
educational qualifications and motivation for veganism related to environmental sustain-
ability and general health and welfare. Conversely, a statistically significant negative
correlation was found between higher reported educational qualifications and ethical moti-
vation regarding animal welfare. With a higher level of education, individuals may become
more aware of the impact of their diet on animal welfare, environmental sustainability, and
personal health.

The study found a statistically significant negative correlation between the time of
adoption of a vegan diet and motivations related to environmental sustainability and a
statistically significant positive correlation between the time of adoption of a vegan diet
and ethical motivations. It is possible that this finding reflects the fact that the younger
generation is more aware of the environmental impact of their diet.

Regarding weaning, most children follow an omnivorous diet rather than a vegan or
vegetarian one. This is consistent with other research that has shown that pediatricians
are generally opposed to vegan weaning, a position that is also supported by the position
paper of the Italian Society of Preventive and Social Pediatrics [13,14]. However, it is worth
noting that a significant proportion of the subjects had no intention of introducing a vegan
diet to their child(ren), indicating that the pediatrician’s opposition may not always be a
decisive factor.

Although there is ample literature supporting the validity of a vegan diet even during
early human development, some professionals remain unconvinced, possibly due to a lack
of academic resources on the subject [10]. To eliminate uncertainties regarding plant-based
diets in childhood, it is necessary to implement and offer educational and training courses
aimed at pediatricians.

Currently, most children who are not vegan do not consider this dietary model suitable
for themselves at this stage of their lives. The remaining percentage of non-vegan students
is due to opposition from one or both parents or the unavailability of a fully vegan option
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at school. To address this issue, there is a strong need to incentivize canteens and the
government to provide a fully plant-based menu in schools.

According to the survey, a significant challenge faced by those transitioning to a
vegan diet is the absence of entirely vegan options during social events. This often leads
to intentional deviations from the plant-based diet. Although half of the participants
claimed to have never strayed from their vegan diet, the other half admitted to making
exceptions to their diet for various reasons, such as the desire to try new foods, avoid
disappointing others, or avoid embarrassment. All the motivations mentioned in this study
are also reflected in another research [22] and are confirmed by other results of this study.
According to most respondents, it is still quite or very difficult to find a vegan option when
eating out. For this reason, more than three quarters of the population analyzed in the
study almost always eat meals at home. Promoting the integration of plant-based options
into the menus of restaurants, canteens, hospitals, bakeries, and fast-food outlets to listen
to consumer demands is therefore becoming an increasingly pressing need. This can help
not only normalize this dietary pattern but also more easily convey that the vegan choice is
not restrictive nor limiting.

However, research suggests that cooking at home more frequently is associated with a
higher score on the Healthy-Eating Index 2015 [23]. Additionally, the literature shows that
the vegan population adheres more closely to the Mediterranean diet than the vegetarian
and omnivorous populations, consuming significantly more fruit, vegetables, pulses, and
dried oleaginous fruit [24]. The study’s sample confirms that most subjects consume fruit
and vegetables at least once a day, while over 80% of respondents consume legumes at
least once a day. The consumption of oilseeds and nuts, as well as extra virgin olive oil,
also followed similar trends. Regarding all the aforementioned categories, the frequency is
in line with the guidelines for cereals and cereal products [25].

As per the same guidelines [25], sugary soft drinks and fried foods, referred to as
“indulgent” foods, should be consumed occasionally and limited to special events. This
recommendation is followed by almost all subjects. A very similar trend is also evident
for frozen and preserved convenience products, coconut oil-based vegan cheeses, and
ready meals, again demonstrating a similarity with what is stated in the frequency of
consumption indications.

A deviation from the trends described above can be observed in the frequency of
consumption of the category “burgers and meat substitutes”: one fifth of the respondents
consume these products three to five times a week. As these are processed foods, their con-
sumption should be limited as much as possible. However, this figure shows that vegans
tend to consume more ultra-processed foods than vegetarians and omnivores [26]. Despite
this, it is important to note that a vegan diet is still entirely plant-derived, cholesterol-free,
often lower in calories and contains a fair proportion of fiber. Compared to their ani-
mal counterparts, plant-based products have demonstrated several health benefits [27,28].
Therefore, it would be inaccurate to categorize the vegan diet as nutritionally poor or unbalanced.

However, despite low consumption, a significant inverse correlation was found be-
tween the time of adoption of the vegan diet and the frequency of consuming grains,
legumes, soy products, and sugary soft drinks. Conversely, a direct correlation was ob-
served with the consumption of burgers and meat substitutes, coconut oil-based vegan
cheeses, and nut-based vegan cheeses. This finding contrasts with previous studies [26]. A
possible explanation for this phenomenon may be attributed to the increased purchasing
power and knowledge of the aforementioned products over time.

The study found a statistically significant negative correlation between the duration
of adopting a vegan diet and the selection of frozen foods, preserved convenience foods,
high-protein products, and meal replacements that are associated with quick preparation
and curiosity. This statement suggests that individuals who are more familiar with a vegan
diet may be less inclined towards novelty and experimentation when it comes to their
food choices.
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The popularity of these foods among consumers can be attributed to their taste,
which is the primary factor influencing their purchase. Many vegans reject the production
methods of certain products but still desire the pleasure and enjoyment of eating. This is
why the market for plant-based alternatives is rapidly expanding [29].

It is worth noting that respondents with higher educational qualifications consume
fruit, vegetables, and fermented nut-based vegan cheeses more frequently, while pack-
aged products are more commonly consumed by those with lower educational qualifica-
tions. This may be because individuals with higher educational qualifications are more
health-conscious.

Focusing on lifestyle, it is evident from numerous reports in the literature that regular
physical activity leads to better general health status, including clinical-metabolic, psy-
chological, and behavioral benefits [30]. Sedentary behavior and unhealthy eating habits,
which are often associated [31], play a decisive role in the spread of serious pathological
frameworks, defined as “diseases of wellbeing” [32]. Based on these data, it is evident
that over three quarters of the sample engage in regular physical activity several times a
week for an average duration of 1–2 h, which is in line with WHO recommendations [33].
Additionally, the results indicate positive trends in smoking and alcohol consumption, with
most of the sample being non-smokers or ex-smokers, as well as teetotalers or occasional
drinkers. Alcohol consumption is widely recognized as a significant risk factor for cancer
development, alongside smoking, obesity, physical inactivity, and poor fruit and vegetable
consumption [34]. It is also a risk factor for blood diseases. Smoking, on the other hand, is
a major risk factor for a range of diseases, including cancer and cardiovascular diseases.

As numerous position papers from various institutions have emphasized, vitamin
B12 supplementation is essential for a nutritionally balanced and healthy vegan diet [10].
B12 is crucial for regulating hemoglobin and DNA synthesis, as well as for the proper
functioning of the central nervous system. It is worth noting that no plant-based food
contains B12. A deficiency in this area may lead to a range of health issues, including
depression, memory disorders up to dementia, spinal cord problems up to tetra-paresis,
and neuropathies affecting the peripheral nervous system [35].

It is worth noting that almost 90% of the sample is aware of these indications and
regularly supplements accordingly. However, it is important to note and monitor the
small percentage of the investigated population that claims never to use the supplement.
Although this is a very small share, the health risks are significant and cannot be ignored.
Therefore, it is crucial to continue informing patients and instructing medical professionals
to ensure they have taken this recommendation on board. However, supplementing with
iron, omega-3, and multivitamins is not as crucial as vitamin D supplementation. Almost
one third of the analyzed sample regularly supplements with vitamin D. The body’s vitamin
D levels are dependent on sun exposure. In the absence of adequate sun exposure, it must
be obtained through fortified plant foods or supplements. This recommendation applies to
the general population, not just vegans, as vitamin D intake is not dependent on diet [36].

It is noteworthy that despite less than 70% of the sample seeking support and having
direct experience with a nutrition professional for vegan eating, almost three quarters of the
total encountered resistance or skepticism from medical professionals, including general
practitioners (GPs) who were reported to be the most skeptical among all other nutrition
professionals. On one hand, this could indicate a potential lack of expertise and knowledge
regarding vegan diets. On the other hand, this higher frequency could be due to medical
figures being the most frequently addressed.

The reasons why professionals do not recommend a vegan diet are repeatedly refuted
by the literature, as reported above. There is a need to educate health professionals,
including nutrition specialists, about the validity of 100% plant-based diets. These diets
can be applied to every patient at every stage of life and may have a preventive role
in the onset of certain diseases if correctly planned and integrated. This issue could be
addressed by implementing academic lessons during university and training courses for
all health-related medical professionals, as previously mentioned.
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Almost all the participants showed a strong desire to learn about vegan nutrition and
actively sought out information from various sources, including nutrition professionals,
scientific articles, books, magazines, friends, acquaintances, and online platforms such as
Instagram, blogs, and groups. It is important to note that Instagram plays a significant role
in disseminating content and facilitating the conscious and effective sharing of messages.

The study presented valuable results that can serve as a benchmark and for monitoring
purposes. Additionally, the data can be used as a reference for other studies aimed at
collecting information on the same indicators in specific contexts, which can then be
compared with national-level data.

Limitations of the Study

The study has some limitations. First, the sample only includes Italian participants, so
it cannot be considered representative of other nations’ populations.

Additionally, there may be biases present in the study, including selection bias, perfor-
mance bias, and recall bias.

The study may be subject to selection bias as participants were recruited on a vol-
untary basis through social media platforms such as Instagram, Facebook, and Telegram.
The sample is limited to users subscribed to these channels and accounts of those who
participated in the study’s dissemination. Therefore, any Italian vegans who did not fit into
the aforementioned categories were excluded from the survey.

The study may be affected by performance bias since participants were aware that
they were taking part in a study analyzing the eating habits of the vegan population in Italy,
which could have influenced their responses. Furthermore, conducting the questionnaire
online may result in less control over the respondent when compared to an in-person
questionnaire.

Under this type of administration, it is not possible to verify the accuracy of the
answers provided or the identity of the questionnaire respondent. Recall bias, however,
may result from the possible inaccuracy or incompleteness of memories retrieved from
study participants, particularly regarding food consumption frequency, vitamin-mineral
supplementation, and other past experiences investigated.

5. Conclusions

In conclusion, our results indicate an increasing number of people choosing the vegan
option, with a greater involvement among females compared to males. The main reasons
for choosing a completely plant-based diet are ethics and animal rights.

Eating meals primarily at home is linked to better diet quality. In fact, the surveyed
vegan population demonstrated greater attention to their eating habits compared to the
general omnivorous population. The consumption of fruit, vegetables, cereals, legumes,
oleaginous nuts, and extra virgin olive oil fully complies with the guidelines’ recommen-
dations. Additionally, the use of processed and sugary products does not exceed the
maximum intake limits indicated. Most of the survey sample also respects proper sup-
plementation of vitamin B12, demonstrating widespread knowledge of the medical and
nutritional indications reported by institutions.

Those who adopt a vegan diet, whether out of desire or necessity, often increase
their nutritional knowledge and indirectly improve various other aspects of their lifestyle.
This increased awareness is likely due to the desire to avoid potential deficiencies. The
respondents showed a lower percentage of smokers and drinkers and a higher number of
individuals who engage in regular physical activity.

The skepticism encountered by many individuals when approaching medical and
health professionals about a plant-based diet is unfounded. Hypothesized deficiencies
or the occurrence of physical and nutritional problems derived from the vegan diet
are concepts that have been disproven by the literature. It is necessary to overcome
these misconceptions.
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Based on the findings, it may be beneficial to introduce educational courses and
seminars or implement nutrition education classes in medical and health-profession degree
programs. These courses should be led by professionals with expertise in plant-based
nutrition, such as dietitians and specialized nutritional biologists. The purpose of this
is to raise awareness among health professionals about the feasibility and validity of
an all-plant-based diet and to provide their patients with up-to-date and scientifically
based information. The main objective of the proposed interventions is to inform and
educate health professionals about plant-based diets and thus reduce the risk of nutritional
deficiencies in patients.
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Abstract: A plant-based diet rich in whole foods and fiber is beneficial for cardiovascular (CV)
health. This impact is often linked to specific food groups and their preparation methods, reflecting
the overall dietary pattern. However, research on the long-term effects of a carefully designed
plant-based diet on adults transitioning from a typical Western lifestyle is limited. Notably, studies
on people managing CV risk factors effectively are scarce. As part of a cross-sectional study, we
examined 151 individuals committed to a long-term, well-designed plant-based diet and active
lifestyle. We investigated how specific food groups and macronutrient intake are related to various
CV health markers. In this secondary analysis, our comprehensive approach encompassed several
methods: 3-day weighted dietary records, fasting blood lipid and blood pressure measurements,
body composition assessments, and evaluations of lifestyle status. We adjusted our analysis for
multiple variables, such as age, sex, current body mass index, smoking status, physical activity, and
time (years) following the plant-based diet. Our findings revealed several associations between
macronutrient intake (per 50 g) and CV risk markers, although these associations were generally
weak. Individuals who consumed more whole grains and fruits had lower levels of total, low-density
lipoprotein (LDL-C), and high-density lipoprotein (HDL-C) cholesterol. We also found associations
between the intake of legumes and nuts/seeds and reduced HDL-C levels. These findings suggested
that these food groups might influence the lipid profile, contributing to CV health in a plant-based
diet. A greater intake of spices/herbs was associated with lower uric acid levels, while diets rich
in plant-based fast food and pasta (made from white flour) were associated with higher uric acid
levels. A greater intake of various macronutrients, such as fiber, carbohydrates (from whole-food
sources), proteins, and different types of fats (saturated fatty acids [SFAs], monounsaturated fatty
acids [MUFAs], and polyunsaturated fatty acids [PUFAs]), was associated with lower levels of total
cholesterol, LDL-C (only for carbohydrates), and HDL-C. We found a unique negative correlation
between PUFA intake and LDL-C, suggesting that PUFAs might significantly affect LDL-C levels.
In contrast, increased fiber, protein and SFA consumption were associated with increased uric acid
levels. These findings support the impact of dietary patterns on CV risk factors, highlighting that
even small amounts of unhealthy food groups can significantly influence specific CV risk markers,
regardless of the overall diet.

Keywords: plant-based diet; whole food; plant based; active lifestyle; food groups; macronutrients;
cardiovascular risk factors; LDL cholesterol
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1. Introduction

Over the past two decades, various dietary patterns have garnered considerable atten-
tion. One of these patterns is the exclusive plant-based (vegan) diet, which is characterized
by the complete exclusion of all animal products [1]. Once considered a niche dietary choice,
plant-based diets, particularly vegetarian diets, have recently surged in popularity due to
their reported health benefits [2–6] and contribution to environmental sustainability [7–9].

However, there is some confusion about the definition of a “plant-based diet”. This
term is used interchangeably with vegan or vegetarian diets in certain studies. However, in
other studies, it refers to a diet mainly consisting of plant-based foods. In some cases, it may
include animal products in smaller amounts than a typical omnivorous diet recommended
by the governmental healthy nutrition guidelines [1,10]. Table 1 describes the basic plant-
based dietary patterns.

Table 1. Basic plant-based dietary patterns [1,11–15].

Plant-Based Diets Vegan Diet WFPB Diet WFPB Lifestyle ‡

Does not
include

Large amounts of animal food (the
amount is not specified)

Flesh and animal food sources (meat, dairy, eggs, and fish).
On average, a WFPB diet typically primarily excludes processed foods.

Includes

A smaller amount of animal
products compared to general
dietary recommendations (the

amount is not specified)

Plant and nonplant food sources †
Whole-food,

plant-based food
sources ††

Whole-food,
plant-based food

sources ††

Description

This term usually includes
vegetarian and vegan diets and
should be used in combination

with a comprehensive
dietary explanation

It may contain processed foods
high in caloric content, free sugars,

fats, salt, preservatives, and/or
refined flour. It may not

necessarily incorporate whole
foods. It can also include less

appropriate food
preparation methods.

This is a whole-food,
plant-based diet that can
be implemented with a
low or high proportion

of energy from
fat-source foods.

It also includes a
lifestyle, usually healthy

and active

Dietary
supplements

Depends on the quality of the
planning and how restrictive the

diet is regarding the elimination of
animal food sources

At least vitamin B12, possibly eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA),
and vitamin D (depending on geographical areas with either lower or higher UV indices).
Depending on the quality of the diet, there is the potential for deficient iodine and calcium

intake †††.

WFPB diet = whole-food, plant-based diet, † Grains, legumes, vegetables, fruits, nuts/seeds, spices/herbs,
fungi/mushrooms, some algae, bacteria. †† The consensus regarding the percentage of energy derived from
non-whole-food, plant-based diet sources is at the discretion of the authors and the individual’s interpretation
of the strictness while still being able to classify the dietary pattern as a whole-food, plant-based diet. ††† Other
supplements, such as meal replacements (MRs), protein shakes, sports drinks, and other nutritional supplements,
are not essential. However, people usually add more or less of them to any kind of diet. ‡ Studied an ongoing
whole-food, plant-based lifestyle program.

Cardiovascular diseases (CVDs) are the leading cause of global public health chal-
lenges responsible for a substantial burden of mortality and disability globally [16], as well
as in Slovenia [17]. The interplay between diet and CV health is well established, making
dietary interventions a crucial component of preventative and therapeutic strategies [18–22].
Several dietary patterns, such as plant-based diets, the Mediterranean diet, and the Nordic
dietary pattern, have been found to be effective in reducing the risk of CVDs [2,23–28].
The common characteristics of these nutritional patterns are the consumption of whole-
food groups, reduced or eliminated animal food intake, and increased consumption of
plant-based foods. In contrast, Western dietary habits are characterized by excessive energy
intake and the overconsumption of added and/or free sugars, added fats, saturated fatty
acids (SFAs), dietary cholesterol, and salt, while at the same time lacking sufficient whole
foods (e.g., whole grains, legumes, fruits, vegetables, and nuts). This nutritional imbalance
contributes to the increasing incidence of obesity, type 2 diabetes, hypertension, hyper-
lipidemia, and coronary artery disease [29–31]. The abundance of fiber, antioxidants, and
phytochemicals in plant-based and healthy plant-based diets may contribute to decreased
blood pressure, improved lipid profiles, and reduced risk of CVDs [32–35].

By exploring how different food groups affect CV health, we found that some groups
played a pivotal role. Understanding which food groups play a crucial role in CV health is
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critical in the formulation of effective dietary strategies for the prevention and management
of CVDs. Whole grains, legumes, fruits, vegetables, and nuts/seeds consistently show
protective effects against CVDs. These foods are packed with fiber, which can help to reduce
cholesterol levels, lower blood pressure, and improve blood sugar control [19,36–43]. It is
essential to understand that not all plant-based diets are the same. Just as omnivorous diets
differ significantly in terms of nutritional sufficiency and health benefits, plant-based diets
also fall along a broad spectrum, from very healthy to less nutritious, and consequently,
having more or less favorable health benefits [14,44]. An unhealthy plant-based diet might
include many highly processed foods, sweetened drinks, and plant-based versions of
unhealthy junk foods, resulting in a less healthy dietary pattern [45,46]. Therefore, specific
food groups within the plant-based diet, as well as meal preparation methods, require
careful consideration. For example, ultra-processed plant-based foods, such as plant-based
fast food and sweets, tend to contain high levels of sodium, added sugars, and unhealthy
fats. Consuming these foods regularly, and in excessive amounts, can lead to weight gain,
insulin resistance, and high blood pressure, increasing the risk of CVDs [47–50].

In nutrition science, contradictions regarding the associations between various food
groups or macronutrients and CVD are common. These disparities can be attributed to
several factors, such as differences in study design; sample size; inclusion criteria; methods
used to assess dietary intake (which can impact the accuracy of reporting); the duration
participants adhere to the diet; quantity, quality, and diversity of the diet; and the influence
of lifestyle factors, such as physical activity (PA), smoking, alcohol consumption, and age.
Therefore, these factors can impact how diet relates to various CV risk factors. Our previous
study compared the nutritional, cardiovascular, and lifestyle status of health-conscious
adults following plant-based and omnivorous diets. We observed significant differences
in dietary intake (e.g., fiber and SFA intake) and CV risk factor status (e.g., LDL-C levels),
although the dietary intake and LDL-C levels in both groups were within the recommended
ranges. Using multivariate linear regression analysis, we estimated that the combined
effects of fiber, SFA intake, and age accounted for 47% of the variability in LDL-C levels [51].

The present study aimed to investigate the relationships between dietary intake
(i.e., specific food groups and macronutrients) and several CV health markers in individu-
als who adhered to a long-term, well-designed plant-based diet and practiced an active
lifestyle. This secondary analysis can provide important contextual insight into which
food groups have a distinctive effect on CV risk factors, even when consumed in small
amounts. We hypothesize that the consumption of a well-designed plant-based diet is
generally associated with favorable CV health profiles. A well-designed plant-based diet
is characterized by the consumption of a variety of plant-based food groups daily and
weekly. The meals are prepared using healthy cooking methods, such as boiling, steaming,
or baking on parchment paper. Therefore, the definition of “well-designed” (also called
“healthy”) must meet core dietary principles, such as adequacy, diversity, balance, and
moderation, ultimately aiming to satiate and provide health benefits [11,14,15,52–55].

2. Materials and Methods

2.1. Study Design and Eligibility

A study was conducted on healthy adults who followed the WFPB lifestyle program.
This study utilized various methods, including 3-day weighted dietary records, fasting
blood lipids and blood pressure measurements, body composition assessments using
a medically approved and calibrated electrical bioimpedance monitor, and evaluations
of lifestyle using standardized questionnaires for physical activity (Long International
Physical Activity Questionnaire (L-IPAQ), sleep (Pittsburgh Sleep Quality Index (PSQI),
and stress (30-question Perceived Stress Questionnaire (PSQ)) [56–58]. The methods used
are briefly described in Section 2.3, while detailed information about the methodology and
the enrolment process can be found in previous publications [59–61]. This cross-sectional
study was conducted in Slovenia, a European Union member, from June to August 2019.
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All participants were provided a complete explanation of this study, and written informed
consent was obtained from all participants.

The study protocol received approval from the Slovenian Ethical Committee on the
Field of Sport (approval document No. 05:2019; the application was submitted on 16 May
2019, and was approved on 27 May 2019) and the National Medical Ethics Committee of
Slovenia (approval document 0120-380/2019/17; the application was submitted on 7 July
2019, and was approved on 20 August 2019). The trial was registered with ClinicalTrials.gov
under the number NCT03976479, with registration on 6 June 2019 (this study was submitted
on 1 May 2019, and passed the quality control review by the National Library of Medicine
on 4 June 2019).

2.2. Subjects

Our final data analysis included 151 adults, consisting of 109 females and 42 males.
Study participants adhered to a plant-based diet, specifically the WFPB lifestyle program,
for a duration ranging from 0.5 to 10 years (average of four years) [59–61]. Before adopting
the WFPB lifestyle, these participants followed a Western diet/lifestyle. The primary
motive for transitioning to the WFPB lifestyle was to achieve health benefits and manage
body mass effectively [61]. The program was designed for primary prevention. Therefore,
none of the participants were simultaneously using medications for lipids, blood pressure,
or blood sugar control [59].

2.3. Participant Characteristics, Nutritional Status, CV Risk Factor, and Lifestyle
Status Assessment

Our study assessed participant characteristics, including sociodemographic, eco-
nomic, and lifestyle status, using the questionnaire developed by the National Institute
of Public Health of the Republic of Slovenia [62] and standardized electronic question-
naires [56–58,61]. To determine body composition, we employed an 8-electrode bioelectrical
impedance body composition monitor (Tanita 780 S MA, Tanita Corporation, Tokyo, Japan)
that has been medically approved, calibrated, and validated across several demographic
conditions [61,63–65]. We utilized the abovementioned body composition analyzer for
body mass assessment, while body height was measured using a body height gauge (Kern
MPE 250K100HM, Kern and Sohn, Balingen, Germany). The characteristics of mean age,
sex, current BMI, smoking status, PA status, and years on a WFPB lifestyle were adjusted
for in our analysis when examining our primary objectives.

Nutritional status, which encompasses dietary intake and body composition, was
evaluated using 3-day weighted dietary records and the dietary software Open Platform
for Clinical Nutrition (OPEN) [66,67], a web-based application developed by the Jozef
Stefan Institute [68] and supported by the European Food Information Resource Network
(EuroFIR); the European Federation of the Association of Dietitians (EFAD); the European
Society for Paediatric Gastroenterology, Hepatology, and Nutrition (ESPGHAN); and
the American Dietetic Association (AND) [66]. The participants were given detailed
instructions on recording their food intake for three consecutive days. The participants
were asked to weigh all consumed foods and beverages using our calibrated electronic
kitchen scales and to record the type, amount, and flavor of plant-based meal replacements
(PB MRs) and dietary supplements. Semiquantitative recording of standard household
measures or a picture booklet was allowed when exact weighing was impossible [69]. We
used a recipe simulator to estimate the energy and nutrient contents of commercial or
home-prepared foods, which involved the use of labeled ingredients and nutrient contents.
Participants were asked to specify the form in which they weighed the foods (raw or
cooked) and the form in which they consumed them (e.g., raw, cooked in water, baked
in the oven). We used appropriate conversion factors [70] when entering the dietary data
into the OPEN. Finally, nutritional intake from dietary supplements plus PB MRs was
calculated by Res-Pons, a company that professionally manages a database with all dietary
supplements and medicinal products available in the Slovenian market [71]. For this study,
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the average intake of calories and nutrients is presented as the sum of intakes from food,
dietary supplements, and PB MRs.

As part of this study, 10–15 mL of blood was taken from participants after a 10–12 h
fast. Lipid levels and other biochemical parameters were assessed using conventional labo-
ratory procedures at national medical biochemical facilities employing uniform analytical
methodologies. Total cholesterol (total C), HDL-C, and triglyceride plasma levels were
directly measured, while LDL-C levels were determined using the Friedewald formula.
Blood pressure was assessed using the oscillometric method while participants were in
the supine position after five minutes of rest. Two measurements taken three minutes
apart were averaged and recorded. The results were reviewed by a specialist in medical
chemistry who headed the protein–lipid laboratory at the University Medical Centre in
Ljubljana [59].

2.4. Outcomes

In this secondary analysis, we aimed to assess the correlation between the intake of
various plant-based food groups (per 50 g) and macronutrients (per 10 g) and selected CV
risk factors among 151 individuals following a WFPB diet.

Various food groups were considered to assess their correlation with CV risk factors.
These food groups included vegetables (processed and unprocessed separately), fruits
(processed and unprocessed separately), whole grains (and products), legumes, potatoes,
nuts/seeds, PB MRs, bread and bakery products, spices/herbs, pasta (made from white
flour), fast food (ready-to-eat meals, processed vegetables, sugary foods, sugary drinks,
vegetable-based fats, and sweeteners), sweet products, alcoholic drinks, vegetable fats,
and sweeteners (all of which showed statistical significance) [59,60]. However, only food
groups that showed a characteristic correlation are highlighted in the correlation table for
food groups, macronutrients, and CV risk factors.

The macronutrients that were included in the correlation assessment with CV risk fac-
tors were carbohydrates, fiber, proteins, total fats, SFAs, MUFAs, and PUFAs. Furthermore,
to better understand dietary habits, we have presented the energy content and nutritional
composition of the two most frequently consumed foods from each of the nine food groups.
Finally, we evaluated the correlation of different food groups and macronutrients with CV
factors, including total cholesterol, LDL-C, HDL-C, non-HDL-C, triglycerides, systolic and
diastolic blood pressure, and uric acid.

3. Statistical Analysis

Statistical analysis was performed using R 4.1.1. with the tidyverse [72], ggstatsplot [73],
and arsenal [74] packages. The data were normalized and examined for approximate
normality, and we carried out linear regression with multivariable adjustments (including
age, sex, current BMI, smoking status, PA, and years on a plant-based diet). The significance
threshold was set at p < 0.05, and no missing data were present. We did not perform a
sensitivity analysis. The data are presented as the means (standard deviations).

4. Results

On average, the study participants showed a high consumption of vegetables (455 g/d),
legumes (166 g/d), (nonfried) potatoes (140 g/d), nuts/seeds (52 g/d), and spices/herbs
(32 g/d). On average, they preferred cooking, stewing, and roasting on a baking sheet
as their usual food preparation methods. Vegetable oil consumption was infrequent and
mostly restricted to salad preparation. Additionally, the average daily intake of vegetable
oils was only one gram. The participants mostly used cooking, stewing, and roasting
potatoes on a baking sheet as food preparation methods [59]. The average sodium intake
was 2043 g/day, with the primary source being iodized salt. The participants’ average daily
vitamin C intake was 337 mg/day, potassium intake was 4933 g/day, magnesium intake
was 895 mg/day, and calcium intake was 1081 mg/day. The average intake of plant-based
food groups is presented in Table 2.
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Table 2. Average intake of plant-based food groups.

Food
Groups

Vegetables Fruit
Whole
Grains

Legumes Potatoes
Nuts/
Seed

PB MRs
Spices/
Herbs

Pasta
PB Fast
Foods

g/d 455 ± 190 363 ± 187 178 ± 114 166 ± 115 140 ± 123 52 ± 46 43 ± 72 32 ± 40 17 ± 35 6 ± 34

Vegetables: cruciferous, leafy green, and colored vegetables; fruits: unprocessed, berries included; grains: whole
grains; legumes: beans, lentils, and soy; nuts/seed: walnuts, sesame, and flaxseed; spices/herbs: fresh and dried;
pasta: from white flour; PB MRs = plant-based meal replacements; PB fast foods = plant-based fast foods: ready-
to-eat meals, processed vegetables, sugary products, sugary drinks and alcoholic beverages, vegetable-based fats,
and sweeteners.

The dietary pattern used (Table 3) resulted in a high intake of fiber (approximately
70 g per day) and a low intake of SFAs (approximately 7.5 g per day or 3% of energy intake).
Previous publications contain comprehensive and detailed information about food groups
and dietary intake categorized by sex. The results are standardized to 2000 kcal/d [59,60].

Table 3. Average energy and macronutrient intake.

Energy Intake,
Macronutrients

Energy Fiber Carbohydrates Protein Total Fat SFA MUFA PUFA

kcal/d, g/d, mg/d 2057 ± 689 70 ± 21 295 ± 101 78 ± 25 47 ± 23 7.5 ± 3.6 13 ± 8 20 ± 11
% E 7 ± 1 57 ± 5 15 ± 2 20 ± 5 3 ± 1 6 ± 2 9 ± 3

Kcal/d = kilocalories per day, g/d = grams per day, mg/d = milligrams per day, % E = percent per daily energy
intake, SFAs = saturated fatty acids, MUFAs = monounsaturated fatty acids, PUFAs = polyunsaturated fatty acids.

On average, the study participants displayed a standard blood lipid profile and blood
pressure levels (Table 4) and had a normal BMI, with the majority being nonsmokers or
former smokers (Table 5) and showing low stress levels (PSQ score, 0.29) and good sleep
quality (PSQI score, 2.7). Additionally, during the study, they engaged, on average, in a rela-
tively high amount of PA, according to the recommendations (metabolic equivalent (MET),
5541 MET minutes/week on average vs. the recommended 3000 MET minutes/week from
a combination of walking-equivalent, moderate-intensity PA or vigorous-intensity PA).
Furthermore, the participants performed resistance training 2.7 times/week, with each
session lasting for at least 30 min [61].

Table 4. Cardiovascular risk factor status.

CV Risk Factors Total C LDL-C HDL-C Non-HDL-C Triglycerides Systolic BP Diastolic BP Uric Acid

mmol/L, mmHg,
μmol/L 3.7 ± 0.8 2.0 ± 0.7 1.4 ± 0.4 2.6 ± 0.5 0.9 ± 0.4 115 ± 11 71 ± 9 273 ± 68

CV = cardiovascular, total C = total cholesterol, LDL-C = low-density lipoprotein cholesterol, HDL-C = high-
density lipoprotein cholesterol, BP = blood pressure.

Table 5. Adjusted variables.

Adjusted
Variables

Mean Age
(Years)

Sex
n (F/M)

Current BMI
(kg/m2)

Smoking
% (Never)

PA
(Total METs)

WFPB Lifestyle
(Mean Years)

39 ± 13 109/42 23.9 ± 3.8 78 5541 ± 4677 4.1 ± 2.5

BMI = body mass index; PA = physical activity; WFPB = whole-food, plant-based.

Table 6 outlines the nutritional content of selected nutrients in the two most commonly
consumed foods (per 50 g) across each food group to highlight the nutritional diversity and
quality of these foods.
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Notably, all the significant associations we observed exhibited weak or very weak
coefficients, with values ranging from 0.16 < r < 0.32. All adjusted variables are presented
in Table 6. Notably, linear regression was adjusted for sex, current BMI, smoking status,
PA, and years on a plant-based diet. Nevertheless, regarding the intake of food groups (all
per 50 g), we found that whole grain and fruit intake were negatively associated with total
C, LDL-C, and HDL-C levels. Moreover, legume and nut/seed intake were only negatively
associated with HDL-C. Interestingly, spice/herb intake was negatively associated with uric
acid, but plant-based fast food and pasta (made from white flour) intake were positively
associated with uric acid. The plant-based fast food group comprises a variety of foods and
drinks, including ready-to-eat meals, processed vegetables, sugary products, vegetable-
based fats, sweeteners, sugary drinks, and alcoholic beverages. Interestingly, none of these
food groups significantly impacted triglyceride levels.

Regarding the intake of macronutrients (all per 10 g), all micronutrients, including fiber,
were negatively associated with total C and HDL-C, with no significant association with
LDL-C, except for carbohydrates and PUFAs. Furthermore, the intake of all macronutrients,
except for total fat intake, showed a positive association with uric acid levels, with SFAs
having the most significant impact, followed by carbohydrates. No macronutrient intake
had a significant effect on triglycerides. Statistically significant correlations between food
groups, macronutrients, and CV risk factors are presented in Table 7.

Table 7. Correlations between food groups and macronutrients and CV risk factors.

Total C
(mmol/L)

LDL-C
(mmol/L)

HDL-C
(mmol/L)

Systolic BP
(mmHg)

Diastolic BP
(mmHg)

Uric Acid
(μmol/L)

Food groups
(per 50 g) ↑↓ p-value ↑↓ p-value ↑↓ p-value ↑↓ p-value ↑↓ p-value ↑↓ p-value

Whole grains −0.10 0.001 −0.05 0.032 −0.03 0.017
Fruits −0.22 0.024 −0.23 0.003 −0.02 0.004
Legumes −0.03 0.033
Nuts/seeds −0.10 0.003
Spices/herbs −3.6 0.013
PB MR 1.0 0.044
PB fast food 3.9 0.017
Pasta 3.9 0.023

Macronutrient
(per 10 g) ↑↓ p-value ↑↓ p-value ↑↓ p-value ↑↓ p-value ↑↓ p-value ↑↓ p-value

Fiber −0.12 0.001 −0.06 0.001 7.9 0.006
Carbohydrates −0.03 0.001 −0.01 0.021 −0.01 0.001 18 0.003
Protein −0.09 0.001 −0.04 0.004 5.1 0.038
Total fat −0.10 0.001 −0.05 0.001
SFAs −0.68 0.001 −0.31 0.001 38 0.019
MUFAs −0.26 0.001 −0.12 0.001
PUFAs −0.25 0.002 −0.10 0.037 −0.12 0.002

↑↓ = the direction of association (an arrow pointing up means a positive association, while an arrow pointing down
means a negative association). LDL-C = low-density lipoprotein cholesterol; HDL-C = high-density lipoprotein
cholesterol; PB MR = plant-based meal replacement; PB fast food = plant-based fast food; SFAs = saturated fatty
acids; MUFAs = monounsaturated fatty acids; PUFAs = polyunsaturated fatty acids. The data were adjusted for
age, sex, current BMI, smoking status, PA, and years on a plant-based diet.

5. Discussion

5.1. Main Findings

The present study provides a comprehensive understanding of the impact of various
food groups and macronutrients on selected CV risk factors in individuals following a long-
term WFPB lifestyle. We expected that individuals who follow the WFPB lifestyle program
would have blood lipid, blood pressure, and BMI profiles that meet the recommendations
in evidence-based guidelines. In addition, as part of this secondary associative evaluation
analysis, we predicted that high dietary fiber intake and low SFA consumption would
contribute to favorable CV risk factor outcomes.

Regarding our first hypothesis, this study partially confirmed that a well-designed
plant-based diet rich in dietary fiber and low in SFAs is associated with favorable markers of
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CV health. Furthermore, these findings underscore that even small quantities of unhealthy
food groups can negatively affect specific CV risk markers, regardless of the overall dietary
pattern. The phrase “small quantities” is often used to describe the general intake of foods
in a typical Western diet but does not have a clear definition. However, the results of a
recent secondary analysis of a randomized clinical trial with 244 participants who were
randomly assigned to either a well-designed WFPB diet or a control group for 16 weeks
suggested that minimizing the consumption of animal foods and animal products, sweets,
and vegetable oils could be an effective strategy for weight loss in overweight adults.
However, it is difficult to precisely determine the amount of these foods that can have
clinically relevant adverse health effects, as published data are limited. The researchers
analyzed both groups together, which made it impossible to determine the impact that
“small quantities” of these food groups had on both studied groups. It is a poorly defined
term compared to the typical Western diet, which is estimated to consist of small quantities
of these foods [77,78]. However, the clinical significance of these minor effects found in our
study is likely negligible within the context of an overall well-designed nutritional plan.

Interestingly, we did not find some of the expected associations between specific food
groups, macronutrients, and CVD risk factors. For example, anticipated links between
legumes, nuts/seeds, fiber, SFAs, and LDL-C levels have not been confirmed. This might
be attributed to the relatively homogenous nature of the study sample, which limits the
diversity of the results. Notably, our study population has much smaller variation than
studies on individuals following a typical Western diet/lifestyle, where the relationships
between healthy and unhealthy versions of the plant-based diet (indexes), as well as varied
omnivorous diets, can be investigated, as well as the impacts of the different ratios of
plant and animal food sources on various aspects of health [47–50]. Furthermore, this may
be due to the overall nutritional sufficiency (on average, very high fiber intake and very
low SFA intake) associated with a well-designed plant-based diet and the effective control
of associated CV risk factors. Nevertheless, these findings emphasize that the overall
healthfulness of an individual’s dietary pattern can significantly influence how individual
food groups impact CV risk factors, providing valuable knowledge in this area.

5.2. Food Groups Associated with CV Risk Factors

The relationships between plant-based food groups and macronutrients and various
CV risk factors are complex and multifaceted, mainly because they accumulate the effects
of what we eat, what we do not eat, and how we live [79,80]. Nonetheless, while we found
some significant associations, it is essential to emphasize that the observed relationships
were generally weak. Specifically, we observed that a greater intake of whole grains and
fruits was associated with lower total C, LDL-C, and HDL-C levels, indicating a potential
protective effect against adverse blood lipid profiles; these findings are consistent with
the findings of meta-analyses of these two food groups. Researchers have consistently
identified their role in preventing CVDs [41,42,81,82].

In addition, legumes and nuts/seeds showed some unexpected negative associations,
albeit only with HDL-C. While HDL-C has traditionally been regarded as an antiatheroscle-
rotic biomarker, levels lower than the recommended levels of HDL-C represent a risk factor
for CVDs [83,84]. However, recent studies have proposed a more complex mechanism—
i.e., U-shaped—association between HDL-C and CV risk [83,85,86]. Based on findings from
a pooled analysis of 37 prospective cohort studies, it is essential to pay attention not only
to individuals with low HDL-C levels but also to those with relatively high HDL-C levels
since both subpopulations have an increased risk of mortality [83]. Nevertheless, our par-
ticipants had relatively high HDL-C levels (i.e., mean 1.4 mmol/L), and the recommended
non-HDL-C level (2.6 mmol/L) still falls within the optimal range, which is associated with
the lowest mortality risk [83,86,87]. This finding can also be attributed to a physically active
lifestyle (5541 MET minutes/week) [61] and weight loss (an average of 7.1 kg) compared
to the pre-WFPB lifestyle period. Individuals with a normal BMI lost 2.5 kg on average,
overweight individuals lost 7.2 kg, and obese individuals lost 16.1 kg [88].
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Regardless, the effect sizes of these dietary factors on CV risk factors were relatively
modest. This is particularly notable given that the average daily intake of legumes (includ-
ing soy foods) was 166 g (corresponding to 1162 g/week), and nuts/seeds were consumed
at an average of 52 g (the main sources of nuts and seeds were walnuts, hazelnuts, flax,
and sesame seeds) [59]. The relationship between CV risk factors and food group intake
was assessed for every 50 g of these foods consumed. Additional legume intakes based
on already very high levels (i.e., 1162 g/week) are supposedly above the threshold for
additional clinical benefits compared to the scenario of moving from a legume intake being
too low towards the recommended intake. Beans, lentils, chickpeas, and soybeans (tofu)
were the most commonly consumed subgroups in the legume group [59]. In support of
these findings, a recent systematic review and dose–response meta-analysis attempted to
identify the optimal legume intake level for reducing CVD risk. The study estimated that
400 g per week provides the optimal CV benefit, beyond which the benefits appear to level
off [19]. In addition, a review of 26 randomized controlled trials revealed that consuming
pulses can significantly lower LDL-C levels compared to consuming controlled diets. The
review estimated that a median intake of 130 g/day (i.e., 910 g/week) of pulses could lead
to a 5% reduction in LDL-C, and a 5–10% reduction is expected from heart-healthy diets
alone. It is worth noting that the authors highlighted that most trials included in the review
were conducted on a foundation of heart-healthy diets. These diets consist of more than
20–25 g/day of fiber (2.8–3.5 times less than in our study) and less than 10% of the energy
from saturated fat (up to 3.3 times more than in our study) [89]. Therefore, the cumulative
intake of legumes needs to be considered in terms of its overall effect on HDL-C and LDL-C
levels and other aspects of health.

Interestingly, we found that spice/herb intake was negatively associated with uric acid
levels, potentially affecting CV health. The participants recorded their intake of all locally
grown spices, herbs, bulbs, celery, rosemary, and turmeric [60]. Conversely, the intake of
pasta (made from white flour) and plant-based fast food (usually a source of added oils/fat
and free/added sugar) was positively associated with increased uric acid levels, suggesting
that these food choices could contribute to increased CV risk through mechanisms related
to uric acid metabolism [90,91]. While the observed effect size was statistically significant,
it is essential to note that the effect size was relatively small. Furthermore, our study
participants had limited consumption of these two food groups on average, with an
average daily intake of only 17 g of white flour pasta and 6 g of PB fast food.

Importantly, our study participants had relatively high average potato consumption,
averaging 140 g daily. However, despite this, we did not observe the typical adverse
association with uric acid levels found in a meta-analysis of population-based cohorts [92].
The likely reason for this discrepancy lies in the method of preparation. In the group
following the WFPB lifestyle program, the recommended methods of potato preparation
were healthy and included cooking, steaming, or baking on baking paper—without frying
or adding extra fat (i.e., vegetable oils or butter).

Our study did not reveal a significant relationship between food groups and systolic
blood pressure. This could be attributed not only to the plant-based diet per se but also to
its well-designed nature (predominantly from whole-food sources) and the influence of
lifestyle factors, such as BMI, PA, nonsmoking status, or smoking cessation [93–95]. We
considered factors, such as appropriate sodium and high potassium intake (averaging
2043 mg/day and 4933 g/day, respectively) and regular consumption of herbal teas [59],
which likely played a role in these findings, in addition to a high intake of many micronutri-
ents, which are also associated with controlled blood pressure (for example, vitamin C (in
too low intake), magnesium, and calcium) [96]. Several studies conducted on the general
population have shown that dietary supplements containing vitamin C, magnesium, and
calcium favorably impact blood pressure control [97]. In our previous publication, we
presented the results of a detailed assessment of nutrient intake separately from foods,
dietary supplements, and PB MRs. Specifically, we standardized the estimated dietary
intake to 2000 kcal/day; therefore, individuals’ average vitamin C intake from food, di-
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etary supplements, and PB MRs was 197 mg/day and 152 mg/day, respectively. Similarly,
magnesium intake was 616 mg/day and 272 mg/day, and calcium intake was 690 mg/day
and 408 mg/day, respectively [60]. Hence, the well-controlled blood pressure in our study
participants (115/71 mmHg) may be partly due to the WFPB lifestyle, especially dietary
intake (whole foods consumed and highly processed food omitted), as well as PA, sleeping,
nonsmoking, and stress management.

The final relationship we observed between food groups and CV risk factors was a
positive association between PB MR and diastolic blood pressure. However, the association
was weak, and the effect size was relatively small (i.e., 1 mmHg) based on an intake of 50 g
per day. Our study participants consumed approximately 43 g of this specific food group
per day.

Notably, recently, the researchers performed a secondary analysis on a clinical trial
involving overweight adults randomly assigned to either a vegan or omnivorous diet.
The study used plant-based diet indices and 3-day dietary records. Vegetable oils were
inversely associated with body mass loss within the study sample [77]. However, further
studies need to clarify how and at what quantity of intake potentially unhealthy (ultra-
processed/refined) plant-based food groups (e.g., fruit juice, sugar-sweetened beverages,
sweets, refined grains, or French fries) impact body mass (change) and CV risk factors
within the vegan group, as well as their clinical relevance.

5.3. Macronutrients Associated with CV Risk Factors

Our observations revealed that a greater intake of fiber, which is a crucial component
of plant-based diets and is derived from whole-food grains, legumes, fruits, vegetables,
and nuts/seeds, with an average intake of 70 g per day, was associated with lower levels of
total C and HDL-C. However, only the intake of PUFAs was significantly associated with
lower LDL-C levels. A systematic review with a meta-analysis of 38 studies indicated a
positive association between total C intake and total blood cholesterol levels. Notably, the
most significant reduction in risk for various relevant outcomes was observed when daily
dietary fiber intake was within 25 to 29 g [98]. However, our study revealed a notably high
average fiber intake. This could explain why we did not find a typical beneficial association
between fiber intake (per 10 g) and LDL-C levels. In a recent study, we examined 80 health-
conscious adults who consumed either a plant-based or nonplant-based diet. We examined
the relationship between the intake of fiber (75 g/day vs. 34 g/day) or SFAs (3% of
energy intake vs. 9% of energy intake) and LDL-C levels (1.7 mmol/L vs. 2.8 mmol/L).
This information was briefly mentioned in the introduction. Through multivariate linear
regression adjusted for age, sex, and smoking status, the analysis revealed that fiber and
SFA intake alone accounted for 43% of the variation in LDL-C levels, and age contributed
an additional 4%. Notably, each 10 g increase in total fiber intake was associated with a
0.12 mmol/L reduction in LDL-C levels [51]. Furthermore, our study revealed a noteworthy
relationship between PUFAs and lower LDL-C levels. The beneficial effect of PUFAs on
LDL-C is well known [99,100]. However, it should be emphasized that PUFAs also include
eicosapentaenoic acid/docosahexaenoic acid (average intake of 565 g per day) based on a
greater intake of nuts/seeds, including flaxseed [59], which also has a beneficial effect [101].
Notably, a relatively weak positive correlation was detected between carbohydrate intake
and LDL-C levels. This is probably because our participants consumed the majority of
carbohydrates from whole-food sources. Additionally, the typical source of PUFAs (which
also showed beneficial effects on LDL-C) was nuts and seeds (52 g, including walnuts
and flaxseeds) and legumes (66 g, including soy), which also represent a typical source
of carbohydrates. Therefore, this combination had a favorable effect on the negative
correlation between the intake of carbohydrates and LDL-C.

Consistent with the expected associations between specific food groups and HDL-C
levels, we also observed negative associations between all macronutrients and HDL-C
levels (discussed above in the food groups section). We revealed an intriguing but weak
negative correlation between SFA consumption and LDL-C levels. However, two key
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factors likely influenced the observed correlation. The study participants had a notably
low average SFA intake—just 7.5 g/day or 3% of their total energy intake. Additionally,
the subjects exhibited relatively low LDL-C levels, averaging 2.0 mmol/L. A prospective
urban–rural epidemiology (PURE) observational study revealed a significant association
between a higher intake of saturated fat and a reduced risk of stroke, which could ex-
plain our results. Although this contradicts the general belief that SFA increases LDL-C
levels, the PURE study included subjects from different countries with varying socioeco-
nomic backgrounds. For instance, the study included approximately 80,000 Asian and
50,000 non-Asian participants. In predominantly Asian individuals, SFAs constitute only
2.3–3.9% of the total energy consumed and are associated with general malnutrition [102].
In a recent study, researchers evaluated the dietary intake of a well-designed theoretical
WFPB diet. The results of their research on participants consuming a 2000 kcal diet per day
hardly achieved 3% of their energy from SFAs [53], which further explains the associations
observed in our study and the PURE study. In addition, in our previous study mentioned
above [51], we found strong correlations between lower/higher intakes of SFAs, fiber
intake, and LDL-C levels. We explored the differences in LDL-C between individuals on
a plant-based diet (consuming only 3% of their energy from SFAs) and individuals on an
omnivorous diet (consuming approximately 9% of their energy from SFAs) via multivariate
regression analysis [51].

Furthermore, regarding macronutrient intake, we observed positive associations with
uric acid levels for all macronutrients except for total fat, MUFAs, and PUFAs. Notably, SFAs
had the most pronounced negative impact on uric acid levels, followed by carbohydrates.
Caution is crucial when interpreting the potential effects of the amount of SFAs consumed
on uric acid levels. This is because, out of the sample size of 151 individuals, 72% were
women. Women generally exhibit lower uric acid values than men and have different
reference ranges. Therefore, it is essential to consider this when analyzing the results. As
a result, the data provided in our case can only be utilized to estimate the effect of SFAs,
and it is important again to emphasize their very low intake in our participants (3% of
energy). However, further research is needed to determine the potential clinical relevance
of these findings.

Our findings highlight the vital importance of maintaining a healthy diet to de-
crease cardiovascular (CV) risk factors. In a recent umbrella review of nine published
meta-analyses, which included both observational and randomized controlled studies,
researchers explored the impact of plant-based diets (vegetarian and vegan) on cardiovas-
cular health. The study’s findings revealed a clear association between healthier dietary
choices and a lower risk of cerebrovascular disease, CVD incidence, ischemic heart disease
mortality, and ischemic stroke [103].

5.4. Strengths and Limitations

The strengths of our study are that it provides a comprehensive and detailed analysis
of participants’ dietary intake, particularly their adherence to a well-designed plant-based
diet, including the consumption of specific food groups and macronutrients. In addition, it
includes a thorough assessment of participants’ CV health profiles, BMI, and lifestyle status.
Such an approach allows a more holistic understanding of their health status. Furthermore,
the participants represented a relatively homogeneous group in terms of diet and lifestyle,
reducing the confounding variables and increasing the internal validity of our findings.
For analyses, we adjusted for critical confounding variables, such as sex, BMI, smoking
status, PA, and years on a plant-based diet, strengthening the credibility of the results.

However, this study’s cross-sectional design limits its ability to establish causation, as
it can only show simultaneous associations between different variables measured. Further-
more, the limited sample size could constrain the generalization of the findings obtained to
larger populations on a plant-based diet. It is worth noting that some of the data, such as
dietary intake and PA, might be susceptible to recall and social desirability bias, as partici-
pants enrolled in this study were part of the WFPB lifestyle program. However, dietary
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intake was evaluated using a 3-day weighted dietary record in the most extensive sample
of adults on a long-term WFPB lifestyle. The web-based software tool OPEN, designed for
assessing the nutritional intake of recipes, was developed by the Jozef Stefan Institute, a
renowned research institution. Additionally, there is a risk of inaccurate reporting due to
under- or overreporting [104] and accuracy issues when entering menus into the system. In
addition, this study focused on cholesterol and blood pressure as CV risk factors. Including
a broader range of CV risk factors (e.g., LDL-C particles, fasting glucose, hemoglobin
A1C, predicted insulin sensitivity index, oral glucose insulin sensitivity) and other health
outcomes would provide a more comprehensive view of the impact of a diet practiced by
the study participants.

6. Conclusions

Our study provides comprehensive insight into individuals who adhere to a WFPB
lifestyle, namely, high vegetable, fruit, legume, potato, nut/seed, or spice/herb consump-
tion and PA, while avoiding smoking (with the majority being nonsmokers or former
smokers) and alcohol consumption. This results in a substantial fiber intake, low SFA
consumption, and an active lifestyle. These dietary and lifestyle choices corresponded
with favorable CV health profiles, encompassing, on average, normal lipid levels, blood
pressure, and BMI. Additionally, the study participants engaged in a relatively high amount
of PA compared to the general sedentary or physically nonactive population but within the
recommended guidelines.

However, while we identified some significant associations between various food
groups and CV risk/health factors, these were relatively weak with small effect sizes.
These findings, adjusted for important confounders, suggest that CV health outcomes are
influenced by a combination of dietary and lifestyle factors, underscoring the complexity
of these interactions. Furthermore, they highlighted the need for careful dietary planning
to optimize CV well being. Regardless of food group or macronutrient intake, our results
emphasize that the composition and quality of a plant-based diet play vital roles in CV
health, underscoring the multifaceted nature of these diet–health relationships.
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