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Preface to ”Plant-Based Diets: Working towards a

Sustainable Future”

There is a steadily growing interest in plant-based diets, both for personal health reasons and

for the health of the planet. People, especially flexitarians, are increasingly looking for alternatives to

meat and dairy that look and taste like the original. They also want their food choices to be kind to

the environment and have a nutritional value similar to animal foods. This book of eleven chapters

was written for health professionals who need answers about the safety and nutritional adequacy of

plant-based diets and the motivations and barriers for consuming such a diet. The book will also be

invaluable for research scientists and graduate nutrition students who are investigating these diets

both from a nutritional and sustainability standpoint. Questions arise as to whether these plant-based

meat and dairy alternatives help to lessen environmental degradation.

In the lead chapter, the book discusses the advantages of a plant-based diet, both for reducing

chronic diseases and for reducing the carbon footprint of the food supply all the way from the farm

to the plate. Other chapters deal with the factors that motivate people to or inhibit them from

switching from meat to plant-based alternatives; the nutritional consequences of changing from

an animal-based to a plant-based diet; the nutritional value of non-dairy beverages, yogurts, and

cheeses; the value of plant-based diets during pregnancy and for people with chronic kidney disease;

the effect of using pea protein on protein status and metabolism; and the design of nutritionally

adequate and climate-friendly diets for adolescents of all dietary persuasions. The editors hope that

the book will contribute to the field and answer some of the questions surrounding the current shift

from animal foods to plant foods.

Winston Craig and Ujué Fresán

Editors

vii





nutrients

Review

The Safe and Effective Use of Plant-Based Diets with
Guidelines for Health Professionals

Winston J. Craig 1,*, Ann Reed Mangels 2, Ujué Fresán 3, Kate Marsh 4, Fayth L. Miles 1,5, Angela V. Saunders 6,

Ella H. Haddad 1, Celine E. Heskey 1, Patricia Johnston 1, Enette Larson-Meyer 7 and Michael Orlich 5

Citation: Craig, W.J.; Mangels, A.R.;

Fresán, U.; Marsh, K.; Miles, F.L.;

Saunders, A.V.; Haddad, E.H.;

Heskey, C.E.; Johnston, P.;

Larson-Meyer, E.; et al. The Safe and

Effective Use of Plant-Based Diets

with Guidelines for Health

Professionals. Nutrients 2021, 13, 4144.

https://doi.org/10.3390/nu13114144

Academic Editor: Stephen Ives

Received: 27 October 2021

Accepted: 17 November 2021

Published: 19 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Center for Nutrition, Healthy Lifestyles, and Disease Prevention, School of Public Health,
Loma Linda University, Loma Linda, CA 92354, USA; fmiles@llu.edu (F.L.M.);
ehaddad@llu.edu (E.H.H.); cheskey@llu.edu (C.E.H.); pjohnston@llu.edu (P.J.)

2 Vegetarian Resource Group, Baltimore, MD 21203, USA; reedmangela@gmail.com
3 eHealth Group, Instituto de Salud Global Barcelona (ISGlobal), 08036 Barcelona, Spain;

ujue.fresan@isglobal.org
4 Private Practice, Chatswood, NSW 2067, Australia; drkatemarsh@gmail.com
5 School of Medicine, Loma Linda University, Loma Linda, CA 92354, USA; morlich@llu.edu
6 Nutrition Insights, Sanitarium Health Food Company, Berkeley Vale, NSW 2261, Australia;

angela.saunders@sanitarium.com.au
7 Human Nutrition, Foods, and Exercise Virginia Tech, Blacksburg, VA 24061, USA; enette@vt.edu
* Correspondence: wcraig@llu.edu

Abstract: Plant-based diets, defined here as including both vegan and lacto-ovo-vegetarian diets, are
growing in popularity throughout the Western world for various reasons, including concerns for
human health and the health of the planet. Plant-based diets are more environmentally sustainable
than meat-based diets and have a reduced environmental impact, including producing lower levels
of greenhouse gas emissions. Dietary guidelines are normally formulated to enhance the health
of society, reduce the risk of chronic diseases, and prevent nutritional deficiencies. We reviewed
the scientific data on plant-based diets to summarize their preventative and therapeutic role in
cardiovascular disease, cancer, diabetes, obesity, and osteoporosis. Consuming plant-based diets is
safe and effective for all stages of the life cycle, from pregnancy and lactation, to childhood, to old
age. Plant-based diets, which are high in fiber and polyphenolics, are also associated with a diverse
gut microbiota, producing metabolites that have anti-inflammatory functions that may help manage
disease processes. Concerns about the adequate intake of a number of nutrients, including vitamin
B12, calcium, vitamin D, iron, zinc, and omega-3 fats, are discussed. The use of fortified foods and/or
supplements as well as appropriate food choices are outlined for each nutrient. Finally, guidelines
are suggested for health professionals working with clients consuming plant-based diets.

Keywords: plant-based diets; vegetarian; vegan; sustainability; microbiome; vitamin B12; CV disease;
diabetes; bone health; life cycle

1. Introduction

Interest in plant-based diets has soared in the past decade for a myriad of reasons [1].
People are concerned about issues such as their health, climate change, the sustainability
of the food production system, and the welfare of animals. A plant-based diet is defined
in various ways. For some it means eating foods mostly, but not entirely, of plant origin,
while for others it means eating only plant-based foods. In this manuscript, we chose to
restrict the term plant-based to include both vegan diets (total plant-based nutrition) and
lacto-ovo-vegetarian diets (this allows for the consumption of dairy products and eggs).
We do not include a discussion of flexitarian, semi-vegetarian, or pesco-vegetarian eating
patterns, as they do not fit into our definition of plant-based diets.

This paper will discuss the environmental issues and the benefits for the planet of
significantly reducing or eliminating meat and dairy foods from our diet. In addition, it

Nutrients 2021, 13, 4144. https://doi.org/10.3390/nu13114144 https://www.mdpi.com/journal/nutrients1
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outlines the therapeutic advantages of a plant-based diet for managing the chronic diseases
of Western society, such as obesity, cardiovascular disease (CVD), cancer, and diabetes.
A plant-based diet is also shown to have a substantial impact upon the composition and
function of the gut microbiome, which in turn influences our overall health. Furthermore,
the safety of following a plant-based diet during all stages of the life-cycle is addressed.
Finally, questions were raised about the adequacy of a plant-based diet with respect to eight
key nutrients. These are discussed in detail, with solutions suggested as to how one can
meet the dietary requirements through food choices and/or supplementation. Some simple
guidelines are given for health professionals to effectively serve the growing population of
those consuming a plant-based diet.

2. Current Trends

Internationally, the prevalence of following a vegetarian diet varies by country, but it
is generally estimated to be less than 10% of the population. The exception is India, where
20% or more of adults are vegetarian [2,3]. In the United States, a nationwide poll in 2020
found that approximately 6% of adults followed a vegetarian diet, with half of them being
vegans [4]. A similar U.S. poll found that approximately 2% of 8- to 17-year-old children
followed a vegan diet, and 3% followed a non-vegan vegetarian diet [5].

Globally, the market for alternatives to dairy products is expected to reach $US
25 billion by 2026 [6]. U.S. retail sales of plant-based foods (plant-based dairy alternatives
and plant-based meats) increased 27% between 2019 and 2020, with a total plant-based
market value estimated at $7 billion [7], suggesting a growing consumer interest in non-
animal products.

The 2020–2025 Dietary Guidelines for Americans endorses a “Healthy Vegetarian
Dietary Pattern” as one of three dietary patterns that can “be tailored to meet cultural and
personal preferences” [8]. There are versions of this plan for ages one year and older. The
Guidelines also encourage all Americans to eat more plant foods, including dried beans,
whole grains, fruits, vegetables, and nuts. Many other countries promote plant-based diets
in their dietary guidelines [9].

With a growing interest in vegetarian eating, establishments such as colleges and
universities, school food services, airlines, restaurants, prisons, employee food services,
nursing homes, and hospitals are increasingly providing vegetarian options [10–12].

3. Environmental Sustainability of Vegetarian Diets

The production of different foods can have very diverse environmental impacts. There
is a large variation in the ecological footprint of animal-based products, with ruminant
meat being especially detrimental for the environment as compared with other products
such as pork, white meat, or eggs [13–15]. An increasing body of data provides evidence
that environmental degradation, through the emissions of greenhouse gas (GHG) and
other pollutants, and the use of earth’s resources, such as water and land, in the production
of plant-based foods are significantly lower than that from animal-based foods [13–15].
Certainly, the effects of the lowest-impact animal products are typically greater than
those of plant-based alternatives, even in the case of highly processed plant-based meat
analogs [14,16]. The production of plant-based products is more efficient regardless of
whether the comparison is made by weight of product, per serving, per calories, or even
protein content [14,15,17,18]. Producing the same amount of protein from tofu (soybeans)
in comparison to beef protein requires 74 times less land and eight times less water, while
the GHG emissions are 25 times lower and the eutrophication (a process driven by the
enrichment of water by nutrients, especially compounds of nitrogen and/or phosphorus,
leading to an increased growth, primary production and biomass of algae; changes in
the balance of organisms; and water quality degradation [19]) potential is reduced by
39 times [14,18]. Even if compared to egg protein, tofu protein requires almost three times
less land and six times less water, while the GHG emissions are only half of that from egg
protein, and the eutrophication potential is five times lower [14,18].
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Likewise, a reduction of animal-based foods in the diet goes hand in hand with a
decrease in the dietary environmental impact [20,21]. Vegetarian diets, both lacto-ovo-
vegetarian and vegan, have been described as more environmentally sustainable than those
diets including meat. A review study concluded that the adoption of lacto-ovo-vegetarian
diets could reduce the dietary GHG emissions by 35%, land use by 42%, and freshwater use
by 28% [20]. Adopting a vegan diet would lead to around one-half of both GHG emissions
and land use of that of current dietary patterns. One should note that there is substantial
variability in the dietary environmental impact of those consuming vegetarian diets. In the
final analysis, any environmental benefits would depend on the quantity and the specific
foods consumed. Overconsumption of calories, a high intake of fruits transported by plane,
or the consumption of large quantities of fatty dairy products, such as cheese or butter,
in lacto-ovo-vegetarian diets could jeopardize any potential benefit from the avoidance
of meat.

Studies suggest that the adoption of nutritionally balanced vegetarian diets, both in
developed and developing countries, could be an effective strategy for reducing GHG
emissions worldwide [22,23]. This dietary transition would be moderately effective in
reducing fertilizer application and would decrease, although to a lesser extent, cropland
and fresh water use [23]. Altogether, embracing a balanced vegetarian diet, especially
in developed countries, could be an effective strategy for reducing the food system’s
environmental degradation and reducing our use of the earth’s resources.

4. Plant-Based Diets and Chronic Diseases

4.1. CVD, including Hyperlipidemia, Ischemic Heart Disease, Hypertension, and Stroke

CVD continues as the most common cause of death and disability in the U.S. and
globally [24,25]. The leading risk factors for CVD include dyslipidemia, excess weight, hy-
pertension, glucometabolic disorders, and diabetes and are attributed to poor diets [26,27].
Compared to omnivorous diets, vegetarian and plant-based diets rich in whole grains,
legumes, vegetables, fruits, nuts, and seeds have been associated with substantial re-
ductions in several modifiable risk factors, including body mass index (BMI) and waist
circumference [28,29], atherogenic lipoprotein concentrations [29,30], blood glucose [28],
inflammation [31], and blood pressure [32].

The results of randomized controlled trials (RCT) of vegan and vegetarian interven-
tions along with systematic reviews and meta-analyses of such studies show improvements
in several intermediate cardiometabolic risk markers, including body weight and blood
lipids [33–37], and cardiometabolic risk profiles [38]. Data from relatively long-term (years)
clinical intervention studies with intensive low-fat vegetarian [39] and vegan diets [40]
show reversals in coronary artery disease in individuals with CVD. Due to lower saturated
fat and cholesterol levels and more optimal plant sterol and fiber content, greater favorable
effects of vegan diets on heart disease risk factors are expected. A vegan diet, compared to
the American Heart Association (Dallas, TX, USA) diet for coronary heart disease (CHD),
resulted in similar reductions in BMI, waist circumference, markers of glycemic control,
blood lipids, and a 32% lower high-sensitivity C-reactive protein (a pro-inflammatory
marker) [31].

In the Adventist Health Study-2 (AHS-2), vegetarians had a 13% and 19% lower risk
of CVD and ischemic heart disease (IHD) mortality, respectively, compared with non-
vegetarians. This difference occurred in spite of the fact that the non-vegetarians in the
cohort consumed less meat than the general population. Blood pressure levels in vegans
and vegetarians were also lower than those of the omnivores. Metabolic syndrome and
type 2 diabetes (T2D) are prime risk conditions for CVD and stroke. A reduced prevalence
of these conditions was observed in vegan and vegetarian participants of AHS-2 [28,41].

The EPIC-Oxford study of vegetarians, vegans, and health-conscious individuals
reported that the risk of incident IHD hospitalizations and deaths caused by circulatory
disease was 32% lower in vegetarians than in non-vegetarians [42]. The 18-year follow-
up showed lower rates of IHD in vegetarians but higher rates of hemorrhagic and total
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stroke [43]. Red meat intake, both processed and unprocessed, was associated with CHD
risk in male health professionals [44]. In the large prospective cohort of men and women of
the US National Institutes of Health—AARP Diet and Health Study, higher plant protein
intake was associated with reduced CVD mortality [45]. In the Atherosclerosis Risk in
Communities study, higher intakes of plant-based diets scored as healthy were associated
with a lower risk of incident CVD and CVD mortality [46].

Pooled data from seven prospective cohort studies showed a reduced CHD incidence
and mortality of 28% and 22%, respectively, associated with vegetarian diets. No association
with CVD or stroke mortality was seen [47]. Similarly, a comprehensive review and
meta-analysis of 10 prospective cohort studies showed a 25% reduced risk of incidence
or mortality from IHD in vegetarian and vegan diets but not of total CVD and stroke
mortality [48]. CVD and stroke mortality outcomes may be influenced by lifestyle factors
other than diet and by access to cardiovascular healthcare.

4.2. Type 2 Diabetes

Observational studies in a variety of populations have consistently shown that com-
pared to non-vegetarians, those following a vegetarian or vegan diet have a significantly
lower risk of T2D [41,49–53]. A 2017 systematic review and meta-analysis of 14 studies
found a pooled odds ratio for diabetes in vegetarians vs. non-vegetarians of 0.73 [54].
A 2020 systematic review similarly found that a vegan diet was associated with lower
prevalence or incidence of T2D, although in some studies it was not possible to determine
if the benefits were due to the vegan diet alone or combined with other healthy lifestyle
habits [55].

A 2018 systematic review of nine RCTs found that, compared to control diets (including
those of several diabetes associations), plant-based diets were associated with significant
improvement in emotional well-being, physical well-being, depression, quality of life,
general health, HbA1c levels (a measure of long-term blood glucose levels), weight, and
total and LDL cholesterol levels [56]. An earlier systematic review and meta-analysis of six
studies found that the consumption of vegetarian diets was associated with a significant
reduction in HbA1c compared to control diets [57]. Similarly, a reduction in HbA1c has been
observed with plant-based diets, including vegetarian, vegan, Mediterranean, and Dietary
Approaches to Stop Hypertension (DASH) diets, compared to control or conventional
diets [58].

There are several possible explanations for the benefits of plant-based diets for diabetes
prevention and management. Compared to most western diets, vegetarian and vegan diets
are generally higher in dietary fiber and are likely to include more whole grains, legumes
and nuts, all of which have been associated with a reduced risk of T2D [59]. There is also
evidence for an inverse association between higher intakes of green leafy vegetables and
fruit and the risk of T2D [60–63].

The absence or limited intake of animal protein and red meat also likely plays a role.
At least 25 studies have been published assessing the relationship between meat intake
and T2D risk, with the majority showing a positive association between red meat and/or
processed meat intakes. A 2013 meta-analysis found an association between higher intakes
of total meat, unprocessed red meat, and processed meat and T2D risk [64]. There is also
consistent evidence for an association between total dietary heme iron intake and heme iron
intake from red meat and risk of T2D, and high serum ferritin levels are associated with
insulin resistance and T2D risk [65]. A 2019 meta-analysis of prospective cohort studies
looking at dietary protein intake and subsequent risk of T2D found high total protein and
animal protein intakes to be associated with an increased risk of T2D, while a moderate
plant protein intake was associated with a decreased risk [66]. An earlier systematic review
and meta-analysis of 13 RCTs in people with diabetes found that replacing animal protein
with plant protein (around 35% of total protein/day) resulted in significant reductions in
HbA1c, fasting glucose, and fasting insulin levels compared to control groups [67].
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Excess weight is a significant contributor to insulin resistance and T2D risk, and
weight loss is a key component of the management of T2D [68]. Following a vegetarian or
vegan diet, one is less likely to be overweight [69].

4.3. Cancer

Each of the plant food-groups has shown that they possess chemo-protective proper-
ties. Systematic reviews and meta-analyses have shown that an increased nut consumption
was associated with both a decreased risk of all cancers combined [70] and decreased cancer
mortality [71]. In the same manner, an increased intake of fruits and vegetables and of
whole grains was shown to decrease the risk of total cancer incidence [72] and total cancer
mortality [73], respectively. Furthermore, a higher intake of legumes (beans and lentils)
was associated with a decrease in the risk of gastro-intestinal cancers and all cancer sites
combined [74]. Many plant foods are rich in health-promoting phytochemicals, some of
which have been shown to be useful in the treatment of human cancer [75,76].

On the other hand, the consumption of 100–120 g/day of red meat significantly
increased the risk of many cancers (compared to eating no meat): 11% for breast cancer,
17% for colorectal cancer, and 19% for advanced prostate cancer [77]. For the consumption
of 50 g/day of processed meat, the risk was increased 4% for total prostate cancer, 9%
for breast cancer, 18% for colorectal cancer, 19% for pancreatic cancer, and 8% for cancer
mortality [77]. In the French NutriNet-Santé cohort study, red meat intake was associated
with increased risk of overall cancers (HR 1.31) and breast cancer (HR 1.83), but not prostate
cancer [78]. In the National Institutes of Health (Rockville, MD, USA)—AARP Diet and
Health Study cohort of half a million people, aged 50 to 71 years at baseline, higher red
and processed meat intakes were associated with modest increases in total and cancer
mortality [79].

With the elimination of meat and a greater use of protective plant foods, vegetarians
may have a reduced risk of cancer. Epidemiologic cohort studies in the U.S. and UK have
provided high-quality evidence regarding the association of vegetarian dietary patterns
with cancer risk. In the US-based AHS–2, vegans had lower overall cancer risk compared
to non-vegetarians (HR 0.84); overall cancer risk for lacto-ovo vegetarians was not sig-
nificantly different from non-vegetarians [80]. Vegans showed a lower risk of prostate
cancer (HR 0.65) [81] and a lower (but not statistically significantly lower) risk of breast
cancer [82]. Neither lacto-ovo-vegetarians or vegans had a significantly lower risk of
colorectal cancer [83].

In the UK-based EPIC-Oxford study, compared with meat eaters, vegans (HR 0.82) and
lacto-ovo vegetarians (HR 0.90) had lower risk of all cancers combined [84]. For prostate
cancer, while vegans (HR 0.61) and vegetarians (HR 0.86) had lower risk, they were not
significantly different from meat eaters [84]. For colorectal cancer and female breast cancer,
risk for the vegetarian groups again did not significantly differ from meat eaters [84]. In
the UK Women’s Cohort Study, compared with red meat eaters, the risk of breast cancer
for vegetarians was not significantly lower (HR 0.85) [85].

Taken as a whole, such results seem to support the idea that vegetarians (including
vegans and lacto-ovo vegetarians) have a modest but potentially important reduced overall
cancer risk compared to their non-vegetarian counterparts. Findings for common individ-
ual cancers (colorectal, prostate, breast) are less consistent and warrant further study.

4.4. Overweight and Obesity

Over 70% of adults in the U.S. are overweight or obese [86], and trends show that
overweight and obesity are increasing worldwide [87]. Observational studies show that
vegans and vegetarians typically have a lower BMI than omnivores [88,89], and vegetar-
ian diets or plant-based type dietary patterns are protective against adult weight gain
and/or the risk of overweight or obesity [90,91]. Vegans typically have the lowest BMI
or lowest prevalence of overweight or obesity in studies that compare multiple dietary
patterns, including vegetarians and omnivores [88,92]. Gogga et al. noted differences in
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percent body fat between vegans, lacto-ovo-vegetarians, and omnivores, even though all
group BMI values were within the normal range [93]. Interventions using vegan [94–99],
vegetarian [97,100], or whole-food plant-based dietary [101] treatments have been found to
lower BMI, weight, or fat-mass compared to subjects on a meat-based diet. A 4.8% weight
loss was reported for overweight and obese subjects randomized to a vegan or vegetarian
diet for 2 months, compared to a 2.2% loss seen in those consuming an omnivorous diet [97].
Weight loss of 3 to 5% is clinically meaningful and may contribute to chronic disease risk
factor reduction [102].

The quality of the plant-based diet is also an important consideration. Subjects who
adhere to a healthy plant-based diet are reported to have a lower BMI, waist circumfer-
ence, and visceral fat than those who adhere to ‘unhealthy’ plant-based diets [103,104].
Researchers have noted that diet quality may be more important than dietary patterns
when comparing vegans, vegetarians, and omnivores, as the adiposity values did not differ
significantly between these groups [105]. The weight loss experienced on a hypocaloric
lacto-ovo-vegetarian diet was similar to that observed with a hypocaloric Mediterranean
diet [106].

Mechanisms that explain the weight management benefits of plant-based diets in-
clude relatively higher fiber, fruit, and vegetable consumption compared to omnivo-
rous diets [88,107]. This food pattern may lead to beneficial alterations to appetite hor-
mones [93,108] and the gut microbiota [109], both of which may have an impact on
body weight.

4.5. Bone Health

Healthy bones require a variety of essential nutrients and healthy lifestyle practices to
maximize peak bone mass during growth and minimize bone loss later in life [110]. While
calcium and vitamin D are well recognized as important contributors to bone health, other
nutrients, including magnesium, potassium, vitamin K, vitamin C, and zinc, as well as
bioactive compounds found in fruits and vegetables, have been suggested as contributing to
bone health and/or reduced risk of fracture [111–114]. Some have reported greater benefit
from vegetables, especially cruciferous and allium vegetables, than from fruit [115,116].

The relationship of protein intake to bone status is complex. Earlier studies showed
high intakes cause a loss of calcium, while a recent review found “no adverse effects
of higher protein intakes” and some positive trends at most bone sites [117]. A recent
review and meta-analysis found no difference between soy and animal protein on bone
mineral density (BMD) and certain markers of bone turnover [118]. Others suggest the low
acid load of vegetarian diets, partly due to the potassium and magnesium content from
an increased fruit and vegetable intake, is beneficial to bone health [119]. Some elderly
vegetarians and a few vegans may not consume sufficient protein for maintaining optimal
bone health [114,120,121].

The impact of a vegetarian diet on bone health has many dimensions. Reports can
vary considerably in study design, populations, and conclusions. Some find significantly
lower BMD in vegetarians, especially vegans, which could increase fracture risk [122],
while others see no difference in bone health, provided that calcium and vitamin D is
adequate [123], and conclude that vegetarian food can provide a solid foundation for
healthy bones and preventing fractures [124].

A large prospective UK study found that fish eaters and vegetarians had a higher risk
of hip fractures compared to meat eaters, while vegans had a greater risk of total, hip, leg,
and vertebral fractures [125]. Some of the differences may have been partly due to lower
BMI and possibly lower intake of calcium and protein in the vegans.

A systematic review of some 20 studies involving 37,134 subjects found vegetarians
and vegans had lower BMD at the femoral neck and lumbar spine compared to omni-
vores [126]. The effect was greater in vegans who also had higher fracture rates [127,128].
Another review concluded that the balance between protective factors in vegetarian and
vegan diets and potential nutrient shortfalls may leave vegetarians, and especially vegans,
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at increased risk of bone loss and fractures [129]. Potential nutrient shortfalls can be reme-
died by appropriate food selections (including fortified foods) containing critical nutrients
or by taking supplements. More research data on the bone health of vegans are needed
before definitive recommendations can be made.

5. Eating Disorders

Previous use of a vegetarian or vegan diet apparently does not increase the risk of
developing any eating disorder, such as anorexia nervosa, bulimia nervosa, and binge
eating disorder [130,131]. Those with preexisting disordered eating tendencies may select
vegetarian or partially vegetarian diets as a way to limit food intake in a socially accept-
able fashion [130,132]. Semi-vegetarians appear to be at higher risk for developing eating
disorders than vegetarians and vegans [130,133]. Those vegetarians whose motivation is
weight control report more symptoms of disordered eating than do those with other moti-
vations [134]. Commonly used assessment tools may incorrectly assess dietary restraint or
eating disorder psychopathology in vegetarians [130].

6. Plant-Based Diets and the Gut Microbiome

The human gut microbiota is a highly complex community of some 1014 microorgan-
isms. Diet has a significant impact upon the microbiota composition and function [135,136].
The microbiome has a profound impact on one’s personal health and wellbeing [137].
Manipulating the gut microbiota has been viewed as a way to modulate the risk of chronic
diseases such as obesity, T2D, cancer, and CVD [135,137].

Gut microbiota have a major role in the fermentation of nondigestible carbohydrates,
namely resistant starch, soluble/insoluble dietary fiber, including plant wall polysaccha-
rides and oligosaccharides. Fermentation of these nondigestible carbohydrates is associ-
ated with a higher abundance of microbes that produce butyrate and other short-chain
fatty acids, which have an anti-inflammatory function, strengthen the intestinal barrier
function, and improve overall gut health [138–141]. For example, the consumption of
fiber-rich foods such as barley, wheat bran, brown rice, and other whole grains, as well as
fructo-oligosaccharides and other prebiotics, are reported to increase butyrate-producing
microbes [137,142–146]. Vegetarians would be expected to have an increased abundance of
these microbes, as their fiber-rich diets are typically high in whole grains, fruits, vegetables,
nuts, and legumes [107].

These plant foods also contain polyphenols—lignans, isoflavones, anthocyanins, and
flavonols—in addition to other phytochemicals such as carotenoids and phytosterols [147–149].
These are metabolized into bioactive compounds by various microbes [150], some with
health benefits and anti-inflammatory or antioxidant activity. Phytochemicals increase ben-
eficial bacteria, including Lactobacillus and Bifidobacterium, which are the primary species
present in probiotic supplements that are taken to improve gut health [151], in addition to
some butyrate producers [150]. Among fiber-rich plant foods, nuts in particular (walnuts,
almonds, pistachios) have been found to have prebiotic effects and are associated with
increases in butyrate-producing microbes and other beneficial microbes [152]. Hence, the
gut microbial composition is greatly influenced by dietary fiber as well as by polyphenols
and other phytochemicals and their metabolites, all of which are more highly consumed
by vegetarians.

Studies have supported the value of two so-called enterotypes, or clusters of microbes
driven by distinct genera, in distinguishing dietary patterns. Accordingly, Bacteroides
are associated with animal fat and high-protein diets [153–157], and Prevotella are asso-
ciated with fiber-rich foods and carbohydrates, typical of a plant-based diet [158–160].
Higher abundance of Prevotella and other polysaccharide-degrading or potential butyrate-
producing microbes has been seen particularly in agrarian cultures such as those in Tanza-
nia, the Peruvian Amazon, and Burkina Faso, compared to U.S. or Western populations,
reflecting the higher consumption of fiber-rich plant foods by these societies [160–162].
Hence, enterotypes may have some utility in distinguishing plant- and animal-based

7



Nutrients 2021, 13, 4144

diets. Plant-based and high-fiber diets are also associated with increases in the Bac-
teroidetes phylum [160,162], or the Bacteroidetes/Firmicutes ratio, as well as microbial
richness/diversity [142,155,160,162–164], in contrast to diets high in fat [165–169]. This is
relevant in that various microbes from the Bacteroidetes phylum encode carbohydrate-
active enzymes (CAZymes) necessary for degrading indigestible carbohydrates [139], and
the Bacteroidetes:Firmicutes ratio may have implications for obesity and metabolic diseases,
although the relationship is not clear as findings have been inconsistent [170,171].

Differences in gut microbial composition are not always observed in cross-sectional
studies comparing vegans or other vegetarians with non-vegetarians [172]. In the AHS-2 co-
hort, only subtle differences were noted in the microbiome [173]. However, vast differences
were discovered in the plasma metabolome, with vegans showing higher abundance of anti-
inflammatory plant/polyphenol or microbial-related metabolites [174]. Non-vegetarians
on the other hand may have higher abundance of amino acids and lipids conceivably asso-
ciated with cardiometabolic phenotypes [174–176]. Intestinal microbiota convert choline
and L-carnitine, derived from meat, fish, dairy, and eggs, into trimethylamine, which is
oxidized by the liver to trimethylamine N-oxide (TMAO), a pro-inflammatory compound
that has been associated with increased cardiometabolic risk [177–180]. Thus, it may be
that microbial function is more relevant than composition, with metabolic profiles showing
much greater differences, reflecting phenotypic changes.

There are physiological consequences of diet-induced shifts in the microbiome. Low
consumption of plant-based foods may lead to increased penetration of the intestinal
barrier, as a low-fiber diet triggers a shift from fiber-degrading to mucus-degrading bacte-
ria [181]. This in turn could promote a hyperactive immune response, conceivably with the
production of pro-inflammatory metabolites that fuel disease processes [182]. However,
much remains to be understood about how vegetarian and plant-based dietary patterns
impact the microbiome and associated metabolic responses to influence disease processes.

7. Plant-Based Diets and the Life Cycle

Vegetarian, including vegan, diets can satisfy the nutritional requirements of all stages
of the life cycle. They can promote normal growth and development in infancy, childhood,
and adolescence and meet the needs for energy and nutrients of these life cycle stages as
well as those of pregnancy, lactation, and older adulthood.

7.1. Pregnancy and Lactation

Vegetarian diets can effectively meet energy and nutrient needs in pregnancy and
lactation [183,184]. Several reviews, while noting the limited amount of information about
vegetarian, including vegan, diets in pregnancy, have concluded that, with adequate nu-
trient intake, these diets are safe in pregnancy [183,185]. When food access is satisfactory,
infant birth weights and the duration of gestation are similar in vegetarian and nonvege-
tarian pregnancy [186,187]. Some studies report that vegetarians are more likely to have
infants who are small for their gestational age [188–190]. This finding may be due to lower
mean pre-pregnancy BMI, lower weight gain, or inadequate weight gain in pregnancy.
Well-nourished vegetarians produce nutritionally adequate breast milk that supports infant
growth and development [191].

Health benefits of vegetarian diets in pregnancy include a lower risk of excessive
weight gain and higher fiber and folate intakes [188,192,193]. Dietary patterns that are
high in plant foods are associated with a reduced risk of gestational diabetes mellitus,
hypertensive disorders of pregnancy, and preterm birth [194].

Nutrient requirements in vegetarian pregnancy and lactation generally do not differ
from those for nonvegetarians [195]. Vegetarians may especially benefit from guidance
on sources of iron, zinc, vitamin B12, iodine, and docosahexaenoic acid (DHA). Although
iron absorption increases in pregnancy [196], iron needs are high, so iron-rich foods and
low-dose iron supplements are recommended for all women [197,198]. The increased
need for zinc can be met through a combination of increased intake and absorption [199].
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Phytate’s inhibitory effect on zinc absorption is markedly reduced in late pregnancy and
early lactation [200]. In addition to the use of iodized salt, a 150 μg/d iodine supplement is
recommended for all pregnant and lactating women [201].

During pregnancy, blood DHA concentrations are often lower in vegetarians than in
nonvegetarians [202]; cord blood DHA is lower in infants of vegetarians [202]. Breast milk
DHA concentrations of vegetarians and vegans are lower than worldwide averages [203].
DHA or omega-3 supplementation is associated with greater gestational duration and
a reduced risk of preterm birth [204,205]. Supplemental DHA derived from microalgae
should be used in vegetarian pregnancy and lactation [195].

Adequate vitamin B12 intake is especially important during periods of growth such
as pregnancy and breastfeeding. Infants born to long-term vegan mothers and who are
breastfed are at risk of B12 deficiency. This is especially true when the mother’s diet is not
well-supplemented. Symptoms of B12 deficiency in breastfed infants and small children
fed a vegan diet include developmental delay or psychomotor regression, lethargy, anemia,
neurological issues, and failure to thrive [206]. Pregnant and lactating vegetarians should
consume reliable sources of vitamin B12, such as supplements and/or fortified foods, on a
daily basis [195].

7.2. Infants, Children, and Adolescents

Vegetarian, including vegan, diets that are nutritionally adequate are appropriate
for use in infancy, childhood, and adolescence and support normal growth [184,207,208].
Health benefits of vegetarian diets in childhood and adolescence include the potential
for exposure to a wide variety of plant foods, lower risk for childhood obesity [209], and
higher consumption of fruits and vegetables [210,211]. Vegan children appear to have lower
intakes of total and saturated fat and cholesterol compared to non-vegan children [211].
A low-fat vegan diet has effectively treated children with obesity and elevated blood
pressure [212].

Exclusive breastfeeding is recommended for infants for the first 6 months after birth,
with breastfeeding continuing until at least 12 months of age [213]. If breastfeeding or
exclusive breastfeeding is not possible, commercial infant formula should be used as the
primary beverage for the first year. Plant milks, unmodified cow’s milk, other milks, and
homemade formulas should not be used to replace breast milk or formula during the
first year. Standard practices should be used when introducing complementary foods to
vegetarian infants. Vegetable proteins, such as pureed beans or tofu, are used in place of
pureed meats. After the first year, if toddlers are growing normally and eating a variety of
foods, fortified soy or pea protein milk or dairy milk can be started [195].

Several nutrients require special attention in the planning of nutritionally adequate
diets for young vegetarians, including iron, zinc, iodine, and vitamin B12; calcium and vita-
min D may also require attention, depending on dietary choices and other factors. Protein
recommendations for vegan children may be somewhat higher than standard recommen-
dations because of factors including protein digestibility and amino acid composition [195].
Protein needs of vegetarian or vegan children and adolescents are generally met when their
diets contain adequate energy and a variety of plant protein sources. Deficiencies of iron
and zinc are rarely seen in vegetarian children eating varied diets [207]. Zinc supplementa-
tion may be needed when complementary foods are introduced, if foods are mainly those
with low zinc bioavailability [214]. Iron and zinc status in infants, children, and adolescents
should be monitored, and fortified foods and/or supplements used as needed. Iodized
salt is a reliable source of iodine for children and teens. If maternal vitamin B12 intake or
status are inadequate, breastfed infants should be given supplemental vitamin B12 [206].
Vegetarian children and adolescents should use vitamin B12-fortified foods or supplements
to supply adequate vitamin B12. Calcium sources for children and adolescents include
fortified plant-based milks, green leafy vegetables, and dairy products.
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7.3. Older Adults

Older adults generally have decreased energy requirements, although nutrient re-
quirements are often similar to, or higher than, those of younger adults. The selection of
nutrient-dense diets is especially important for older adults. Limited research indicates that
nutrient intakes of older vegetarians are comparable to those of older non-vegetarians [195].

Recommendations for calcium, vitamin B6, and vitamin D are higher for older
adults [215,216]. There is some evidence that protein needs increase as well [217]. Higher
protein foods such as soy products (including tofu, soy beverage, soy yogurt alternative,
etc.), legumes, nuts and seeds, and meat analogs should be used two to three times a day
by older vegetarians. Vitamin B6 recommendations for all older adults are higher due
to decreased absorption and alterations in metabolism [216]. Vegetarians generally have
adequate intakes of vitamin B6. Sources include potatoes, bananas, fortified breakfast
cereals, and spinach. Several factors increase older adults’ risk for vitamin D insufficiency,
including reduced dermal and renal synthesis [218,219], inadequate dietary intake, and
limited sun exposure. Fortified foods and/or supplements may be needed for older adults
to meet recommendations for calcium and vitamin D.

The main cause of vitamin B12 deficiency in older adults is impaired absorption of
vitamin B12 from foods [220]. Absorption of purified vitamin B12 from fortified foods and
supplements is not typically impaired, so recommendations call for older adults to use
fortified foods and supplements as their primary sources of vitamin B12 [216].

8. Athletic Performance

Vegetarian diets can meet the needs of athletes at all levels, from recreational to elite
athletes [221,222], and have been followed by athletes throughout history [223]. While a nu-
tritionally adequate plant-based diet is thought to help optimize training and performance,
due in part to its high carbohydrate [223–225] and high phytochemical content [225], lim-
ited evidence from well-controlled studies suggests that vegetarian diets neither enhance
nor impair performance [225]. Additional research is needed to determine whether such
diets enhance recovery and attenuate the oxidative damage and inflammation that occur
with heavy training.

Nutrition recommendations for athletes should consider each athlete’s training vol-
ume (intensity and frequency), sport, season, performance goals, and food preferences.
Vegetarian diets that meet energy needs and contain a variety of plant-based protein
sources, including soy foods, dried legumes, nuts, seeds, quinoa, and other grains, can
provide adequate protein to support most training needs. There is some evidence that
plant-derived proteins result in lower post-prandial muscle protein synthesis responses
compared with equivalent amounts of animal-derived proteins [226]; this response may
be improved by consuming blends of different plant-derived proteins [226]. Milk and
eggs [227–229] can supplement plant-based sources for vegetarian athletes.

Depending on food preferences, athletes need to ensure they consume adequate
amounts of the nutrients that are either found less abundantly in vegetarian foods or
are less well absorbed from plants compared to animal sources. These nutrients include
calcium, iron, zinc, iodine and vitamin B12. For example, female athletes and endurance
athletes should ensure sufficient consumption of iron-rich plant foods along with dietary
factors that enhance rather than inhibit iron absorption [230–232]. Female athletes with
restricted intake and amenorrhea (i.e., low energy availability) [233] may require additional
calcium (1500 mg/day along with 1500–2000 IU vitamin D) to optimize bone health [234].
Maintaining adequate vitamin D status is important for athletes due to its role in immune
function, inflammatory modulation, physical performance, and overall health [235–238].
Vegetarian athletes may have lower blood and muscle creatinine and carnitine concentra-
tions [239–242] compared to omnivores due to lower dietary intake. Athletes participating
in resistance training and bouts of high-intensity exercise may benefit from creatine supple-
mentation [243], but there is no recognized benefit to carnitine supplementation. Vegetarian
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athletes, like most others, may benefit from education about food choices to optimize health
and peak performance [244].

9. Nutrients of Concern in a Plant-Based Diet

9.1. Calcium

In addition to its role in bone mineralization, calcium is required for blood clotting,
muscle function, nerve transmission, hormone release, intracellular signaling, and reg-
ulating key enzymes [245]. Typically, vegans consume substantially less calcium than
other vegetarians and omnivores [192,246]. When calcium intakes are low, the body can
compensate somewhat by increasing the fractional calcium absorption [247] and decreas-
ing urinary calcium excretion [215]. However, anyone, including all types of vegetarians,
with inadequate calcium intake needs to consistently use calcium-fortified foods, such
as fortified breakfast cereals, fortified fruit juices, and fortified plant-based beverages, or
take a calcium supplement, to meet their calcium needs. Vegan diets in the UK have been
associated with a clinically significant increased risk of fracture when the calcium intake
was inadequate [248].

Phytic and oxalic acids in plant foods are both inhibitors of calcium absorption. The
calcium absorption from oxalate-rich vegetables (spinach, Swiss chard) may be as low 5%;
from beans, almonds, tahini, and figs 20–25%; from dairy products 32%; from soy products
(tofu, fortified soy beverages), it is similar to dairy milk; and from low-oxalate vegetables
(kale, Chinese cabbage, broccoli, bok choy, etc.) 50–60% [249–251]. Boiling can reduce
oxalate content in green leafy vegetables [252]. A vegetarian diet, with its high intake of
fruit and vegetables, is rich in anti-inflammatory phytonutrients, specifically carotenoids
and flavonoids, and potassium and magnesium. Carotenoids and flavonoids are associated
with an improved BMD and lower bone fractures [253–256].

Compared to a vegetarian diet, consuming an animal protein diet is associated with
an increased loss of urinary calcium [257].

9.2. Iron

In addition to its ability to transfer oxygen by means of hemoglobin and myoglobin,
iron functions as a co-factor for many important enzymes (such as myeloperoxidase,
important for immune function) and has a role in thyroid hormone synthesis and amino
acid metabolism [245]. Since heme iron is generally better absorbed (15–30%) than non-
heme iron (typically 5–10%), omnivores are assumed to have better iron status. However,
vegetarians who eat a varied and well-balanced diet do not appear to be at any greater
risk of iron-deficiency anemia than omnivores [258,259]. Hemoglobin levels of the two
dietary groups normally show no significant differences [259,260]. Additional studies of
iron deficiency in vegetarians are needed before definitive conclusions can be reached. A
varied diet that is rich in wholegrains, legumes, nuts, seeds, dried fruits, iron-fortified
cereal products, and green leafy vegetables provides an adequate iron intake. Vegetarian
diets generally contain as much or more iron than omnivore diets [92,195].

Non-heme iron absorption is significantly affected by several dietary components [261,
262]. Vitamin C, other organic acids (citric, malic, lactic, tartaric acids), and erythorbic acid
(an antioxidant used in processed food) all enhance absorption [196,230,259,263,264]. Plant
ferritin, found in soy and other legumes, is an easily absorbed source of iron (22–34%).
While phytates (found in legumes, nuts, and whole grains) can inhibit non-heme iron
absorption, their inhibitory effect is diminished by baking, soaking, leavening, and germi-
nation [184,265]. Furthermore, the overall long-term effect of enhancers and inhibitors of
iron may be less important than once thought when the foods are eaten as part of a whole
diet [266,267].

Absorption of non-heme iron is also inversely related to the body’s iron status [196].
When stores are low and the need for iron increases, compensatory mechanisms facilitate
greater absorption of iron. Absorption can be as low as 2–3% in people with good iron
stores but as high as 14–23% in people with low iron stores [268].
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Humans have a limited ability to excrete excess stored iron [258], so consuming large
amounts of heme iron may be unhealthy due to its pro-oxidant nature. Consumption of
heme iron has been associated with an increased risk of chronic diseases such as diabetes,
metabolic syndrome, and colorectal cancer [269–272]. Vegetarians typically have lower iron
stores (as reflected in lower serum ferritin levels), which may be an advantage as lower
serum ferritin levels may be associated with improved insulin sensitivity and reduced risk
of T2D [258,273].

Iron absorption from an omnivorous diet is claimed to be about 18%, whereas for a
plant-based diet it is said to be about 10% [196]. Hence, the current Dietary Reference Intake
(DRI) for iron for vegetarians has been set 1.8 times higher than that for non-vegetarians.
This increased requirement is based on limited research, which has been unable to accu-
rately measure adaptive absorption rates of non-heme iron in vegetarians [267,274]. Further
research is needed to reassess the iron requirement recommended for vegetarians [232].

9.3. Zinc

Zinc acts as a coenzyme for multiple enzymes involved with growth, immunity, cog-
nitive function, bone function, and regulation of gene expression [275,276]. Zinc deficiency
causes stunted growth, poor appetite, dermatitis, alopecia, endocrine dysfunction, and im-
paired immunity [276]. Zinc deficiency is not any more commonly seen in vegetarians than
in non-vegetarians [277]. Zinc intake and serum levels for adolescent and adult vegetarians
in developed countries are the same or slightly lower than for omnivores, but within the
normal range [214,231,275,278,279]. In developing countries, vegans and vegetarians are
more likely to show marginal zinc status [278].

The bioavailability of zinc from plant foods may be reduced. However, zinc absorption
and retention can be regulated by homeostatic mechanisms, adapting to lower intakes
by reducing losses and increasing absorption [275]. During periods of high demand
(pregnancy, infancy), absorption becomes more efficient [280].

Phytates in cereals and legumes lower absorption of zinc, but leavening, soaking,
fermenting, or sprouting reduces the phytate levels and makes zinc more bioavailable [281].
Sulfur-containing amino acids and organic acids in a variety of plant foods will also enhance
zinc absorption [279,282].

Vegetarian food sources for zinc include nuts, seeds, wholegrains, legumes, tofu,
tempeh, and dairy products [283]. The use of supplements and fortified foods (such as
fortified breakfast cereals) may be necessary for very restricted vegan diets [214,246].

9.4. Iodine

Iodine is essential for thyroid hormones, which regulate metabolic activity. Iodine
is especially important in pregnancy for fetal development and during early childhood.
Iodine deficiency in childhood can prevent children from attaining their full physical
potential and intellectual capacity [284].

Major dietary sources of iodine include iodized salt, seafood, and dairy products [284].
The iodine content of seaweeds and dairy products can vary widely [195,285]. Sea salt,
Himalayan salt, and the salt used in processed foods typically do not contain iodine [195].
Although foods such as soybeans, cruciferous vegetables, and sweet potatoes contain
natural substances that interfere with iodine uptake by the thyroid, these foods have not
been associated with thyroid dysfunction in healthy people, provided iodine intake is
adequate [196,286].

Vegans who do not use iodized salt and/or sea vegetables may have low iodine
intakes and may be at risk for iodine deficiency [287,288].

9.5. Vitamin B12

Vitamin B12 is required for red blood cell formation, DNA synthesis, homocysteine
metabolism, and the myelination and function of the central nervous system [289]. Vitamin
B12 deficiency is not uncommon among the elderly and unsupplemented vegans. It can
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manifest itself with consequential hematological and neurological changes. Typically, the
mean dietary intake of vitamin B12 of vegans falls well below the DRI, while that of lacto-
ovo-vegetarians may be marginal, depending on the use of dairy products [246,290,291].
Vegans must obtain their vitamin B12 either from regular use of vitamin B12-fortified foods,
such as fortified plant-based beverages, fortified breakfast cereals, fortified vegetarian
meat analogs, or from a regular vitamin B12 supplement. Unfortified plant foods such as
fermented soy foods, leafy vegetables, seaweeds, mushrooms, and algae (including spir-
ulina) do not contain significant amounts of active vitamin B12 to provide daily needs [292].
Furthermore, a number of medications can impair the absorption or utilization of B12.
Vitamin B12 appears to be a cofactor involved in the production of nitric oxide [293], which
would have important implications for vascular and immune health.

About 50% of dietary B12 is normally absorbed via ileal receptors, mediated by the
intrinsic factor, a glycoprotein from the stomach. The ileal receptors become saturated
with 1.5 to 2 μg of B12, limiting further absorption [216]. When ingesting large doses
of supplemental B12, about 1% of the dose is absorbed by passive diffusion across the
intestinal tract [216]. Daily needs can be adequately met in non-pregnant, non-lactating
people by consuming a 500 μg B12 supplement at least three times a week. Vitamin B12
is well absorbed from either sub-lingual or chewable tablets. While the methylcobalamin
supplement is touted as the more effective form of B12, its bioavailability is not superior to
that of cyanocobalamin, which is the more stable and most commonly used form of B12 in
fortified foods and many supplements [294,295].

A deficiency of vitamin B12 may take years to develop in adults, as most of the B12
secreted into the gut via the bile gets reabsorbed, thus conserving the body stores [216].
Therefore, a regular consumption of adequate B12 is important to avoid a sub-clinical
deficiency that can go undetected for years. An elevated serum methylmalonic acid
(MMA) level is a reliable indicator of B12 deficiency [216], while the serum B12 level is an
insensitive indicator of B12 status. While serum B12 levels between 148 and 221 pmol/L
(200–300 pg/mL) are considered borderline B12 deficiency [296], some individuals with
B12 values in this range manifest neuropsychiatric problems and memory loss [297]. As a
good preventative measure, all vegans should annually check their B12 status.

9.6. Vitamin D

Vitamin D facilitates calcium absorption from the gut, regulates bone mineralization,
cell growth, and differentiation. Its other roles include reduction of inflammation and
modulation of neuromuscular and immune function [298]. Because cutaneous production
of vitamin D from sunlight exposure is not adequate (especially in the elderly, dark-skinned
individuals, and heavy sunscreen users) to meet nutrition needs in populations living
in high latitudes, especially during the winter months, regular food and supplement
sources are necessary. Foods contain limited amounts of vitamin D, so supplements are
often needed to meet needs. Depending upon one’s age, geographical location, dietary
preferences, and body weight, a daily supplemental dose of 10–50 μg (400 to 2000 IU)
of vitamin D may be needed to achieve optimal serum levels of 25-hydroxyvitamin D
(25(OH)D) year-round [299].

One study found no significant difference in serum 25(OH)D levels between vege-
tarians and non-vegetarians. Factors such as vitamin D supplementation, degree of skin
pigmentation, and amount of sun exposure had a greater influence on serum 25(OH)D
levels than did diet [300]. By contrast, in the large EPIC-Oxford study, plasma 25(OH)D
levels in British vegetarians were 14.3% lower, and in vegans 27.5% lower, than in meat
eaters [301].

Vitamin D intake by vegans tends to be substantially below that of lacto-ovo-vegetarians
and omnivores [195]. Low serum 25(OH) D levels and reduced bone mass have been
reported in vegans living in high latitudes who were not using vitamin D-fortified foods or
supplements [302,303].
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Fortified plant-based beverages, fortified orange juice, ready-to-eat breakfast cereals,
and fortified margarines provide vitamin D for vegetarians. Modest levels of vitamin
D are also obtained from mushrooms that have been exposed to ultraviolet light under
controlled conditions [304]. Lacto-ovo-vegetarians also obtain vitamin D from fortified
dairy products and eggs. Depending on sunlight exposure and dietary intake, supplements
may be needed. For low daily doses, vitamin D2 appears to be as effective as vitamin D3
in maintaining circulating levels of serum 25(OH) D [305]. When given as a single large
dose, vitamin D2 appears to be less effective than vitamin D3 for improving the vitamin D
status [306].

With appropriate food and supplement choices, a vegetarian diet can be consistent
with having an adequate vitamin D status and supporting a healthy BMD (bone mineral
density) [129].

9.7. Omega-3 Fatty Acids

Omega-3 fatty acids (n-3) are associated with favorable cardiometabolic status [307].
The source of omega-3 for vegetarians is predominantly α-linolenic acid (ALA) [308]. Nor-
mally, only small amounts of ALA are converted to the longer-chain eicosapentaenoic acid
(EPA), and to a less degree DHA, particularly if linoleic acid intake is high [308,309]. Conver-
sion of ALA is also affected by health status, age, dietary composition, and gender [310].
Results from the EPIC-Norfolk cohort study revealed that omega-3 status differences were
much smaller than dietary differences, with vegans and vegetarians showing a more effi-
cient conversion of ALA to EPA and DHA [311]. Most studies indicate that plasma, serum,
erythrocytes, adipose, and platelet levels of EPA and DHA are lower in vegetarians than
omnivores [309], yet there is no evidence of adverse effects on heart health or cognitive
function in vegetarians [312,313].

EPA has antithrombotic properties and confers cardiovascular protection [308,314],
while DHA has been linked to eye and brain development and is important for ongoing
visual, cognitive, cardiovascular health [308,315]. Omega-3 fatty acids may also help regulate
gut microbiota and immunity and reduce the risk of inflammatory diseases [316–318]. ALA,
EPA, and DHA intakes are all associated with a reduced risk of CVD [319].

The richest sources of ALA include flaxseed, hemp seed, walnuts, chia seeds, and their
oils, with smaller amounts present in canola and soy oils, and green leafy vegetables [310].
Currently the National Academy of Medicine (Washington, DC, USA) has not established
recommendations for EPA and DHA, while the European Food Safety Authority has
recommended an intake of 250 mg/day for EPA and DHA [320]. To date, an adequate
intake of ALA has been specified as 1.6 g for men and 1.1 g for women [321]. The ideal
omega-6/omega-3 ratio for optimal health has not been defined, although various authors
have debated the issue [321]. Improving the DHA status of an individual is generally
regarded as desirable. For the vegetarian, a regular use of an algal DHA supplement would
be an effective way to increase serum DHA levels [309,322].

The critical period of pregnancy and lactation requires a higher n-3 status (particularly
DHA) [308,323,324]. Pregnant and breastfeeding women, and those at greater risk for
poor ALA conversion, such as people with diabetes, older people, and premature infants,
are most likely to benefit from DHA supplements derived from micro-algae [319,325].
Omega-3-rich eggs and DHA-fortified foods are also food sources of DHA for vegetarians.

9.8. Protein

Individuals following vegetarian diets generally consume more than adequate pro-
tein, particularly in western countries, although intakes are typically lower than those of
omnivores [120]. Furthermore, as long as a variety of protein-rich foods are consumed,
vegetarian diets are able to provide all of the indispensable amino acids [120,326]. While
there is no need for different protein foods to be combined in one meal, a variety of plant
foods should be included each day [326]. Most plant foods contain some protein, with the
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best sources being legumes, soy foods (including fortified soy milk, tofu, and tempeh),
nuts, and seeds. Grains and vegetables also contain protein but in smaller amounts.

While the lower protein intake and quality of protein in a vegetarian diet is often
cited as a concern, there is increasing evidence for the health benefits of consuming protein
from plant sources rather than animal sources, and this may be one of the reasons why
vegetarians have a lower risk of obesity and chronic diseases [327].

Those consuming omnivorous diets in western countries tend to get 1.5 to 2 times the
recommended protein intake, and such high protein intakes can have a variety of deleterious
effects, such as increased calcium excretion and reduced insulin sensitivity [328,329].

10. Guidelines for Health Professionals

Significant health benefits are associated with vegetarian, including vegan, diets. Plant-
based diets, even if not completely vegetarian, also offer significant health benefits. Health
professionals should discuss the benefits of vegetarian and near-vegetarian diets with their
clients and provide supportive, reliable, evidence-based information and resources. If the
practitioner is unfamiliar with vegetarian nutrition, clients should be referred to other
health professionals with expertise in this area, such as registered dietitians.

Health professionals are ethically obligated to respect vegetarian dietary patterns
and to provide information so that clients are aware of their nutritional needs, sources of
nutrients, and any dietary modifications needed to meet their individual situation. The
client’s food preferences should be determined and respected. This may include religious
or cultural factors that influence one’s food choices.

Health professionals who work with vegetarians and those interested in vegetarian
diets should be familiar with current research on vegetarian nutrition as well as with
vegetarian foods and food preparation. There are a number of excellent books and other
resources available for health professionals to acquaint themselves with evidence-based
data [195,222,330,331]. Individualized counseling materials should be developed that
feature vegetarian foods.

Some traditional cultures have plant-based traditions. When working with clients
from these cultures, professionals should focus on the retention of healthy traditional
practices, with modification of other practices to promote more healthful diets instead of
promoting the eating patterns of the dominant culture [332].

It is incumbent on any health professional providing counsel regarding dietary choices
to remember it is not what a diet is called, but what foods an individual consumes on a
regular basis that determines the adequacy of a diet.

11. Conclusions

Plant-based diets continue to grow in popularity. Currently, there is a vibrant interest
in the sustainability of diets and a growing awareness of the need to focus on both human
health and the health of the planet in formulating dietary guidelines. Plant-based diets
are more sustainable than diets based on animal products, since they use fewer natural
resources and produce fewer GHG emissions. Vegetarian and vegan diets provide protec-
tion against a number of common chronic diseases, such as CVD, obesity, T2D, and certain
types of cancer. The consumption of a plant-based diet rich in fiber and phytochemicals
not only provides disease-preventing benefits but also has a substantial impact on the
composition and function of the gut microbiome, which in turn influences overall health.

Both a vegetarian and vegan diet are appropriate for all stages of the life cycle, includ-
ing pregnancy and lactation, all stages of childhood, the elderly, and for athletes. When
appropriately planned, a plant-based diet (consisting substantially of minimally processed
foods) can be nutritionally adequate. Vegetarians and especially vegans should consume
a well-balanced diet and regularly use fortified foods and/or supplements. Special at-
tention should be paid to calcium, iron, vitamin D, and vitamin B12. A deficiency may
be exacerbated when supplements are not utilized and when food choices are limited
or self-restricting.
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Health professionals who work with vegetarians and those interested in vegetarian
diets should be familiar with current research on vegetarian nutrition and be able to provide
information so that clients are aware of their nutritional needs, sources of nutrients, and any
dietary modifications needed to meet their individual situation. The health professional
should be sensitive to the client’s food preferences and respect any religious or cultural
factors that influence their food choices.
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Abstract: Low-carbon diets can counteract climate change and promote health if they are nutritionally
adequate, affordable and culturally acceptable. This study aimed at developing sustainable diets
and to compare these with the EAT-Lancet diet. The Swedish national dietary survey Riksmaten
Adolescents 2016–2017 was used as the baseline. Diets were optimized using linear programming
for four dietary patterns: omnivores, pescatarians, vegetarians and vegans. The deviation from
the baseline Riksmaten diet was minimized for all optimized diets while fulfilling nutrient and
climate footprint constraints. Constraining the diet-related carbon dioxide equivalents of omnivores
to 1.57 kg/day resulted in a diet associated with a reduction of meat, dairy products, and processed
foods and an increase in potatoes, pulses, eggs and seafood. Climate-friendly, nutritionally adequate
diets for pescatarians, vegetarians and vegans contained fewer foods and included considerable
amounts of fortified dairy and meat substitutes. The optimized diets did not align very well with
the food-group pattern of the EAT-Lancet diet. These findings suggest how to design future diets
that are climate-friendly, nutritionally adequate, affordable, and culturally acceptable for Swedish
adolescents with different dietary patterns. The discrepancies with the EAT diet indicate that the
cultural dietary context is likely to play an important role in characterizing sustainable diets for
specific populations.

Keywords: planetary health; Paris agreement; linear programming; nutrition; greenhouse gas
emission; alternative diets; sustainability

1. Introduction

All regions around the world are facing severe consequences of global warming [1],
resulting in adverse effects on human health and the economy [2]. So far, more than 95%
of parties to the United Nations Framework Convention on Climate Change (UNFCCC)
have ratified the Paris Agreement, which commits governments to pursue actions to keep
the increase in global average temperatures below 1.5 ◦C above pre-industrial levels and
thus prevent dramatic climate change [3]. To reach this goal, environmental, social, and
economic aspects of sustainability have to be considered. In the aftermath of the ratification
of the Paris Agreement in October 2016 [4], Sweden adopted a climate policy framework [4]
with the long-term goal of becoming a net-zero carbon economy by 2045 [4].

Food production contributes globally to about 25–30% of all anthropogenic green-
house gas emissions (GHGE), through altered land use, storage, transport, packaging,
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processing, retail, and preparation for consumption [1]. Hence, successful transition into
a society that produces less GHGE requires changes at all levels of the food chain. In a
market economy, consumer demand is one of the most relevant ways to achieve these
changes [5]. Such changes would require a shift towards more plant-based diets, which
are generally less GHGE intensive [6–10]. As in other countries [11,12], the motivation
to switch to environmentally friendly diets is more pronounced in younger than in older
people in Sweden. According to the Swedish Youth Barometer, about a third of all young
people are currently consuming more plant-based diets for environmental reasons [13].
However, guidance is needed that can guarantee nutritional adequacy when initiating
major dietary changes.

Promoting diets that omit entire food groups such as vegan diets can lead to nutritional
deficiencies such as inadequate intakes of calcium, vitamin B12, vitamin D and iron [14],
as well as a too-high intake of sugar [14,15]. The choice of foods to replace meat has also
been shown to be questionable from a climate perspective as, on a per calorie basis, the
substitution of meat products with increased fruit and vegetables can result in higher or
similar environmental impacts [6–8]. Thus, consumers who want to change their diet
to be more climate friendly, yet nutritionally adequate, face a challenge when having to
combine foods to meet all these demands. Average dietary intakes of Swedish adolescents
are far from meeting the dietary guidelines that aim at preventing chronic disease [16,17].
Therefore, any suggestions on future sustainable diets for adolescents need to consider
health-promoting aspects at the same time [18].

A frequently suggested approach to reduce the environmental impact from food is
to avoid specific food categories such as meat (pescatarian diet), meat and fish (vegetar-
ian diet), or any animal product (vegan diet), as these diets are associated with lower
GHGE [19]. However, deficiencies in in the supply of some nutrients may affect the
nutritional status of vegetarians and vegans negatively [20,21]. In 2019, the EAT-Lancet
Commission suggested a healthy reference diet, based on studies of dietary patterns and
health outcomes, that also had been evaluated against different environmental aspects [5].
The authors of the report called on all countries to make national adaptations to this generic
diet. However, this diet neither has been fully controlled for nutritional adequacy, nor for
specific cultural acceptability or affordability.

A comprehensive way to fulfil a broad range of criteria simultaneously is by optimiza-
tion analysis through linear programming (LP) [22]. Using this methodology, diets that are
nutritionally adequate, while at the same being reduced in GHGE and limited in cost, can
be developed [22,23]. Additionally, this methodology has been shown to be successful for
meeting cultural acceptability by minimizing the deviation from reported dietary patterns
of the population [22,24–26].

The aim of the present study was to apply LP in designing nutritionally adequate
and culturally acceptable diets with significantly reduced GHGE based on the current diet
of adolescents in Sweden. We optimized the diet for four patterns, which varied based
on their inclusion of animal foods (omnivores, pescatarians, vegetarians and vegan). The
optimized diets were set to meet the maximum tolerable diet-related GHGE limit defined to
keep the increase in global average temperatures below 1.5 ◦C above pre-industrial levels,
as calculated by the World Wildlife Fund based on targets of the Intergovernmental Panel
on Climate Change (IPCC) [27]. We also compared the optimized diets to the proposed
EAT-Lancet diet [5].

2. Materials and Methods

2.1. Design and Dietary Data

This was a modeling study using linear programming to design nutritionally adequate
and climate-friendly diets for omnivorous, pescatarian, vegetarian and vegan adolescents
in Sweden. Dietary data were derived from the national dietary survey Riksmaten Ado-
lescents 2016–2017, which is a school-based cross-sectional dietary survey of 3099 pupils
from 130 schools including grades 5, 8 and 11 [28]. Consumed foods and their amounts
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were recorded using a validated, web-based 24-h recall method (RiksmatenFlex) on two
non-consecutive days with the option to choose from 778 foods, of which 725 foods were
recorded at least once [29]. The sample consisted of 55% girls and the participants were
evenly distributed between the three grades: 34% pupils were between 10 and 11 years
old in grade 5, 34% pupils were between 14 and 15 years in grade 8, and 32% pupils
were between 17 and 18 years in grade 11. A more detailed description of the survey,
methodology, data acquisition and evaluation can be found elsewhere [28].

2.2. Intake of Energy and Nutrients

Energy and nutrient intakes of the edible parts of foods as eaten (e.g., cooked rice)
were automatically calculated through linkage with the Swedish Food Agency’s Food
composition database version “Riksmaten Adolescents 2016–2017”. Added sugars are
defined as all refined sugars added to foods during cooking and manufacturing, not
including honey and unsweetened fruit juices (NNR 2012, EFSA) [30].

For optimization purposes, the reported intake of each food item (g/day) was stan-
dardized to 2410 kcal, i.e., the estimated energy requirement for a reference pupil/child as
indicated in the Nordic Nutrition Recommendations 2012 [31]. The energy requirement
was weighted according to the different age and sex groups in the study sample (see
Table S1 and Section 2.7 for more details). The energy-proportional shares of each food
for the reference pupil were calculated for modeling purposes and represented the pupils’
baseline food consumption. The reference energy intake 2410 kcal was also used as the
pre-set daily energy constraint of all optimized diets.

2.3. Cost of Foods

The price of each food was searched for through the webpage “Matpriskollen” [32],
which compares the prices of foods among twelve of Sweden’s largest food retailers. Based
on the different available prices for a food item (including low budget, conventional and
organic varieties), an average price was calculated for each food item.

2.4. Greenhouse Gas Emissions (GHGE) of Foods

The carbon dioxide equivalents (CO2eq) of foods were obtained from the Climate
Database from Research Institutes of Sweden (RISE) [33], which is linked to the Swedish
Food Agency’s Food composition database. It contains 2129 foods and reflects typical
Swedish food supply/purchasing patterns. The Climate database builds on life cycle
analyses [34,35], covering the GHGE of food production from resource extraction (cradle)
to the factory gate. It contains values for carbon dioxide (CO2), methane (CH4), and nitrous
oxide (N2O) that have been weighted in line with their respective global-warming potential
over a 100-year period using factors recommended by the IPCC [36]. The combined
emissions from the greenhouse gases from each food item yields a single value measured
as kg of CO2eq per kg of food. We used the CO2eq-values which corresponded to the
environmental impact of a food in its edible (e.g., boiled pasta) form.

2.5. Grouping of Foods

For analytical and descriptive purposes, foods were grouped into 22 food categories,
based on the categorizations used in the RISE Climate Database (Bread; Cereals, other
(including, e.g., pasta and rice); Nuts and seeds; Fruits and berries (including smoothies);
Potatoes; Vegetables (e.g., tomatoes, cucumber, lettuce, bell pepper, carrots and a few
vegetable-based dishes); Pulses (beans, lentils, peas and chickpeas); Meat substitutes; Dairy
substitutes; Dairy, other (e.g., milk); Dairy, solid (including cheese, curd and yoghurt); Eggs;
Pasta and rice dishes with meat/fish (e.g., composite dishes like pasta Bolognese); Poultry;
Red/processed meat (e.g., beef, pork, including offal and meat-based dishes); Seafood
(including fish, mussels and crabs); Oils; Fats, solid (e.g., butter, margarine); Drinks w/o
milk; Sugar and sweets (including chocolate); Seasonings and sauces, and; Other (e.g.,
seeds, salt, sugar, jams).
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The baseline and optimized diets were also re-grouped in order to be comparable to the
EAT-Lancet Commission’s food categorization used in the published report (Figure 1) [5].
This report applied the following categories: Whole grains (rice, wheat, corn and other);
Tubers or starchy vegetables (e.g., potatoes); Vegetables; Fruits; Dairy foods (whole milk or
equivalents, including butter); Beef, lamb and pork; Chicken and other poultry; Eggs; Fish;
Legumes; Nuts; Added fats (unsaturated oils and saturated oils); and Added sugars.

2.6. Linear Optimization

Linear programming (LP) has successfully been applied to optimize goal determinants
of diets while considering complex patterns of different constraints [22,37]. Briefly, LP
is the application of an algorithm for maximizing or minimizing a given linear objective
function (the variable to be optimized) subjected to a set of linear constraints (conditions to
be met) on a list of decision variables (amount of each food item) [38]. A solution is found
when all conditions can be met. If conditions are too strictly chosen, no solution is possible.
Constraints that set the limit for the objective function’s ability of being minimized or
maximized (e.g., those being met by exactly 100% with regards to its applied limit) are
called “active constraints” [39]. Linear optimization was performed with the CBC (COIN-
OR Branch and Cut) Solver algorithm, which is part of the Excel® 2016 software add-in
OpenSolver, V. 2.9.0 [40].

2.7. Nutritional Adequacy of Optimized Diets

Dietary reference values (DRVs) based on the Nordic Nutrition Recommendations
2012 [31], covering the nutritional needs of 97.5% of the population, were used as obligatory
constraints for all solutions provided (Table S1). These constraints comprised the daily
estimated energy requirements (EER), the recommended intake ranges for macronutrients,
and the recommended intakes (RIs) for micronutrients [31]. The upper level for the salt
intake was set to 6 g/day and the minimum value of fiber intake to 26 g/day [31]. In cases
where the DRVs differed depending on age and/or sex, the nutritional constraints were
weighted according to the DRVs and population size of the different age and sex groups in
the study sample. All optimized diets met the DRVs for a reference pupil. Active nutrient
constraints were identified for each solution (Table S2). As the bioavailability of iron is
generally lower in vegetarian diets, an iron constraint of 1.8 times the RI provided by the
Nordic Nutrition Guidelines was set for the “Veg“, the “Veg+” and the “Plant” models [41].

2.8. Total GHGE of the Baseline and Optimized Diet

The overall GHGE of the baseline food intake and the optimized diets was calculated
as the sum of the products of the corresponding food weights and their specific CO2eq
values as recorded in the Climate Database [33]. Based on the latest IPCC report [42], the
World Wildlife Fund (WWF) has estimated that the GHGE from an individual’s diet should
amount to a maximum of 11 kg CO2eq/week in order to keep global temperature increase
below a 1.5 degrees, compared to preindustrial levels [27]. Hence, the GHGE upper limit
for the daily diet was set to 1571 g CO2eq in all optimizations (see Section 2.11).

2.9. Total Cost of Baseline and Optimized Diet

From the total edible weight of each food item in the diets, the raw weight was
calculated and multiplied by the specific cost to obtain the total cost of the baseline and the
optimized diets, respectively.
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2.10. Deviation from Baseline Diet

As the objective function of the LP model, we chose the minimization of the total
relative deviation (TRD) from the baseline diet [26,43]. The minimized TRD from baseline
was used as a proxy for cultural acceptability of the optimized diet solutions. The TRD
is the (total) sum of the absolute (non-negative) values of the relative deviations (RDs) of
the weight of a food in the optimized food supply from the reported intake of this food
(Equation (1)).

RDi =
Mi − mi

mi
(1)

In Equation (1), i indicates the running index of the food, M its mass in the optimized
diet, and m the reported intake of that food. The TRD from all N food items in the model
was calculated as the total sum of the absolute values of RDs:

TRD = ∑N
i=1abs(RDi) (2)

Since TRD is not a linear function and thus cannot be part of the linear equation
system which LP builds upon, the non-negative values of RDi: RD1→RDN, with N being
the number of foods included into the optimization, were created as described and applied
previously [26,43]. In brief, the constraints applied to achieve the optimized absolute
RD values were set so that the optimized values were greater or equal to both the actual
negative and the positive RD value, which resulted in the optimized RD value being equal
to the positive RD value, irrespective of whether the deviation was negative (reduced in
comparison to the reported intake) or positive (increased). The decision variables were
submitted to the following constraints (Formula (3)):

abs(RDi) ≥ (mi − Mi)/mi and abs(RDi) ≥ −(mi − Mi)/mi (3)

Thus, for each standardized difference, its absolute (positive) value was selected
because RDi, by definition, has to be greater than or equal to both the relative difference
and its negative value.

To be able to control for unacceptably high amounts of individual food items in the
optimized FBs, a maximum relative deviation of single foods from baseline was introduced,
which had to be adapted during the optimization of each diet to reach a feasible solution
(see also Section 2.11).

The average relative deviation (ARD) from the baseline food consumption was used
as a proxy of similarity between the baseline and the optimized food consumption and was
calculated by dividing the TRD by the total number of food items included in the model
(N), as given in Formula (4):

ARD = TRD/N (4)

2.11. Models

The baseline food consumption was optimized following a strategy described previ-
ously [26]. For each of the dietary patterns, besides the vegan diet, the optimization was
run without (Omni, Pesc, Veg, and Plant) and with (Omni+, Pesc+ and Veg+) the CO2eq
constraint of 1.571 g per day [27]. Because the total CO2eq of the vegan diet (when modeled
without a CO2eq constraint) was already below the WWF threshold, only a “Plant” diet was
modeled. Hence, since the CO2eq constraint was not active in the vegan diet, a “Plant+”
diet would have been identical to the “Plant” diet”. Hence, seven different LP models
were applied (Table 1), which all had the minimization of the total relative deviation (TRD)
from the baseline food consumption as the objective function. DRVs were implemented as
obligatory constraints in all models (Table S1).
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Table 1. Names and characteristics of all applied models.

Model Number
and Acronym

Objective Function
(Minimum)

Foods Available Nutritional Constraints CO2eq Constraint

Acceptability
Constraint

Max RD b for
Food Items

1. Omni

TRD a from baseline
diet

All food items

Meet all DRVs c

Not applied +200%

2. Omni+ Max. 1571 g CO2eq +200%

3. Pesc
No meat or poultry products

Not applied +200%

4. Pesc+ Max. 1571 g CO2eq +200%

5. Veg No red/processed meat,
poultry meat, or
seafood products

Meet all DRVs, minimum
iron intake constraint

1.8 × the DRV of omnivores

Not applied +600%

6. Veg+ Max. 1571 g CO2eq +600%

7. Plant No animal products Not applied d +5000%

a Total relative deviation. b Relative deviation from baseline food consumption. c Estimated energy requirements (EERs), recommended
intake ranges for macronutrients, recommended intakes (RIs) for micronutrients [31]. d A CO2eq constraint was not needed since the
“Plant” model (without a CO2eq constraint) resulted in a total CO2eq below 1571 g CO2eq.

Model 1 (“Omni”) was run with nutritional constraints only, without constraining
the GHGE (Table 1). In Model 2 (“Omni+”), the indicated CO2eq constraint was imposed.
Consequently, Model 3 (“Pesc”, not CO2eq-constrained) and Model 4 (“Pesc+”, with CO2eq
constraint), representing a pescatarian diet, were set up as per Models 1 and 2, but without
red/processed meat and poultry meat products (=constrained to zero). Omitting specific
food categories such as meat for the pescatarians increased other food groups to achieve
isocaloric diets. This in turn required to increase the tolerated maximum relative deviations
of single foods from baseline (right column in Table 1). In Models 5 and 6, representing an
ovo-vegetarian diet (“Veg”, not CO2eq-constrained and “Veg+”, with CO2eq constraint,
respectively) red/processed meat, poultry meat and seafood products were excluded. In
the seventh model, representing a vegan diet (“Plant”), all animal products were made
unavailable to the model. To avoid extreme deviations of single foods, the absolute RDs
of individual food items were limited as much as possible until no feasible solution could
be provided by the linear programming algorithm. This corresponded to +200% for
Models 1–4, 600% for the vegetarian models 5 and 6, and 5000% for Model 7.

3. Results

The baseline GHGE based on the average food intake of an adolescent was 4.48 kg
CO2eq/day (Table 2). This diet was lower than recommended in dietary fiber (90% coverage
of DRV), polyunsaturated fatty acids (89% of DRV), vitamin D (83% of DRV), iron (89% of
DRV), contained too much saturated fatty acids (135% of upper DRV) and sodium (157%
of upper DRV) (Table S2).

Table 2. Cost, average relative deviation (ARD), min/max relative deviation (RD) values, CO2eq values, and the number of
foods removed, reduced or increased in the optimized diets for omnivores, pescatarians, vegetarians, and vegans compared
with the baseline consumption of Swedish adolescents.

Diet a
CO2eq

Constraint
(g/Day)

Max RD
Set
(%)

CO2eq
(g/Day)

ARD
(%)

Cost
(SEK b)

FB
Weight

of Foods
Available c

of Foods
Unavailable

c

of Foods
Removed
by Opti-
mization

of Foods
Removed
in Total

of Foods
with

Reduced
Amount

of Foods
with

Increased
Amount

Baseline none - 4481 0.0 77.24 2130 725 0 0 0 0 0
Omni none 200 2729 12.8 60.71 2018 725 0 47 47 319 359
Omni+ 1571 200 1571 21.1 61.73 1843 725 0 81 81 300 344

Pesc none 200 1861 29.4 53.14 2144 596 129 13 142 265 314
Pesc+ 1571 200 1571 31.4 51.43 1925 596 129 17 146 272 306
Veg none 600 1682 72.0 61.07 1916 550 175 74 249 214 262

Veg+ 1571 600 1571 73.0 59.14 1793 550 175 77 252 209 264
Plant none 5000 1227 118 57.28 2034 334 391 21 412 145 168

a All optimized diets meet the dietary recommended values (DRVs). b Swedish Krona (1 SEK = approximately 0.10 Euro). c Availability
based on type of diet (e.g., all red meat was made unavailable in the “Pesc” and “Pesc+” models).
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In the four optimized diets, GHGE was reduced by 39–73% (Table 2). The lowest
reduction in GHGE was achieved for omnivores (“Omni”, −39%) and the greatest reduction
was observed in the vegan model (“Plant”, −73%) (Table 2). The ARD of the models
ranged from 12.8% in the nutritionally adequate diet for omnivores (“Omni”) to 118%
for the plant-based diet (“Plant”). Compared to baseline, the diet cost was reduced by
approximately 20–30% in all optimized diets, with the pescatarian diet being the most
affordable (approximately EUR 5/person/day) (Table 2).

Based on the exclusion of food groups when moving from an omnivorous to a plant-
based diet, fewer foods were part of the modeled diets. For example, the “Omni+” model
included the majority of the original foods (644 out of 725 foods), while the “Plant” diet
contained only 313 foods (Table 2).

All optimized diets constrained to meet both nutritional and climate targets had a
lower share of animal-based foods (Table 3, Figure 1). The “Omni+” diet contained 91%
less Red/processed meat, 73% less Poultry, 65% less Pasta and rice dishes with meat/fish,
and about half of the Solid dairy (mainly cheese) compared to the baseline diet (Table 3).
However, considerable increases in other animal foods such as Eggs (+158%) and Seafood
(+55%) were observed in the optimized “Omni+” diet (Table 3). In the pescatarian, vege-
tarian and vegan models, the categories Red/processed meat and Poultry were removed
entirely (Figure 1). The “Pesc+” diet compensated for the absence of Red/processed meat
and Poultry by increasing the share of Seafood (+72%) and Eggs (+158%).

Table 3. Baseline intakes of food groups among Swedish adolescents and relative changes in food groups after optimization
of different dietary models.

Model Name
Baseline Diet

(g/Day)
Omni

(% Change)
Omni+

(% Change)
Pesc

(% Change)
Pesc+

(% Change)
Veg

(% Change)
Veg+

(% Change)
Plant

(% Change)

Model 1 2 3 4 5 6 7

CO2eq limit (1571 g) applied no yes no yes no yes no
Bread 85.7 89.1 102 94.5 156 160 160 −59.3
Cereals. other 218 −30.4 −26.5 7.0 −15.0 15.7 20.2 41.2
Nuts and seeds 4.2 16.7 3.0 16.7 24.3 55.0 55.0 −24.4
Fruits and berries 121 9.3 0.0 −21.2 −6.7 −44.8 −56.3 −55.1
Potatoes 121 19.1 97.4 7.1 33.6 −14.5 −36.7 309
Vegetables 104 −2.6 −13.0 −6.9 −6.3 188 121 −3.3
Pulses 21.7 37.4 82.4 82.3 82.3 348 348 1125
Meat substitutes 5.7 0.0 0.0 121 40.4 440 439 1165
Dairy substitutes 9.2 0.0 0.0 0.0 0.0 0.0 0.0 4867
Dairy, other 490 −6.1 −19.8 51.3 2.3 12.1 1.6 −100
Dairy, solid 25.7 −52.0 −54.8 −52.0 −52.0 −80.0 −88.8 −100
Eggs 13.0 132 158 139 158 533 533 −100
Pasta and rice dishes with
meat/fish 111 −73.5 −65.9 −99.0 −99.0 −100 −100 −100
Poultry 44.2 −10.3 −73.1 −100 −100 −100 −100 −100
Red/processed meat 161 −63.5 −90.8 −100 −100 −100 −100 −100
Seafood 44.8 32.2 55.0 62.5 71.9 −100 −100 −100
Oils 0.1 0.0 0.0 0.0 0.0 0.0 0.0 −21.6
Fats. solid 10.7 45.2 51.4 15.4 73.3 82.3 83.4 215
Drinks w/o milk 425 10.9 −27.0 −13.4 −18.7 −73.0 −69.8 −58.1
Sugar and sweets 35.7 49.1 34.9 49.2 24.1 −20.2 15.2 −53.6
Seasonings and sauces 79.1 −40.0 −30.8 −19.2 −33.1 −66.2 −60.3 −80.6
Other 0.2 0.0 0.0 0.0 174 521 521 −100

The optimized diets also differed with respect to the amount and type of plant-based
foods (Figure 1, Table 3). Pulses increased in all models, with the greatest changes seen in
the “Plant” diet, where it increased more than ten-fold compared to baseline (Table 3). In
contrast, the amount of Vegetables only increased in the vegetarian (“Veg” and “Veg+”)
diet (Figure 1, Table 3). The amount of Potatoes increased in all optimized diets with the
exception of the “Veg” and “Veg+” diets, the “Plant” diet showing the largest increase
(+309%) (Table 3). Fruits remained almost unchanged (+9% in the “Omni” diet) or was
reduced by up to 56% in the rest of the optimized diets (Figure 1, Table 3). Cereals such
as pasta and oats increased in the models containing little or no animal products (“Veg”,
“Veg+”, and “Plant”), and decreased in the optimized diets for omnivore and pescatarians
(Table 3). Bread increased in all models with the exception of the “Plant” model.
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The more the baseline dietary pattern was restricted, the more meat substitutes were
included in the modeled diet (Table 3). For example, the “Omni+” solution contained the
same amount of meat substitutes as the baseline diet, while the optimized “Plant” diet
experienced a more than ten-fold increase in these foods compared to baseline. Overall, the
LP algorithm was able to meet both nutritional and climate objectives without increasing
the amount of Dairy substitutes with the exception of the “Plant” diet, where their amount
increased by more than 50-fold, from roughly 9 g/day (baseline) to about 460 g/day
(Table 3).

The active nutritional constraints of all models are shown in Table S2. Iron, selenium,
and vitamin D were active lower-threshold constraints, while sodium was an upper-
threshold active constraint in all models. Calcium was an active lower-threshold constraint
in the models “Omni”, “Omni+” and “Pesc+”, but not in the “Pesc”, the “Veg” and
the “Plant” models, which contained relatively high amounts of calcium-fortified dairy
substitutes. Added sugars actively constrained the “Omni+” diet only. Achieving a
minimum amount of polyunsaturated fatty acids was also an active constraint in the diets
“Veg+”, “Pesc+”, and “Plant”. Vitamin A acted as an active constraint in all models except
in the “Veg” diet.

When comparing the omnivorous EAT-Lancet diet [5] to our optimized models, pro-
nounced differences were observed (Figure 1). Overall, the EAT-Lancet diet’s amounts
were higher in Whole grain foods, Vegetables, Fruits, Legumes, Nuts, and Added fats, but
lower in Potatoes, Dairy foods, Eggs, Fish and Added sugars than that provided by the
optimized diets. The “Omni+” diet matched the EAT-Lancet diet with respect to red (beef,
lamb, pork) meat. Naturally, the “Pesc+”, “Veg+” and” “Plant” diets did not match the
suggested amounts of red or poultry meat in the EAT-Lancet diet. Similarly, the “Veg+”
and “Plant” diets were below the maximum limit on Fish. The “Veg+” diet aligned to the
EAT-Lancet diet in terms of “Whole grains”, whereas the “Plant” diet was the only diet
mirroring the target for “Added sugars”. The average relative deviation for all food groups
between the EAT diet and the optimized diets (i.e., the sum of absolute relative deviations
divided by the number of food groups compared) was 134, 136, 127, and 181 percent for
the “Omni+”, “Pesc+”, “Veg+” and “Plant” diets, respectively (Figure 1).

4. Discussion

In this study, we demonstrated that nutritionally adequate diets, which align with the
maximum tolerable diet-related GHGE limit defined to keep the increase in global average
temperatures below 1.5 ◦C above pre-industrial levels, can be achieved for four different
dietary patterns. Simply modifying the current diet of Swedish adolescents to meet DRV
values resulted in a 39% decrease in GHGE, which was mainly achieved by a pronounced
reduction in solid dairy foods (cheese and curd) and meat. Relative to the baseline diet, the
GHGE in the nutritionally adequate pescatarian model (“Pesc”) was reduced by 59%, by
62% in the vegetarian model (“Veg”) and by 73% in the vegan (“Plant”) model. The amount
of CO2eq in the baseline diet of the adolescents was 4.5 kg/day, a value that is comparable
to the ~5 kg CO2eq/day previously reported for adults [15]. This means that in order to
reach the threshold of 1.57 kg CO2eq/day proposed by the WWF [27], the GHGE had to be
reduced by 65% [26,43]. Only the optimized, nutritionally adequate vegan diet (“Plant”)
dropped below the IPCC/WWF threshold without further active restriction of the model’s
GHGE. The exclusion of food groups in the pescatarian, vegetarian and vegan diets along
with constraining the GHGE increased the deviation from the baseline diet, especially for
the optimized vegetarian and vegan models as compared to the omnivoric or pescatarian
solutions. The optimized diets, despite being nutritionally adequate and reaching the
recommended GHGE level, did not align very well with the food-group pattern of the
EAT-Lancet diet [5].

Constraining the reported food intake to meet the DRVs alone resulted in a marked
reduction of GHGE, which is in line with previous findings [26,44]. However, the 39%
reduction in GHGE achieved in the “Omni” diet is surprisingly high compared to previous
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studies in UK adults where the reduction was 17% [44]. This can be explained mainly by
the DRV-enforced reduction of saturated fatty acids and sodium as well as the increased
inclusion of foods that are rich in fiber and polyunsaturated fatty acids. These changes
increase the share of plant-based foods with a low climate impact at the expense of animal-
based foods, the consumption of which is comparably high in this sub-population [16].

The climate-friendly and nutritionally adequate food profile for omnivores (“Omni+”),
which mimics the dietary habits of Swedish adolescents the best, showed a more pro-
nounced trend towards reduction of meat, poultry, and solid dairy than the non-GHGE-
constrained alternative (“Omni”). This reduction was compensated by an increase in
the amounts of less GHGE-intense animal products such as eggs, but a major part of
the substitution was based on an increased inclusion of pulses, potatoes, and bread.
Table 4 summarizes the optimized solution of the “Omni+” diet. Others have also cal-
culated climate-friendly diets for the general population [5,45], but without ensuring
nutritional adequacy.

Table 4. Quantities of food groups for an omnivorous diet with 2410 kcal, generating a maximum of 1571 g of CO2eq/day,
based on the “Omni+” model.

• About 180 g of (whole grain) bread and approximately 160 g of other cereals (rice, pasta, etc.) per day

• At least 40 g of pulses per day
• At least 230 g of potatoes per day

• Around 220 g of fruits and vegetables per day

• About one egg per day

• One portion of fish and other seafood (~150 g) every second day, every third portion being oily fish

• Around one portion (~190 g) of meat, meat dishes and poultry per week (preferably pork, poultry, and offal such as liver and
blood products rather than beef)

• Not more than 400 g of dairy products and about one slice of cheese (15 g) per day

• A handful of nuts and seeds per week (~30 g)

In the pescatarian model (“Pesc+”), the optimized solution is very similar to that of the
omnivore diet (“Omni+”), except that meat and meat products are replaced by moderately
increased amounts of fish, meat substitutes, and dairy products (Table S3). Both the
omnivorous and the pescatarian diets include increased amounts of fish compared to the
baseline diet. Presently, a large part of the fish consumed originates from marine capture
fisheries [46], which explains the low CO2eq-value of this micronutrient- and protein-
rich commodity. However, 96 of the world’s fish stocks are either moderately or fully
exploited, or over-fished [47]. Farmed fish such as salmon has GHGE values comparable
to or even higher than that of poultry, pork and dairy and can in addition be a source of
eutrophication [48]. If a high proportion of the population follows the recommendation to
increase the intake of farmed or captured fish, the biodiversity of certain fish types should
be considered in addition to their production-related climate impacts.

The climate-friendly solution for vegetarians includes considerably increased amounts
of dairy and meat substitutes (which are mostly mycoprotein-, pea- or soy-based products),
pulses, bread, potatoes, and some vegetables to compensate for excluding meat and fish
(Table S4). Vegetarian diets have been recommended as a principal approach to reduce the
climate impact of the diet, though again, these are not based on calculations that ensure
full nutritional adequacy [49–51] and may increase the risk of micronutrient deficiencies.
For example, one third of Swedish female adolescents have low iron stores [17]. Excluding
meat and fish from the diet may result in lower iron intakes as well as in a diet with a
lower iron bioavailability. Haem iron, found in meat, is more readily absorbed than non-
haem varieties. Furthermore, meat and fish enhances absorption of iron from plant-based
foods [31]. Absence of haem iron in the diet may affect iron status negatively in vulnerable
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populations and highlights the need for reliable guidance on what to replace meat with
and how to combine foods to increase bioavailability [52]. Therefore, in the optimized
diets building on the Veg, Veg+, and Plant models, a higher minimum threshold of iron
was set as recommended by the US Institute of Medicine [41]. The high bioavailability of
ferritin-bound iron in legumes may also help to overcome this shortcoming [53].

Excluding all animal products in the ”Plant” model resulted in a considerable inclusion
of (mostly fortified) meat and dairy substitutes along with an increased intake of pulses,
potatoes and non-dairy fats (Table S5). Although plant-based foods are considered to
have a low bioavailability of iron, calcium, vitamin D and B12 and although the minimum
threshold was raised for iron, all applied DRV values were covered by the optimized
solution for vegans. Besides iron, a sufficient supply of calcium and vitamin B12 was also
guaranteed even for the vegetarians and vegans. This was primarily achieved due to the
high fortification of dairy replacements with these micronutrients. These results mirror
a recent optimization study on Dutch eating habits, where the optimized diet for vegans
met DRVs for vitamin B12 and calcium only through the inclusion of sufficiently high
amounts of fortified soy milk [54]. This raises the question as to whether fortification or,
alternatively, supplementation are acceptable ways forward to reduce diet-related GHGE.
More studies on replacement food, fortification, and health outcomes are clearly needed.
Furthermore, the production of meat and dairy replacements raises concerns about other
environmental indicators. For example, plant-based milk replacements may contribute to
water scarcity, deforestation and biodiversity loss [55], although this may vary depending
on type of product and country. Further investigations are needed to fully understand how
the “Veg+”- and “Plant” diets would impact the full range of health and environmental
indicators in the context under study.

As is evident from Figure 1, the optimized “Plant” diet contained the lowest amount
of whole grains and the highest amount of potatoes. Furthermore, the amount of vegeta-
bles (excluding legumes), fruits and nuts was comparably low. This food pattern differs
somewhat from other recommendations on plant-based diets. For example, recent recom-
mendations on plant-based diets for adolescents [56] emphasize the inclusion of whole
grains, legumes, nuts and seeds, vegetables, and fruits to the diet. These differences are
likely to result from the fact that environmental aspects have so far insufficiently been
considered in the development of food-based recommendations. Studies show that the in-
creased inclusion of fruit and vegetables in the diet, although beneficial from a health point
of view, can lead to higher environmental impacts [6–8,57], or be less effective in reducing
them [58]. Furthermore, diets optimized to meet nutritional constraints only [59,60] have
been shown to have higher climate footprints. On the other hand, self-selected, plant-based
diets with lower climate footprints have been shown to lead to the overconsumption of
refined sugars [14,15]. This stands in contrast to the optimized “Plant” model, that had
the lowest amounts of added sugars. In summary, these findings add to the challenges
in defining the sustainability of diets. It is, therefore, advisable to use a holistic approach
such as linear programming (that consider both health and environmental priorities) in the
definition of food-based recommendations for different dietary patterns.

Our findings reveal that neither the baseline nor the optimized diets of Swedish ado-
lescents align with the EAT-Lancet Commission’s dietary recommendation for a sustainable
diet [5]. This could be due to three reasons: (1) we optimized for similarity to the reported
food consumption patterns of Swedish adolescents to achieve a high cultural acceptability
instead of using the EAT-Lancet diet as the reference; (2) our models were all constrained
to ensure the fulfilment of 27 DRVs, which the EAT-Lancet diet was not; (3) the EAT-Lancet
diet considered additional dimensions of sustainability such as blue water footprint, land
use change and animal welfare, which were not considered in the study at hand. In contrast
to the EAT-Lancet diet, the models “Omni” and “Omni+” include significant amounts of
dairy, fish, and eggs. Another difference is the much higher amount of potatoes and a
markedly lower amount of legumes in the optimized diets as compared to the EAT-Lancet
diet. Potatoes, commonly consumed in the Swedish adolescent population, are a dominant
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and nutritious staple-crop in Sweden considered to be healthy [61]. Although all optimized
diets diverged from the EAT diet, the Veg+ diet was the most similar on a food group level.

Despite the discrepancies, some similarities between the EAT diet and the optimized
diets can be found. For example, the optimized vegetarian diet (“Veg+”) matched it
with respect to Whole grains and Vegetables and the optimized vegan (“Plant”) diet was
comparable in terms of Legumes and Added sugars. Furthermore, like the EAT-Lancet
diet, both Omni models suggest a comparable amount of red meat and poultry to achieve
a nutritious and climate-friendly diet. In contrast to the EAT-Lancet diet [5], our diets
optimized for similarity may be easier to achieve for adolescents in the Swedish population.

Food-based dietary guidelines (FBDGs) were not considered as constraints in the
optimizations. Today, the Nordic Nutrition Recommendations has quantifiable FBDG
regarding fruit and vegetables (500 g/day) and fish (2–3 times per week) [62]. Only the
“Plant” model met the Swedish FBDGs’ recommended intake of 500 g fruits and vegetables
(including pulses) per day. The LP algorithm in general did not favor either fruits or
vegetables which can be explained by the fact that fruits and certain types of vegetables
(such as tomatoes, cucumbers, and onions) may provide smaller amounts of nutrients per
gram of CO2eq compared to other foods such as starchy vegetables and pulses. It thus
mirrors research showing that a generous inclusion of fruit and vegetables into the diet can
result in higher dietary environmental impacts [6–8]. Another plausible explanation is that
our solutions were optimized to be as similar as possible to the baseline diet, where the
intake of fruit and vegetables was relatively low. This finding aligns well with findings
from the Netherlands, Denmark, and Estonia, where nutritionally adequate diets optimized
for acceptability did not meet national FBDG-targets for fruit and vegetables [37,54,63].

One strength of our research is that it highlights the potential of optimized diets,
such as those achieved in this study, to be translated into sustainable food-based dietary
guidelines. However, for this to happen, other scientific evidence such as the impact on
additional environmental factors (blue water usage, land use change, and biodiversity)
and other legitimate factors (food safety) must also be considered. Furthermore, additional
detailed information may be necessary to be included such as the prioritization of local vs.
imported products. Further adaptation towards individual needs may also be necessary
before formulating food-based dietary guidelines with support from linear optimization.

Future modeling studies should investigate the feasibility and need for including both
DRVs and FBDG in the models as well as aspects on food safety and other environmental
aspects such as biodiversity, pollutants, blue water use.

The GHGE values indicated include only the CO2eq to the factory gate, but not the
GHGE associated with transportation to the retailer and to the home or food preparation.
Therefore, the final CO2eq values from different foods might be slightly higher than those
calculated in this study.

As the data were recorded in 2016–2017, dietary habits might have changed moder-
ately since then. Furthermore, all optimized diets cover the estimated micronutrient intake
of 97.5% of the population. This may be unnecessarily high when using the suggested
diets to fulfill average intakes for population groups but guarantees on the other hand
the applicability of the optimized diets also for individuals. Another limitation was that
no new foods were introduced into the models. There are many new meat and dairy
substitutes emerging on the market [64,65]. Including these foods in the optimization of
diets could provide certain benefits for the environment without compromising nutritional
adequacy [66]. Future studies should further explore the health impacts and environmental
effects of also including such foods in the modeling. Since the dietary survey data was av-
eraged, data on the food intake of pescatarians, vegetarians and vegans were not available
during optimization. Therefore, the optimization may also be limited for the groups of
pescatarians, vegetarians and vegans, as the reported omnivore diet was used as reference.
In the case of optimized non-omnivoric diets, the RD represents the deviation after chang-
ing to a pescatarian, vegetarian or vegan diet. It is not representative of individuals who
already practice these diets.
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One of the strengths of this study is that it provides the first guidance for achieving
more climate-friendly diets based on the dominating omnivoric dietary pattern of ado-
lescents in Sweden. The results feed into the discussion on how future FBDGs should be
shaped. Since comprehensive fiscal measures such as taxes and subsidies to influence on
people’s food choices are currently not promoted by decision makers in Sweden, informa-
tion and nudging may be the obvious policy tool available to affect consumer behavior [67].
Therefore, it is critical that messages are simple and clear, yet still sufficiently informative
to avoid unintended substitutions and adverse outcomes [18].

5. Conclusions

The results of this study show that an affordable, nutritionally adequate diet with
a considerably reduced GHGE can be achieved for omnivorous, pescatarian, vegetarian
and vegan Swedish adolescents. Particularly for vegetarians and vegans, this means large
deviations from the current reported food pattern. However, even in the climate-friendly
diet for omnivores, a considerable reduction in the consumption of red/processed meat
(pork and beef), poultry, and solid dairy (cheese) along with an increased intake of potatoes
and fish would be needed to meet the desired climate targets. Excluding meat and fish from
the diet demands the inclusion of substitutes for meat and dairy, which are fortified with
calcium and the vitamins D and B12 to ensure nutritional adequacy. Food fortification is an
issue that needs to be discussed in future diet modifications. Our findings can contribute
to national recommendations that are simple and clear, yet still sufficiently informative
to avoid unintended and adverse outcomes for both human and planetary health. The
optimized omnivorous, nutritionally adequate diet in this study differed in several aspects
from the EAT-Lancet diet, indicating that there are several ways to define sustainable diets
but also that the cultural dietary context is likely to play an important role in characterizing
such diets for specific populations. This study provides a basis that can be used in the
development of food-based dietary guidelines on affordable, nutritionally adequate diets
that are low in GHGE. This methodology can also be applied for other age groups and
countries after the basis of the optimization has been adapted to the specific geographical
and cultural dietary context.
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Abstract: The overconsumption of meat has been charged with contributing to poor health and
environmental degradation. Replacing meat with non-meat protein sources is one strategy advocated
to reduce meat intake. This narrative review aims to identify the drivers and inhibitors underlying
replacing meat with non-meat protein sources in omnivores and flexitarians in developed countries.
A systematic search was conducted in Scopus and Web of Science until April 2021. In total, twenty-
three studies were included in this review examining personal, socio-cultural, and external factors.
Factors including female gender, information on health and the environment, and lower price may
act as drivers to replacing meat with non-meat protein sources. Factors including male gender, meat
attachment, food neophobia, and lower situational appropriateness of consuming non-meat protein
sources may act as inhibitors. Research is needed to establish the relevance of socioeconomic status,
race, ethnicity, religion, health status, food environment, and cooking skills. Future studies should
prioritize standardizing the definitions of meat and non-meat protein replacements and examining
factors across different consumer segments and types of non-meat protein sources. Thereby, the
factors determining the replacement of meat with non-meat protein sources can be better elucidated,
thus, facilitating the transition to a healthier and more sustainable diet.

Keywords: meat replacement; non-meat protein source; environmental sustainability; consumer
preference; food choice

1. Introduction

Over the years, there has been an increasing body of research advocating for a reduc-
tion in the overconsumption of meat in order to mitigate negative health consequences and
environmental burdens [1,2]. Despite being a valuable source of nutrients including protein,
vitamin B-12, iron, and zinc [3], red and processed meat, in particular, have been shown to
be associated with an increased risk of cardiovascular disease, stroke, cancer, as well as total
mortality [3–5]. Plant-based diets have positive health benefits including a reduced risk of
type II diabetes mellitus and cardiovascular disease [6–8]. Going further, meat production
has been charged with contributing to environmental degradation including increased
greenhouse gas emissions, loss of biodiversity, and disturbances in nitrogen-phosphorus
soil balance [9–11]. By 2050, the world’s population is expected to increase from 8 to
10 billion people [12]. Combined with continued global warming, such population growth
will necessitate a further increase in food production, thereby, exacerbating the burden of
non-communicable diseases and devastation of the environment [1]. As such, decreasing
meat consumption in overconsuming developed countries remains key to abating such
disastrous consequences in the coming years.

Overall, strategies to decrease meat consumption exist on a continuum from reduc-
tion to elimination [13]. Reduction strategies include decreasing the amount of meat
consumed and often increasing the proportion of other non-meat foods at mealtimes (e.g.,
vegetables) [13,14]. Replacement strategies include either partially substituting meat with
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non-meat protein sources in traditional meat-based recipes (e.g., replacing a portion of beef
with mushrooms in hamburgers) or fully substituting meat with non-meat protein sources
(e.g., replacing pork with black beans in tacos) [13,14]. Decreasing the portion size of meat
may be more feasible for many consumers as it does not require any alteration of the meal
recipe and context or procurement of new cooking skills. In contrast, substituting meat
with a non-meat protein source may be more or less feasible depending upon the degree
of substitution, type of non-meat protein source, and necessary cooking skills involved to
implement the recipe. Besides the sensory pleasure derived from meat, meat continues
to maintain a strong symbolic place in many Western cultures often dominating the meal
context as the central food item emblematic of higher socioeconomic status and masculin-
ity [15,16]. Consequently, reducing meat consumption regardless of the strategy employed
remains a challenge for many consumers.

With this in mind, it is crucial that we elucidate the underlying drivers and inhibitors
to reducing meat consumption and particularly replacing meat with non-meat protein
sources for public health policy, food industry, and dietitians and other health professionals
in order to best facilitate a timely transition to a healthier and more sustainable global food
system. To date, many reviews have looked at the factors involved in consumers reducing
meat consumption in general but have not specifically examined the factors involved in
consumers replacing meat with non-meat protein sources [17–21]. Although important
fixtures in transforming the global food system, vegetarians and vegans constitute a small
percentage of the population [22–25], and strict elimination of meat may not be realistic
or necessary for most consumers particularly as a first step to reducing meat intake [26].
Consumer segments including omnivores, often referred to as meat-eaters, and flexitarians,
often referred to as meat-reducers, comprise a much larger percentage of the population
in many developed countries [22,23,26]. Therefore, understanding the motivations of
omnivores and flexitarians is key to enacting a sizeable and long-term shift towards
consuming less meat in developed countries.

As such, the aim of this review is to identify the drivers and inhibitors underlying
consumer behavior of replacing meat with non-meat protein sources in omnivores and
flexitarians in developed countries. In this way, we can contribute to better elucidating the
motivations, attitudes, and behavior of omnivores and flexitarians in order to assist future
research investigating the transition to and ultimately acceptance of healthier and more
sustainable protein sources in society.

2. Materials and Methods

We conducted a comprehensive literature search in Scopus and Web of Science (Core
Collection) in order to identify all studies examining the drivers and inhibitors to re-
placing meat with non-meat protein sources. The timespan of the search extended from
the earliest date available in the databases up to April 2021. The search strings for the
respective databases consisted of keywords relating to the replacement of meat with
various non-meat protein sources including plant-based and alternative protein sources
(Appendices A and B). The initial search was supplemented by a manual search of ref-
erence lists of relevant articles to identify studies not retrieved in either Scopus or Web
of Science.

Only studies consisting of human consumers that eat meat ((i.e., consumers described
as omnivores (or meat-eaters) or flexitarians (or meat-reducers)) from developed countries
were included in this review. Studies consisting only of consumers described as pescatar-
ians, vegetarians, or vegans or from developing or transition countries were excluded.
Additionally, only studies that utilized a non-meat protein source to replace meat and
that examined the drivers and inhibitors relating to the perception, awareness, attitude,
motivation, willingness, and behavior to replace meat with a non-meat protein source were
included. Figure 1 describes the literature search and provides details for the reasons for
excluding studies including: (1) irrelevant topic; (2) irrelevant population; (3) irrelevant
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exposure; (4) irrelevant outcome; (5) irrelevant study design; (6) no full-text available; and
(7) no English translation available.

Figure 1. Flowchart of the identification, screening, and inclusion of studies assessing the drivers
and inhibitors to replacing meat consumption with non-meat protein sources. * Exclusion criteria for
review: (1) irrelevant topic (e.g., food production, animal physiology, or agriculture); (2) irrelevant
population (e.g., included vegans, vegetarians, or pescatarians or only specialized populations
such as students or armed forces); (3) irrelevant exposure (i.e., lack of replacement of meat with
non-meat protein sources or nudging interventions); (4) irrelevant outcome (i.e., not pertaining to
the perception, awareness, attitude, intent, willingness, or behavior to replace meat with non-meat
protein sources); (5) irrelevant study design (i.e., reviews, protocols, pilot studies, editorials, opinions,
or conference proceedings); (6) no full text available; and (7) no English translation available.

The title and abstract of articles were first screened for inclusion and exclusion criteria,
and when these criteria were met, the full texts of the articles were retrieved and screened
for these criteria. From the selected articles, we extracted data on the authors and year
of publication; study location and design; population characteristics; data collection; non-
meat protein replacements; explanatory and dependent variables; as well as the outcomes
pertaining to the replacement of meat with non-meat protein sources. One researcher was
involved in screening articles for inclusion and exclusion criteria and data extraction. A
second researcher randomly cross-checked the screening of articles and data extraction and
discussed any uncertainties and disagreements with the first researcher.

In this review, we utilized the theoretical framework of factors that influence meat-
eating behavior by Stoll-Kleemann and Schmidt (2017) to organize and summarize our
findings in the following sections with minor alterations (Figure 2) [17]. This framework
was chosen as it provides a comprehensive overview of the personal, socio-cultural, and
external factors that influence consumers’ meat-eating behavior [17]. This framework
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considers internal and external incentives related to reducing meat consumption and
furthermore the interrelationships among these factors [17]. This framework is based
on the pro-environmental model developed by Kollmuss and Agyeman (2010), which
also asserts the complexity and synergism of internal and external factors in determining
individuals’ propensity to partake in pro-environmental behavior that seeks to mitigate
the negative impact of an individual’s behavior on the environment [27].

Figure 2. Model of factors that influence meat-eating behaviors. Reprinted from Stoll-Kleemann, S.; Schmidt, U.J. Reducing
meat consumption in developed and transition countries to counter climate change and biodiversity loss: a review of
influence factors. Regional Environmental Change 2017, 17 (5), 1261–1277. No changes were made to this figure. Creative
Common License 4.0 International License available at https://creativecommons.org/licenses/by/4.0/. (accessed on
12 October 2021).

3. Results

3.1. Study Characteristics

In total, twenty-three studies were included in this review. Table 1 provides an overview of
the characteristics of these studies. The studies were published from 2011 [28] to 2021 [14,29–36].
Of the twenty-three studies, seventeen were conducted in Europe including [28–34,36–45]:
Belgium [34,44], Denmark [29], Finland [29], France [31,36], Germany [29,32–34,36,41,45], Hun-
gary [40], Iceland [29], Italy [39,43], The Netherlands [28,30,42], Romania [29], and the United
Kingdom (UK) [36–38]. Five studies were conducted in North America [13,35,46–48] with
four studies coming from the United States (US) [13,35,47,48] and one from Canada [46].
One study was conducted in New Zealand [14]. Importantly, three studies were conducted
with consumers of multiple countries including: Denmark, Finland, Germany, Iceland,
and Romania [29]; Germany, France, and the UK [36]; and Germany and Belgium [34].
Most studies (n = 20) employed quantitative research methods [13,28–31,33–45,47,48] with
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nine studies utilizing surveys [13,29,33,36,40,41,43–45] and eleven studies an experimental
design [28,30,31,34,35,37–39,42,47,48]. One study was considered a qualitative study and
utilized semi-structured interviews [14]. Two studies employed a mixed-methods approach
of quantitative and qualitative research methods in their study design [32,46]. In terms of re-
placements of meat, seventeen studies investigated full replacements of meat with non-meat
protein sources [14,28–32,36–46], whereas six studies investigated a partial replacement
of meat with non-meat protein sources such as mushrooms or legumes [13,33–35,47,48].
Most studies (n = 19) investigated replacing meat with plant-based protein sources, such as
Quorn®, tofu, lentils, or legumes [13,14,28–39,41,42,46–48]; and two studies each respec-
tively investigated replacing meat with insects [40,44] and cultured meat [43,45]. Table 2
provides a summary of the findings for each of the personal, socio-cultural, and external
factors identified among the included studies.

3.2. Personal Factors
3.2.1. Socio-Demographics
Age

Six studies examined age as a factor influencing the replacement of meat with non-
meat protein sources [13,36–38,44,45]. In a discrete choice experiment (DCE) conducted in
the UK in 2016, 233 meat-eaters and meat-reducers were segmented into five consumers
segments based on their preferences for product-attributes of ground meat and ground
meat substitute (i.e., soy, tofu, and Quorn®), which varied by age [37]. Organic (79%), green
(45%), and taste-driven (46%) consumers were more likely to be between 18–34 years (yr).
Price-conscious consumers were more likely to be between the ages of 35–55 yr (65%), and
healthy consumers were more likely to be older than 55 yr (79%) [37]. In another DCE
conducted in the UK in 2019 with 400 participants, age also varied among the five consumer
segments of meat-eaters and meat-reducers based on their preferences for product attributes
of ground meat and ground meat substitute (Quorn®) [38]. Of the meat-eaters, traditional
meat-eaters were more likely to be older and showed a greater preference for ground beef
compared to price-conscious meat-eaters who were influenced more by, not just the type,
but the price of ground meat or ground meat substitute [38]. In an online survey conducted
in Belgium in 2015 with 368 participants, every 10-year increase in age was associated
with a 27% reduction in the readiness to adopt insects as a meat substitute [44]. Similarly,
in a multi-national online survey conducted in Germany, France, and the UK in 2021
with 1734 participants, it was found that older participants were more likely to provide
lower ratings for the expected tastiness, healthiness, and environmental friendliness of pea
burgers [36]. Nevertheless, it was not found that age was associated with the expectations
for taste, health, and environmental friendliness of algae burgers [36].

Furthermore, a 2020 US survey with 602 participants found no association between
age and the assessment and acceptance of blending mushrooms into traditionally meat-
based foods to reduce meat consumption [13]. Additionally, a 2020 survey in Germany
found that age was not shown to moderate the attitudes pertaining to the intention to try,
eat, or promote cultured meat to friends among 713 German participants [45].
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Gender and Sex

Seven studies investigated the role of gender or sex in the replacement of meat with
non-meat protein sources [13,35–38,44,45]. Similar to age, the five consumer segments of
meat-eaters and meat-reducers in the 2016 UK DCE varied by gender [37]. Green (62%)
and healthy (78%) consumers tended to identify as female, whereas taste-driven (61%) and
organic (83%) consumers tended to identify as male. Price-conscious consumers, on the
other hand, largely identified equally as male and female [37]. In the 2019 UK DCE, the five
consumer segments of meat-eaters and meat-reducers also varied by gender [38]. Of the
meat-eaters, empowered consumers, who were influenced more by the type, production,
and fat content of ground meat or ground meat substitute, were more likely to identify as
female than the traditional and price-conscious consumers. Additionally, meat-reducers
(67%) in general were more likely to identify as female than meat-eaters (54%) with the
meat-reducer consumer segments of health curtailers and sustainable consumers consisting
of 86% and 70% females respectively [38]. In a 2021 US experiment, the results showed that
participants identifying as male preferred the high-meat dishes without partial replacement
of meat with legumes and vegetables more than the participants identifying as female [35].
In a Belgian survey, participants identifying as male were more than twice as likely to
adopt insects as a substitute for meat compared to participants identifying as female [44].

Contrastingly, in a recent US survey, gender was not associated with the acceptance of
blending mushrooms into traditional meat-based foods; however, participants identifying
as female assessed the blending concept more favorably than the participants identifying
as male [13]. Additionally, a 2020 German survey found that gender was not shown to
moderate the attitudes pertaining to the intention to try, eat, or promote cultured meat [45].

In a multi-national survey in Germany, France, and the UK investigating the impact
of sex, male participants were associated with providing lower ratings for the expected
environmental friendliness of pea burgers [36]. Similar to age, however, sex was not shown
to influence the expected tastiness, healthiness, and environmental friendliness of algae
burgers [36].

Socioeconomic Status

Five studies assessed education and income as factors influencing the replacement
of meat with non-meat protein sources [13,37,38,44,45]. Similar to age and gender, the
five consumer segments of meat-eaters and meat-reducers varied by income in the 2016
UK DCE [37]. Both price-conscious (66%) and organic (100%) consumers tended to be of
lower income [37]. In the 2019 UK DCE, the five consumer segments of meat-eaters and
meat-reducers also varied by income [38]. Of the meat-eaters, empowered meat-eaters
were found to have a higher proportion of participants earning a higher income [38].

Contrastingly, a recent US survey found that neither income nor education was
associated with the assessment or acceptance of blending mushrooms into traditional meat-
based foods [13]. In a Belgian survey, education was also not shown to be associated with
the readiness to adopt insects as a substitute for meat among participants [44]. Similarly,
education was not shown to moderate the attitudes pertaining to the intention to try, eat,
or promote cultured meat among participants in a 2020 German survey [45].

3.2.2. Sensory and Hedonic Aspects

Eight studies examined the role of taste, texture, and appearance in the replacement
of meat with non-meat protein sources [13,28,31,32,35,44,47,48]. On blind tasting alone, a
2021 experiment in France found that participants preferred to purchase the pork-based
sausage over the plant-based sausage [31]. Similarly, a 2021 German survey found that
participants perceived all meat products as being tastier than corresponding plant-based
meat alternatives (e.g., chicken nuggets versus vegetarian nuggets) [32]. Furthermore, both
omnivores and flexitarians in this study rated meat as being expected to perform better
than meat alternatives in terms of flavor and texture. In particular, steak was perceived as
being the tastiest food product in this survey compared to tofu, chicken nuggets, vegetarian
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nuggets, wiener sausages, and vegetarian sausages [32]. In a Belgian survey, for every one
unit increase in the importance of taste when evaluating meat, there was a 61% decrease in
participants’ readiness to adopt insects as a substitute [44]. Interestingly, a 2011 experiment
conducted in the Netherlands found that the flavor and texture of specific meat substitutes
influenced the perceived appropriateness of a meat substitute in a meal context less than
the actual shape of the meat substitute itself—whether in pieces or ground [28]. In this
experiment, participants liked Quorn® pieces more than Quorn® ground in the rice and
salad dishes [28].

In terms of partial replacements of meat, participants in a recent US survey rated the
perceived taste benefits as an intermediate reason for blending mushrooms into traditional
meat-based foods falling behind perceived health and cost benefits [13]. A US experiment
conducted in 2016 examined participants' preferences for beef carne asada and beef taco
recipes in which a portion of the beef had been partially replaced by mushrooms [47].
In this experiment, participants liked the 100% beef carne asada recipe more in terms of
flavor and texture compared to the carne asada recipe that replaced 50% of the beef with
mushrooms. Contrastingly, there were no differences in the flavor and texture among the
100% beef taco recipes and the mushroom-containing beef taco recipes containing either
50% or 80% mushrooms. Although participants rated the appearance of the 100% beef
taco recipe higher than the appearance of the mushroom-containing beef taco recipes, a
correlation analysis revealed that flavor was the best predictor for the overall liking of the
beef taco recipes followed by texture; but, appearance was not related to the overall liking
of the beef taco recipes [47].

Another US experiment conducted in 2018 similarly investigated participants' pref-
erences for pork carnitas arepas and chicken tikka masala in which a portion of the meat
had been partially replaced by legumes [48]. Participants liked the high-meat arepas
recipe more for flavor, texture, and appearance than the low-meat arepas and the high-
and low-meat chicken tikka masala recipes. The high-meat versions of the arepas and
chicken tikka masala recipes were also liked more than the low-meat versions of these
recipes; however, no differences were found in the texture and appearance of the high-
and low-meat versions. Notably, however, spicy versions of the arepas and chicken tikka
masala recipes were liked more for flavor and texture than the regular versions across all
meat levels [48].

In a 2021 US experiment, there were no differences among the East Asian bowls in
terms of flavor regardless of whether meat had been replaced by legumes and vegetables
or the spiciness of the dish [35]. Nevertheless, it was found that not having enough flavor
complexity resulted in a decrease of 10 on a 100 scale in overall liking across all participants
and bowls. For participants who felt their bowl was not spicy enough, there was a decrease
of 8 in overall liking. For participants who felt the bowl was too spicy, there was an overall
mean liking drop of 15 [35].

3.2.3. Hunger Cues

Three studies investigated the role of hunger and satiety in the replacement of meat
with non-meat protein sources [32,35,42]. In a longitudinal experiment conducted in the
Netherlands, the effect of repeated exposure to Quorn® or tofu on product liking was
investigated [42]. In this experiment, it was found that the hungrier the participant, the
more likely they were to like Quorn® or tofu [42]. In a 2021 US experiment, however,
there were no differences in participants’ ratings of satiation, or the feeling of fullness, or
satisfaction among East Asian bowls regardless of the meat level [35]. In a 2021 German
survey, steak was perceived by participants to being the most filling food product compared
to tofu, chicken nuggets, vegetarian nuggets, wiener sausages, and vegetarian sausages [32].
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3.2.4. Personality Traits
Food Neophobia and Food Technology Neophobia

Seven studies assessed food neophobia and food technology neophobia as factors
influencing replacement of meat with non-meat protein sources [13,33,34,36,40,42,44]. In
two online surveys conducted in Hungary and Belgium, food neophobia, or the propensity
to avoid consuming new foods, was identified as a barrier to the readiness of participants
to adopt insects as a substitute for meat [40,44]. In a Belgian survey, there was an 84%
and 55% decrease in the readiness of participants to adopt insects as a substitute for meat
respectively for every one unit increase in food neophobia and food technology neophobia,
or the propensity to avoid consuming foods produced by new technologies [44]. In the
multi-national survey conducted in Germany, France, and the UK, the more food neophobic
the participant, the lower the ratings provided for the expected tastiness, healthiness, and
environmental friendliness of pea and algae burgers [36]. In a 2021 German survey, it was
found that the more food neophobic the participant, the less likely they were to choose
the meat-hybrid option consisting of 40% plant-based protein [33]. Similarly, in a recent
US survey, food innovativeness, or being open to using new foods or ingredients, was
associated with a more positive assessment of blending mushrooms into traditional meat-
based foods, which was associated with a greater acceptance of blending [13]. While
food innovativeness was associated with a more positive assessment of blending for all
participants, it was found to have a greater influence on regular consumers who consumed
the same or an increased amount of red meat in contrast to transitional consumers either
having reduced or at least considered reducing their red meat consumption [13].

Nevertheless, in a 2021 DCE conducted in Germany and Belgium, food neophobia did
not affect the overall product liking of meat-hybrids consisting of 50% or 80% plant-based
protein [34]. Additionally, food neophobia did not have an effect on the product liking of
Quorn® or tofu in the longitudinal experiment in the Netherlands [42].

Variety-Seeking

One study assessed variety-seeking personality traits as a factor influencing the
replacement of meat with non-meat protein sources [42]. In the longitudinal experiment
conducted in the Netherlands, variety seeking, or the tendency of consumers to switch
between food products to prevent boredom, had an effect on the product liking of Quorn®

or tofu only in interaction with product and time [42]. The greater the number of different
meals used by the participants, the less likely they were to like Quorn® or tofu [42].

3.2.5. Knowledge and Skills
Information on Health and the Environment

Three studies examined the role of information on health and the environment in the
replacement of meat with non-meat protein sources [31,39,43]. In a theoretical willingness
to pay (WTP) experiment in Italy in which 119 participants were asked to indicate the
amount of money they were willing to pay for beef and soy burgers, successive rounds
of explanatory messaging on health and the environment resulted in a relative decrease
of −1.6% in the WTP for beef burgers and relative increase of +3.6% in the WTP for soy
burgers [39]. Additionally, successive rounds of explanatory messaging on health and
the environment resulted in a relative decrease of −23.0% in the chosen quantities of the
beef burger and a relative increase of +45.6% in the chosen quantities of soy burgers [39].
In an experiment in France, no difference was found in the willingness to purchase the
plant-based sausage after the first message on either health or the environment [31]. After
the second message on health or the environment, however, there was an increase in
the willingness to purchase the plant-based sausage [31]. In an Italian survey assessing
the impact of information on the willingness to try, buy, or purchase cultured meat in
Italy, participants showed better agreement with the information provided on the extrinsic
attributes of cultured meat, such as its impact on sustainability, security, and animal welfare,
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in contrast to information provided on the intrinsic attributes of cultured meat, such as the
laboratory production and flavor and nutrients [43].

Cooking Skills and Food Knowledge

Four studies investigated the role of cooking skills and food knowledge in the replace-
ment of meat with non-meat protein sources [13,14,44,45]. In a qualitative study conducted
in New Zealand with 23 young adults, it was found that participants who described
themselves as being more confident and experienced in cooking substituted meat with
plant-based proteins such as legumes, lentils, and tofu [14]. Conversely, participants who
described themselves as being less confident and less experienced in cooking preferred to
substitute meat with more convenience-oriented, plant-based proteins such as vegetarian
patties and sausages [14]. In a recent US survey, food knowledge, or the knowledge of foods
and cooking, was not associated with a positive assessment of blending mushrooms into
traditional meat-based foods and, thereby, was not associated with a greater acceptance of
this blending concept by participants [13].

In terms of familiarity with alternative protein sources, a 2020 German survey found
that pre-knowledge of or familiarity with cultured meat was shown to increase the ethical
beliefs of cultured meat but did not impact the emotional objections of cultured meat being
unnatural or disgusting or global diffusion optimism of cultured meat being affordable
and capable of solving world nutrition problems [45]. In a Belgian survey, participants
who claimed to be more familiar with insects were 2.6 times more likely to be ready to
adopt insects as a substitute for meat compared to those who claimed to be unfamiliar with
eating insects or did not know what eating insects entailed [44].

3.2.6. Emotions and Cognitive Dissonance

One study assessed cognitive dissonance of meat-eating behavior, or the inconsistency
between caring for animals as pets yet consuming animals as meat in the diet, as a factor
influencing the replacement of meat with non-meat protein sources [41]. In a 2020 German
survey, participants were less willing to substitute meat with meat substitutes such as
Quorn®, tofu, seitan, or soy schnitzel when they scored higher for unapologetic justification
strategies to consume meat compared to those that scored lower [41]. The unapologetic
justification strategies included: pro-meat attitude favoring a taste for meat; denial of
animal suffering; hierarchical justification that humans are superior to animals; religious
justification; health justification; human destiny that humans are destined to consume
animals; and slaughter justification that denies animal suffering in slaughterhouses [41].

3.2.7. Values and Attitudes
Health and Environment

Five studies examined the role of the importance of health and the environment in the
replacement of meat with non-meat protein sources [13,32–34,44]. In a 2021 German survey,
it was found that the higher a participant rated the meat-hybrid in terms of health, the more
likely they were to choose the meat-hybrid consisting of 40% plant-based protein compared
to the corresponding meat product consisting of 100% meat [33]. While higher ratings for
meat-hybrids in terms of the environment and animal welfare were also associated with
an increased likelihood of participants choosing the meat-hybrid compared to the 100%
meat product, health was found to exert a larger influence on choosing the meat-hybrid
than the environment or animal welfare [33]. Similarly, participants ranked perceived
health benefits as the top reason but sustainability benefits as the last reason for consuming
blended foods in which mushrooms partially replaced a portion of meat in traditional
meat-based foods in a recent US survey [13].

In a DCE conducted in Germany and Belgium, participants rated the meat-hybrid
consisting of either 50% or 80% of plant-based protein and the 100% plant-based vegetarian
alternative as healthier compared to the corresponding 100% meat product [34]. Neverthe-
less, the same DCE found that the lower the health consciousness of the participant, the
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lower their preference for meat [34]. Likewise, a Belgian survey found that for every one
unit increase in the belief that meat is nutritious and healthy, there was a 64% reduction
in the willingness of participants to adopt insects as a substitute for meat [44]. In terms
of the environment, however, this same survey showed that for every one unit increase
in the attention participants pay to the environmental impact of food, there was a 71%
increase in the readiness to adopt insects as a substitute for meat [44]. In a 2021 Germany
survey, omnivores perceived meat as performing better for protein content, fat content, and
environmental friendliness compared to meat alternatives [32]. Although flexitarians in this
study perceived meat as performing better for protein content, they perceived meat substi-
tutes as performing better for fat content and environmental friendliness. Furthermore,
participants perceived steak in particular as being the healthiest and protein-rich food
item among tofu, chicken nuggets, vegetarian nuggets, wiener sausages, and vegetarian
sausages [32].

Plant Protein Sources and Production

Three studies investigated the attitudes towards specific protein sources and pro-
duction methods as factors influencing the replacement of meat with non-meat protein
sources [13,29,45]. An online survey was conducted with female participants in Denmark,
Finland, Iceland, Germany, and Romania to examine attitudes concerning a meat analogue
of wiener sausages containing rapeseed protein [29]. In all countries, attitude towards
using plant protein in food production was shown to influence both the intention to substi-
tute meat protein in the diet as well as the attitude towards using rapeseed protein as an
ingredient in meat analogues. Furthermore, the attitude towards rapeseed was also shown
to influence the attitude towards meat analogues [29]. In a 2020 Germany survey, principal
component analysis was utilized to identify three attitudinal dimensions of participants
in terms of the intention to try, eat, and promote cultured meat: ethical advantage (e.g.,
ecological, animal welfare), emotional objections (e.g., unnatural, disgusting), and global
diffusion optimism (e.g., affordable, possible global solution) [45]. The ethical beliefs were
found to be the primary driver in the intention to try, eat, and promote cultured meat in
the future followed by emotional objections and finally global diffusion optimism [45]. In a
recent US survey, a positive consumer assessment of blending mushrooms into traditional
meat-based dishes was associated with a greater acceptance of blending as a means to
reduce meat consumption [13].

Vegans and Vegetarians

One study assessed the role of attitudes towards vegans and vegetarians in the re-
placement of meat with non-meat protein sources [36]. In the multi-national online survey
conducted in Germany, France, and the UK, participants who were more negative towards
vegan and vegetarian lifestyles provided lower ratings for the expected tastiness, health-
iness, and environmental friendliness of pea and algae burgers compared to those who
were not negative towards vegan and vegetarian lifestyles [36].

Others

In a 2021 Germany survey, participants perceived steak in particular as being the
most natural, masculine, and festive among tofu, chicken nuggets, vegetarian nuggets,
wiener sausages, and vegetarian sausages [32]. In a recent US survey, participants rated the
perceived culinary benefits as the second to last reason preceding perceived sustainability
benefits for blending traditional meat-based dishes with mushrooms [13].

3.2.8. Habits
Healthy Eating

One study examined healthy eating as a factor influencing the replacement of meat
with non-meat protein sources [13]. In a recent US survey, healthy eating was associ-
ated with a more positive assessment of blending mushrooms into traditional meat-based

69



Nutrients 2021, 13, 3602

dishes [13]. While healthy eating was associated with a more positive assessment of blend-
ing for all participants, it was found to have a greater influence on transitional consumers
either having reduced or at least considered reducing their red meat consumption in con-
trast to regular consumers who consumed the same or an increased amount of red meat at
the time [13].

Consumption of Meat

Six studies investigated the role of consumption of or attachment to meat in the
replacement of meat with non-meat protein sources [29,33,34,36,40,44]. In an online survey
conducted in Denmark, Finland, Germany, Iceland, and Romania, female participants who
consumed less meat were associated with being more likely to purchase meat analogues
in Romania [29]. In a Hungarian survey, participants who intended to reduce their meat
intake in the next year had an expected increase of 1.47 in the number of preferred insect
types that they would eat as a substitute for meat in the next year [40]. Similarly, a Belgian
survey found that participants who intended to reduce their meat intake in the next year
were 4.5 times more likely to be ready to adopt insects as a substitute for meat in the
next year [44]. In the multi-national survey conducted in Germany, France, and the UK,
participants who scored higher on the scale assessing commitment to meat provided lower
ratings for the expected tastiness, healthiness, and environmental friendliness of pea and
algae burgers [36]. Moreover, a 2021 Germany survey found that the higher a participant
scored on the questionnaire evaluating attachment to meat, the less likely they were to
choose the meat-hybrid option in which a portion of meat was replaced with a plant-based
protein [33]. Similarly, in the DCE conducted in Germany and Belgium, the more attached
a participant was to meat, the more likely they were to choose the 100% meat option
compared to meat-hybrid options [34].

Consumption of Meat Substitutes

One study examined the effects of prior experience with meat substitutes and repeated
exposure to meat substitutes on the long-term acceptance of non-meat protein sources as
replacements for meat [42]. At the start of this longitudinal experiment in the Netherlands,
participants liked Quorn® and tofu less than the reference meat of chicken [42]. Although
in general, the liking of Quorn®, tofu, and chicken decreased over the ten-week repeated
exposure period, there was no difference in the decrease in liking of Quorn®, tofu, and
chicken. Furthermore, the liking scores of Quorn®, tofu, and chicken were notably no longer
different from one another after this ten-week repeated exposure period. Additionally, the
number of boredom patterns, defined as a decrease in the liking of a product over time, and
mere exposure patterns, defined as an increase in the liking of a product over time, differed
among the three food products in this experiment. In contrast to the majority of participants
who ate chicken and showed a boredom pattern over the repeated exposure period, the
majority of participants who ate tofu showed a mere exposure pattern. On the other
hand, the participants who ate Quorn® took an intermediate position between chicken and
tofu in terms of boredom and mere exposure patterns with the slight majority showing
boredom over the repeated exposure period. Prior experience with meat substitutes was
also associated with increased product liking of Quorn® and tofu [42].

Cooking Habits and Food Involvement

Two studies explored cooking habits and food involvement as factors influencing
the replacement of meat with non-meat protein sources [13,32]. In a recent US survey,
cooking habits (i.e., the time and pleasure derived from cooking) were not found to
be associated with a more positive assessment of blending mushrooms into traditional
meat-based dishes [13]. However, food involvement (i.e., time spent thinking about food
and time spent cooking and cleaning up after meals), was found to be associated with a
more positive assessment of blending, which was associated with a greater acceptance of
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blending mushrooms into traditional meat-based dishes [13]. In a 2021 Germany survey,
omnivores perceived meat as being easier to prepare than meat alternatives [32].

3.3. Socio-Cultural Factors
3.3.1. Culture
Country of Consumer

Three studies examined the possible role of culture in the replacement of meat with
non-meat protein sources by incorporating participants from different countries in their
study designs [29,34,36]. In an online survey conducted in Denmark, Finland, Germany,
Iceland, and Romania among female participants, the attitude towards using plant protein
in food production was shown to influence both the intention to substitute meat in the diet
as well as the attitude towards using rapeseed protein as an ingredient in meat analogues
in all five countries [29]. Additionally, the attitude towards gluten was associated with a
decreased intention to buy meat analogues in all five countries. For Germany only, however,
the attitude towards soy protein was associated with an increased intention to buy meat
analogues, whereas the attitude towards potato starch was associated with a decreased
intention to buy meat analogues. In Romania, those eating less meat were more likely to buy
meat analogues [29]. In the multi-national survey conducted in Germany, France, and the
UK, it was found that pea and algae burgers were expected to be less tasty but healthier and
more environmentally friendly than the beef burger [36]. Nevertheless, being from France
was associated with providing lower ratings for the expected tastiness and healthiness
of pea burgers compared to being from Germany. Contrastingly, the country of origin
was not found to be associated with the ratings for expected tastiness, healthiness, and
environmental friendliness of the algae burgers [36]. In a DCE conducted in Germany and
Belgium, the majority of participants considered meat to be tastier than meat-hybrids yet
considered meat-hybrids to be more environmentally friendly and better for animal welfare
compared to meat [34]. Nevertheless, the majority of German participants considered meat-
hybrids to be healthier than meat, whereas the majority of Belgian participants considered
meat to be healthier than meat-hybrids [34].

3.3.2. Social Norms, Roles, and Relationships
Situational Context

Two studies investigated the situational context of consumption as a factor influencing
the replacement of meat with non-meat protein sources [30,32]. In a 2021 experiment in the
Netherlands, photographs of meat and plant-based protein products were presented to
309 participants with a question regarding the appropriateness of the meat and plant-based
meat substitutes during the hot meal of the day [30]. Overall, the plant-based meat sub-
stitutes and chickpeas and nuts were considered less appropriate than the corresponding
meat product in almost all situations including: eating alone; with family and friends;
cooking for children; to add flavor to a dish; or when there is little time for cooking. Besides
the situation of cooking for a vegetarian in which the plant-based meat substitutes and
chickpeas and nuts were rated as more appropriate than the corresponding meat product,
the vegetarian hamburger was also rated as more appropriate than the hamburger when
wanting to eat a healthy meal. Moreover, in situations of wanting to prepare a special
meal, the steak was rated highly; but neither the hamburger nor the smoked sausage
was rated higher than the corresponding vegetarian burger and vegetarian sausage in
this situation [30]. In a 2021 Germany survey, omnivores and flexitarians alike rated the
situational appropriateness of consuming a plant-based meat alternative to be most appro-
priate when eating alone [32]. For omnivores, eating plant-based meat alternatives in more
formal settings (i.e., eating a Sunday dinner with family, invited for dinner at a restaurant,
at a business meal, or when at a barbecue) was considered as less appropriate than in
more casual settings (i.e., eating alone, being invited to eat with friends, or eating dinner
with family during the weekday). For flexitarians, eating plant-based meat alternatives
when eating alone or when eating with family during the weekday was considered more
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appropriate than more social or formal settings including: when invited to eat with friends;
eating a Sunday dinner with family; invited for a dinner at a restaurant; at a business meal;
or when at a barbecue [32].

3.4. External Factors
3.4.1. Economic Factors
Price

Five studies assessed the role of price in the replacement of meat with non-meat
protein sources [13,32,34,37,38]. In the 2016 UK DCE, the largest consumer segment was
identified as price-conscious consumers making up 43% of meat-eaters and meat-reducers
in the study [37]. For price-conscious consumers, price was the third most influential prod-
uct attribute when determining their preference for ground meat or ground meat substitute
preceded only by the type of ground meat or ground meat substitute and the region of
production [37]. In the 2019 UK DCE, price was also found to be an influential factor in
the preference of ground meat or ground meat substitute but only for some consumer seg-
ments of meat-eaters [38]. Among meat-eaters, price-conscious consumers were again the
largest consumer segment making up 63% of all meat-eaters in the study. Price-conscious
meat-eaters were influenced more by the type and price of ground meat or ground meat
substitute, whereas price played a less influential role for traditional and empowered
meat-eaters in the study. Among meat-reducers, price was found to be an intermediate
factor for the health curtailers and the least influential factor for sustainable meat-reducers
in determining their preference for ground meat or ground meat substitute [38]. In a 2021
Germany survey, however, both omnivores and flexitarians alike rated meat as performing
better in terms of price compared to meat alternatives [32]. Furthermore, participants
perceived steak as being the most expensive among tofu, chicken nuggets, vegetarian
nuggets, wiener sausages, and vegetarian sausages [32].

In terms of partially replacing meat-products with plant-based protein, a recent US
survey found that price benefits (i.e., reducing the cost of meals and helping with the
budget) were rated as one of the top two reasons to consume blended meat products
preceded only by health benefits [13]. In the DCE conducted in Germany and Belgium, a
decrease in price was found to increase the preferability of the 100% meat and meat-hybrid
options except for salami among Belgian participants [34].

3.4.2. Food Environment
Extrinsic Product Attributes

Six studies investigated extrinsic product attributes (i.e., packaging, brand, nutri-
tional information, health claims, and local origin and environmental labels), as factors
in the replacement of meat with non-meat protein sources [13,31,34,37,38,44]. In a French
experiment, participants preferred to purchase the pork-based sausage rather than the
plant-based sausage after tasting and being provided with the packing information for the
sausages, which included information on the brand, ingredients, nutrition, preparation,
and recycling [31]. Nevertheless, although participants still preferred to purchase the
pork-based sausage over the plant-based sausage, participants’ preference to purchase the
plant-based sausage was higher than it had been during the blind tasting alone without
the packaging information provided [31].

When considering the specific information provided on packaging, the 2016 UK DCE
found that the brand and type of the ground meat or ground meat substitute primarily in-
fluenced taste-driven consumers, whereas brand was found to have only an intermediate or
low influence on the other four consumer segments of meat-eaters and meat-reducers [37].
The 2019 UK DCE also found that brand had a low influence on the preference of ground
meat or ground meat substitute in meat-eaters and meat-reducers [38]. In terms of health
labels, the DCE in Germany and Belgium found that health labels had no effect on the
preferability of the meat-hybrid options in which a portion of meat had been replaced
by plant-based protein [34]. In the 2016 UK DCE, the fat content of ground meat and

72



Nutrients 2021, 13, 3602

ground meat substitutes primarily influenced healthy and organic consumers but only
intermediately influenced price-conscious, green, and taste-driven consumers [37]. In
the 2019 UK DCE, the fat content of ground meat and ground meat substitutes interme-
diately influenced consumer segments of meat-eaters but more strongly influenced the
health curtailers and sustainable consumers of meat-reducers [38]. For organic and local
origin labels, the DCE in Germany and Belgium found that organic and local origin labels
had a primarily positive effect on the preferability of the meat-hybrid options [34]. In
the 2016 UK DCE, an origin label of the ground meat or ground meat substitute had a
strong influence on the preferability of the ground meat or ground meat substitute for the
price-conscious, green, taste-driven, and healthy consumers but was the least influential
factor for organic consumers [37]. In the 2019 UK DCE, the origin label had an intermediate
influence on the preferability of ground meat and ground meat substitute of meat-eaters
and meat-reducers [38]. In terms of production labels, both the 2016 and 2019 UK DCEs
found that production labels have an intermediate to weak influence on the preferability
of ground meat and ground meat substitutes for meat-eaters and meat-reducers [37,38].
For environmental labels, the 2016 and 2019 UK DCEs also found that carbon footprint
had an intermediate to low influence on the preferability of ground meat and ground meat
substitute for most consumers besides green and sustainable consumers in which it was
the primary influence [37,38]. In the DCE in Germany and Belgium, the environmental
label had a positive effect on the preference of the meat-hybrid, except for the meat-hybrid
options of meatballs and salami in Belgium [34].

Specifically, two studies specifically investigated the impact of the format of the re-
placement for meat on consumers’ preferences [13,44]. In a recent US survey, participants
rated burgers as the most preferred format for consuming blended products in which
traditional meat-based dishes are partially replaced by mushrooms followed by stir-fry
with ground beef, meatloaf, tacos, chili with ground beef, and pasta with ground beef [13].
In a Belgian survey, it was found that every one unit increase in a participant’s orienta-
tion towards convenience in meal preparation was associated with a 75% increase in the
readiness to adopt insects as a substitute for meat [44].

Meal Context

Four studies examined the possible role of meal context on the replacement of meat
with non-meat protein sources [28,35,42,48]. In two experiments in the Netherlands, the
liking of meat substitutes differed when evaluated individually or within the meal con-
text [28,42]. In a 2011 experiment, participants liked Quorn® pieces more than Quorn®

ground when evaluating these meat substitutes individually [28]. Participants also liked
Quorn® pieces more than Quorn® ground in the rice and salad dishes; however, there
were no differences in the participants’ liking of Quorn® pieces and Quorn® ground in the
spaghetti and soup dishes. Despite these findings, there were no differences in participants’
overall liking of the rice, salad, spaghetti, or soup dishes using either Quorn® pieces or
Quorn® mince [28]. Similarly, a longitudinal experiment found that participants liked the
entire meals consisting of either Quorn®, tofu, or chicken better than Quorn®, tofu, or
reference chicken evaluated individually outside of the meal context [42].

In two experiments conducted in the US, participants’ liking of dishes in which meat
had been partially replaced by legumes differed depending upon the recipe and thus the
meal context [35,48]. A 2018 US experiment found that the high-meat pork carnitas arepas
were liked better in terms of overall liking compared to the low-meat arepas and the high-
and low-meat chicken tikka masala in which a portion of the meat had been replaced
by legumes in the low-meat recipes [48]. Nevertheless, there was no difference in the
overall liking among the low-meat arepas and high- and low-meat chicken tikka masala
recipes [48]. In a 2021 US experiment, there were no differences in the overall liking of
high- and low-meat versions of East Asian bowls with regular and spicy sauces in which a
portion of the beef was replaced with legumes and vegetables in the low-meat dishes [35].
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Grocery Store Infrastructure

One study investigated the infrastructure of grocery stores as a factor influencing
the replacement of meat with non-meat protein sources [46]. In a 2018 Canadian study,
participants were interviewed on how well grocery stores in Canada support the transition
to plant-based protein [46]. In terms of product availability, it was found that significantly
more space was allocated to animal-based protein compared to plant-based protein in
grocery stores. Some participants of the study elaborated that meat and dairy sections
carry more types of products and brands in comparison to the lack of variety available
for plant-based protein products, particularly tofu, grains, and legumes. For product pro-
motion, there were more promotions for animal-based proteins than plant-based proteins
in grocery stores. Furthermore, there was a higher percentage of sales and/or descrip-
tive designated for animal-based proteins (32%) compared to plant-based proteins (3%),
which was supported by participants noting that meat, seafood, and dairy sections were
more “prominent” in grocery stores in contrast to plant-based proteins “hidden” locations
throughout the grocery stores’ aisles [46]. In regard to product location, participants rated
it easier to find animal-based protein sources than plant-based protein sources with one of
the most commonly cited obstacles being the inconsistent location of plant-based proteins
among different grocery stores [46].

3.4.3. Animal Welfare

One study examined the role of animal welfare in the replacement of meat with
non-meat protein sources [33]. In a 2021 German survey, the higher a participant rated
meat-hybrids in terms of their animal welfare, the more likely they were to choose the
meat-hybrid option consisting of 40% plant-based protein compared to the 100% meat
option [33].

4. Discussion

Altogether, this review revealed multiple personal, socio-cultural, and external factors
relating to the replacement of meat with non-meat protein sources among omnivores and
flexitarians in developed countries. Most importantly, the results indicate that female
gender, information on health and the environment, and lower price of non-meat protein
sources may act as drivers to replacing meat with non-meat protein sources. Contrastingly,
the results show that male gender, food neophobia, attachment to meat, and the perceived
lower situational appropriateness of consuming non-meat protein sources in social settings
may be inhibitors to replacing meat with non-meat protein sources. Interestingly, although
sensory and hedonic attributes of meat such as taste and flavor may act as inhibitors, the
recipe and entire meal context appear to be more important than the individual evalu-
ation of non-meat protein sources and thus may act as a driver increasing consumers’
acceptability of non-meat protein sources in traditionally meat-based dishes.

Notably, gender, food neophobia, and information on health and the environment
are among the factors most researched in literature for their role in reducing meat intake
and consuming non-meat protein sources [16,49–55]. Similar to the findings in this review,
many studies have shown that gender influences attitudes related to the consumption of
meat and non-meat protein sources [16,49–51]. Considering common phrases such as “real
men eat meat”, studies have shown that men who identified more with traditional beliefs
of masculinity that conflate meat consumption and virility were more attached to meat
and had a more negative attitude towards a vegetarian diet [50,51]. In accordance with our
findings, a recent systematic review incorporating ninety-one articles on consumer accep-
tance of novel alternative protein sources also highlighted that food neophobia remains a
hindrance for consumers to adopt many novel protein sources including insects, seaweed,
cultured meat, and plant-based meat substitutes into daily consumption patterns [52]. In
terms of information on health and the environment, studies have shown that providing
consumers with information on the negative health and environmental consequences of

74



Nutrients 2021, 13, 3602

meat consumption increased intentions to reduce meat consumption [53–55], which aligns
with our findings.

While this review identified many factors relating to reducing meat consumption,
some potentially important factors cannot be substantiated due to mixed results, not
being extensively examined, or being entirely missing from the included studies. Age
and socioeconomic status have both been cited as influencers of meat consumption in
literature [56,57]; yet, findings on these factors were mixed in this review and could not
confirm younger age and higher socioeconomic status as being drivers for replacing meat
with non-meat protein sources. Going further, only one study each examined sex [36],
grocery-store infrastructure [46], and cooking skills [14], making it impossible to definitively
draw conclusions on whether these factors act as drivers or inhibitors to replacing meat
with non-meat protein sources. Moreover, race, ethnicity, religion, health status, degree
of urbanization, and perceived behavior control were not examined by any of the studies
included in this review. Since previous studies have shown differences in the consumption
of meat and specific meat products among white, Hispanic, and African Americans [58,59],
race and ethnicity could be suspected of also influencing the replacement of meat with
non-meat protein sources. Additionally, examining perceived behavior control could be
instrumental in determining how and to what degree certain knowledge and skills, such as
cooking skills, augment consumers’ willingness and self-efficacy in being able to institute
non-meat protein sources as dietary fixtures [60].

Besides examining the relevance of the aforementioned underresearched factors, stud-
ies should prioritize standardizing methods and examining potential drivers and inhibitors
across different consumer segments and types of non-meat protein sources in order to
foster comparability among studies as well as to identify variations in consumer acceptance
and long-term health and environmental consequences. Importantly, studies should stan-
dardize their definitions of “meat” namely whether this excludes certain types of meat and
includes poultry, fish, and seafood. For replacements of meat, terms such as “plant-based
diet”, “vegetarian meals”, or “meat-less meals” lack adequate description needed for repro-
ducibility in studies and furthermore do not necessitate having sufficient protein content
to constitute an actual replacement of meat within a meal context. In regard to study pop-
ulations, utilizing random versus convenience sampling would provide a more accurate
depiction of the population and would avoid volunteer bias [61]. Separate analyses of
omnivores, flexitarians, pescatarians, vegetarians, and vegans would also be advantageous
in determining subtle distinctions in motivations, willingness, and acceptance that could be
employed to build more efficacious public health campaigns to reduce meat [62]. Although
most studies included men and women in their analyses, future studies should be explicit
in whether they are examining biological differences between the male and female sexes or
the psychosocial and cultural differences of male, female, and other genders as implications
of such research differ greatly [63]. Beyond different consumer segments, studies should
also incorporate various types of non-meat protein sources of different processing levels in
order to determine differences in consumer acceptance as well as to forecast the long-term
health and environmental consequences of such replacements [64,65]. When possible, it is
essential that we amass more experimental evidence in real-life settings to assess if and
how these factors truly affect the motivation, willingness, and acceptance of replacing meat
with non-meat protein sources.

Ultimately, this review has important implications ranging from public health policy
to research collaboration. Firstly, the findings from this review identify relevant drivers
and inhibitors that can be used to support more efficacious public health campaigns aiming
to reduce meat consumption within developed countries. Next, this research may be
relevant for food industries when marketing non-meat protein sources to consumers as
replacements for meat during mealtimes. For dietitians and other healthcare professionals,
this research could be used as a tool to assist clients and patients in fostering behavior
change towards healthier and more sustainable food options. Besides the aforementioned
considerations for future research, the findings in this review on the relevance of meal
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context emphasize the importance of collaboration within the field of nutrition particularly
among chefs, dietitians, and scientists to create flavorful dishes with non-meat protein
sources in an effort to facilitate and expedite the transition to healthier and more sustainable
protein sources among consumers.

Nevertheless, this review has some limitations that should be noted. Although beyond
the scope of this review, replacing red and processed meat with white meat, eggs, or dairy
products may be a more feasible first step for many consumers attempting to reduce meat
consumption [66]. Additionally, this review focused on omnivores and flexitarians given
that they comprise a much larger percentage of the population in developed countries
compared to pescatarians, vegetarians, and vegans [22,23,26]. However, understanding the
motivations, willingness, and behavior of these non-meat-eating subgroups and comparing
them with omnivores and flexitarians could be useful in identifying which factors are most
decisive in reducing meat. In this review, one researcher screened articles for inclusion
and exclusion criteria and extracted relevant data. Although this could have introduced
bias in the article section, the inclusion and exclusion criteria were clearly defined, and the
search strings were built by two researchers. Furthermore, a second researcher randomly
cross-checked article screening and data extraction and discussed any uncertainties or
disagreements with the first researcher. Other frameworks, such as the Capability, Op-
portunity, Motivation behavior model (COM-B) could have been utilized to organize and
summarize the findings in this review [67]. However, we chose to use the theoretical
framework by Stoll-Kleemann and Schmidt (2017) as it provides a comprehensive overview
of the interrelated drivers and inhibitors that may be involved specifically in meat-eating
behavior, which relates closely to our aim of identifying the drivers and inhibitors of re-
placing meat with non-meat protein sources among consumers in developed countries [17].
Furthermore, unlike the COM-B model, this framework is based on a pro-environmental
behavior model that analyzes the propensity of individuals to partake in actions that
mitigate a negative impact on the environment as well as the dissonance between having
environmental awareness and participating in pro-environmental behavior [27]. Yet, this
framework does carry some shortcomings [17]. While not covered by the studies in this
review or explicitly included in the framework [17], we included race and ethnicity as
potentially important factors to consider in the socio-demographics in Table 2.

5. Conclusions

In conclusion, this review revealed multiple personal, socio-cultural, and external
factors relating to the replacement of meat with non-meat proteins sources among om-
nivores and flexitarians in developed countries. The results indicate that female gender,
information on health and the environment, and lower price of non-meat protein sources
may act as drivers, whereas male gender, food neophobia, attachment to meat, and the
lower situational appropriateness of consuming non-meat protein sources act as inhibitors.
According to literature, gender, food neophobia, and information on health and the en-
vironment are relevant factors in reducing meat and replacing it with non-meat protein
sources [16,49–55]. However, more research is needed to establish the relevance of socioe-
conomic status, race, ethnicity, religion, health status, food environment, and cooking skills.
Future research should consider the importance of standardizing methods in order to allow
for better comparisons among studies. Additionally, studies should prioritize examining
potential drivers and inhibitors across different consumer segments and various non-meat
protein sources to determine differences in consumer acceptability and the long-term health
and environmental consequences of such replacements. Ultimately, the findings of this
review are relevant for supporting more efficacious public health campaigns, product de-
velopment and marketing in food industry, and behavior change facilitated by healthcare
professionals. Given the importance of meal context, this research calls for collaboration
particularly among chefs, dietitians, and scientists in research to expedite and facilitate the
transition to healthier and more sustainable protein sources.
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Appendix A

Search string for Scopus until April 2021 to identify the drivers and inhibitors under-
lying the replacement of meat with non-meat protein sources.

TITLE-ABS-KEY(((meat W/3 reduc*) OR (meat W/3 substitut*) OR (meat W/3 re-
place*) OR “less meat” OR flexitarian*) OR (“plant*based meat” OR “plant*based diet” OR
“plant*forward diet” OR “alternative protein” AND (pulse OR legume OR bean OR lentil
OR seaweed OR alga OR insect OR “cultured meat” OR “in*vitro meat” OR “synthetic
meat”)) AND (perce* OR aware* OR attitude OR intent* OR willing* OR motiv* OR choice
OR prefer* OR accept* OR adopt* OR change OR buy* OR purchas* OR “food choice” OR
“behavior* change”))

Appendix B

Search string for Web of Science (Core Collection) until April 2021 to identify the
drivers and inhibitors underlying the replacement of meat with non-meat protein sources.

(TS = (((reduc* OR substitut* OR replace*) NEAR/3 meat) OR (“less meat”) OR
(flexitarian*) OR ((“plant*based meat” OR “plant*based diet” OR “plant*forward diet” OR
“alternative protein”) AND (pulse OR legume OR bean OR lentil OR seaweed OR alga OR
insect OR “cultured meat” OR “in*vitro meat” OR “synthetic meat”)))) AND TS = ((perce*
OR aware* OR attitude OR intent* OR willing* OR motiv* OR choice OR prefer* OR accept*
OR adopt* OR change OR buy* OR purchas* OR “food choice” OR “behavior* change”))
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Abstract: Consumers are shifting towards plant-based diets, driven by both environmental and
health reasons. This has led to the development of new plant-based meat alternatives (PBMAs) that
are marketed as being sustainable and good for health. However, it remains unclear whether these
novel PBMAs to replace animal foods carry the same established nutritional benefits as traditional
plant-based diets based on pulses, legumes and vegetables. We modelled a reference omnivore
diet using NHANES 2017–2018 data and compared it to diets that substituted animal products in
the reference diet with either traditional or novel plant-based foods to create flexitarian, vegetarian
and vegan diets matched for calories and macronutrients. With the exception of the traditional
vegan diet, all diets with traditional plant-based substitutes met daily requirements for calcium,
potassium, magnesium, phosphorus, zinc, iron and Vitamin B12 and were lower in saturated fat,
sodium and sugar than the reference diet. Diets based on novel plant-based substitutes were below
daily requirements for calcium, potassium, magnesium, zinc and Vitamin B12 and exceeded the
reference diet for saturated fat, sodium and sugar. Much of the recent focus has been on protein
quality and quantity, but our case study highlights the risk of unintentionally increasing undesirable
nutrients while reducing the overall nutrient density of the diet when less healthy plant-based
substitutes are selected. Opportunities exist for PBMA producers to enhance the nutrient profile and
diversify the format of future plant-based foods that are marketed as healthy, sustainable alternatives
to animal-based products.

Keywords: flexitarian; vegetarian; vegan; plant-based meat alternatives; nutrient intakes

1. Introduction

Global concerns around the consumption of animal products and their adverse effects
on health and the environment have led to significant growth in the plant-based protein
space, particularly for new products to replace traditional meat and dairy [1–4]. This
increased demand for non-animal protein has resulted in more consumers declaring to
be “flexitarian” or choosing to reduce meat, dairy and eggs in favour of more plant-based
foods to benefit the environment, improve health or both [5]. Consumer market insights
suggest that from 2019 to 2020, as many as 5 million consumers in the United States
shifted to avoid meat completely, becoming either vegetarians or vegans [6,7]. Non-animal-
based proteins include vegetable sources, plant-based meat alternatives (PBMAs) and less
commonly consumed sources such as algae, insects and cultured meat [8]. The PBMA
market is sizable and growing, valued at USD 4.3 billion in 2020 and projected to reach
USD 8.3 billion by 2025 [9]. In addition to improved sustainability, PBMAs are marketed
for their nutritional benefits [10,11], driving an increase in their consumption for health

Nutrients 2021, 13, 2527. https://doi.org/10.3390/nu13082527 https://www.mdpi.com/journal/nutrients81
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reasons [2,3]. However, the health benefits of novel PBMAs—a product category with
diverse formulations and nutritional compositions—to replace animal foods long-term
remain unclear, due to a lack of longitudinal evidence and randomised controlled trials.
There has been the suggestion of a “health halo” around these products, where established
health benefits of vegetarian and vegan diets are being conflated with positive messaging
around animal welfare, sustainability and the environment for many of the newer PBMA
products [8,12]. An additional concern is the current focus on promoting plant-based
foods of “unhealthy” product categories and formats such as plant-based burgers, nuggets,
meatballs and sausages, which may increase consumption of so-called “junk foods” [8,13].

A concern for many consumers seeking to decrease their meat intake and switch to
plant-based diets is potentially compromising their protein intake in terms of quality and
quantity [14,15]. To add to consumers’ uncertainty, less is known about the wider impact
of substituting animal foods with plant-based products—particularly novel ones—on
intakes of micronutrients and public health-sensitive nutrients (fat, sugar and sodium).
Much more is known about the health benefits of omitting meat in favour of traditional
plant sources such as legumes, with extensive evidence demonstrating lowered risks of
cardiovascular disease, diabetes, cancer and obesity for vegetarians and vegans [16–19].
Even partially reducing meat while increasing healthful plant-based foods has been shown
to be beneficial and is associated with lower risks of disease and mortality [4,20,21]. The
2020–2025 Dietary Guidelines for Americans recommend vegetarian diets as one of three
healthful dietary patterns [22], the other two being the Healthy U.S.-Style Dietary Pattern
and the Healthy Mediterranean-Style Dietary Pattern [22]. The Mediterranean diet is a
well-studied example of a feasible plant-based eating pattern low in red meat and high in
unsaturated fat intake [4]. It is associated with numerous health benefits including reduced
incidence of cardiovascular disease and greater longevity [23,24] while having a lower
environmental impact compared to a typical omnivorous Western diet [25].

Frequent red and processed meat intake is linked to greater risks of cardiovascular
disease and cancer [26,27]; however, the World Cancer Research Fund highlights that this
does not mean all consumers must completely avoid meat. This is because meat presents
a valuable source of protein, iron, zinc and Vitamin B12 [28]. Guidelines recommend a
maximum of three portions of red meat weekly, while also limiting or avoiding processed
meat [28]. There is also evidence that the relationship between meat intake and risk of stroke
differs by type of meat. A systematic review and meta-analysis of total, red, processed and
white meat consumption found total stroke incidence to be lowest for consumers of white
meat [29]. Whether novel PBMAs and traditional plant-based foods make nutritionally
equivalent animal food substitutes remains to be seen.

1.1. Protein and Nutrient Concerns between Animal- and Plant-Based Diets

Animal and plant proteins are both nutritious, and protein quality and quantity are
often not compromised when switching to well-designed plant-based diets [30]. This
applies whether meat and dairy are reduced or completely excluded in favour of nutritious
plant-based alternatives. Animal products provide an important source of nutrients and
have been described as “complete” protein sources with “high biological value” since they
contain all nine essential amino acids [31]. Many plant foods do not contain all essential
amino acids and are termed “incomplete” protein sources [31]. The terms “complete”,
“incomplete”, “high biological value” and “low biological value” have been challenged
and termed “misleading” in relation to plant protein because they reflect the quantity
and quality of essential amino acids consumed in a single serving, but do not account for
plant protein blends or the overall protein quality of the diet to meet requirements [30,32].
Most plant-based foods are consumed in combination and from a variety of sources such
that plant-based diets adequately meet requirements for all essential amino acids in a
calorie-sufficient diet [33]. Furthermore, evidence is emerging on the equivalence of animal
and plant protein sources in sustaining lean muscle mass and strength in extended feeding
trials [34]. In this regard, it is possible to achieve equivalent protein quality and quantity
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through the partial or complete removal of animal products in favour of a plant-based diet.
What is less well understood is the impact of such a large dietary shift in consumption
patterns on intakes of other dietary components, particularly micronutrients.

On-pack nutritional composition represents the nutrients of the unprepared prod-
uct and often does not reflect actual nutrients consumed when products require further
preparations that influence their final composition. This is especially true for most novel
plant-based products. Whereas many traditional vegetarian dishes require minimal oil and
salt such as lentil stews and stir-fried tofu, by contrast, most of the current PBMA products
are sold in formats such as burgers, sausages or nuggets that require preparation with more
oil (i.e., frying) and salt and are often consumed with nutrient-poor sides, condiments and
beverages. Regularly consuming these products could potentially lead to higher calorie,
fat and salt intakes. Similarly, non-dairy milks targeted towards vegetarians or vegans
are often high in added sugar [35], while many vegetarian and vegan spreads, snacks
and desserts have high levels of salt and fat. If PBMAs or vegetarian- or vegan-friendly
products have poor nutritional profiles but are sold under the pretence of better health
or nutritional equivalence to natural plants, consumers who adopt them to support a
flexitarian, vegetarian or vegan diet may unintentionally consume nutrient-poor diets that
are higher in public health-sensitive nutrients.

1.2. Case-Study: A Comparison of Omnivore, Flexitarian, Vegetarian and Vegan Diets

Similar to all diet and lifestyle changes, switching to plant-based substitutes for meat
can be beneficial or not for health. In the absence of clear data on the nutritional impact of
such a change, the current case study sought to compare the health impact of substituting
animal products (i.e., meat, dairy and eggs) for both traditional and emerging non-animal
alternatives. We chose a standard omnivore diet based on NHANES 2017–2018 data
(reference diet) and substituted animal products with either traditional plant-based foods
or novel non-animal protein alternatives to create flexitarian, vegetarian and vegan diets
matched for energy, protein, carbohydrate and fat, to focus on changes in micronutrient
intake over a given day. The goal of these comparisons was to establish whether reducing
the consumption of animal products using novel PBMA and dairy alternatives results in
equivalent nutrient intakes for flexitarian, vegetarian and vegan diets, in comparison to a
reference omnivore diet.

2. A Comparison of a Standard Omnivore Western Diet to Plant-Based
Alternative Diets

2.1. Selecting a Representative Diet

We compared changes in nutrient intakes when moving from an animal-based diet
(omnivore) to plant-based diets (flexitarian, vegetarian and vegan). For the comparison, we
selected a reference diet based on the average nutrient intake pattern for an American adult
male aged 20–49, based on the NHANES 2017–2018 dietary survey [36] (Table 1). This
diet is within recommendations for daily calories and most micronutrients [22,36] but was
higher for daily protein, carbohydrate, fat, sugar and sodium and lower in dietary fibre,
potassium and magnesium (Table 2). This reference diet is representative of the typical
intake of the average consumer since most individuals do not meet recommendations for
all nutrients [37].
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We compared the reference omnivore diet to traditional and newer versions of flex-
itarian diets with reduced meat intake (Flex-Trad and Flex-New), traditional and newer
versions of a vegetarian diet with no meat (Veg-Trad and Veg-New), and traditional and
newer versions of a vegan diet without meat, dairy or eggs (Vegan-Trad and Vegan-New)
(Table 1). The Flex-Trad, Veg-Trad and Vegan-Trad diets substituted animal products in
the reference diet for traditional plant-based substitutes such as beans, nuts and soy. For
the Flex-New, Veg-New and Vegan-New diets, we substituted animal products for novel
PBMAs and vegan-friendly packaged products such as coconut- or soy-based dairy alterna-
tives, to represent the recent consumer trend towards these products. To focus comparisons
on micronutrient intakes, all diets were matched to within 5% for total calories from carbo-
hydrates, fat and protein (Table 2). Although these diets were hypothetical, they represent
practical choices that are available within the current plant-based market and were chosen
to be realistic, with nutrient values reflecting each food’s composition “as prepared” and
ready-to-consume, rather than on-pack composition “as sold”. For detailed nutritional
information for each individual food item in each diet, please refer to the Supplementary
Materials (Tables S1–S7).

2.2. Summary Comparison of Reference Diet to Flexitarian, Vegetarian and Vegan Diets

Flexitarian, vegetarian and vegan diets with less meat and dairy intakes were lower in
cholesterol, Vitamin B12 and zinc (Table 2). All diets met daily requirements for phosphorus
and iron but fell below fibre requirements (Table 2, Figure 1), with the exception of the
traditional vegan diet, which had the greatest quantity of legumes and seeds. Diets
with novel plant-based substitutes (Flex-New, Veg-New and Vegan-New) fell below daily
requirements for calcium, potassium, magnesium, zinc and Vitamin B12 and exceeded
the reference diet for saturated fat, sodium and sugar (Table 2, Figure 1). The shortfall
in micronutrients was due to low or no meat and dairy consumption, and the fact that
many novel PBMAs had lower micronutrient contents compared to equivalent animal
products and many traditional plant-based foods. The increase in public health-sensitive
nutrients was due to preparation methods requiring oil and salt and condiments consumed
with PBMAs. Many vegan-friendly coconut-based products were low in protein and
micronutrients and high in fat. Diets with traditional plant-based substitutes (Flex-Trad
and Veg-Trad) apart from the vegan diet (Vegan-Trad) met daily requirements for calcium,
potassium, magnesium, phosphorus, zinc, iron and Vitamin B12, and was lower than the
reference diet in saturated fat, sodium and sugar (Table 2, Figure 1). This was due to
lower meat and dairy intakes and an increase in legumes and seeds. Traditional flexitarian
and vegetarian diets were the only two diets to meet all daily micronutrient requirements
(Figure 1).

2.3. Comparison of the Reference Omnivore Diet to Two Alternative Flexitarian Diets

The flexitarian diets (Flex-Trad and Flex-New) had a reduced proportion of meat and
dairy while increasing plant-based foods, and both were lower in cholesterol, Vitamin B12
and zinc and higher in fibre than the reference diet. The traditional flexitarian diet met
daily requirements for all seven micronutrients compared and was lower in saturated fat
(27%) and sodium (↓17%) and higher in calcium (↑32%) and magnesium (↑19%) than the
reference diet. This was due to a higher proportion of low-fat dairy and plant-based foods
such as legumes, which were important protein sources for this diet. The flexitarian diet
based on more novel products (Flex-New) only met daily requirements for phosphorus
and iron and was the diet highest overall for saturated fat. This was due to a greater
proportion of novel plant-based convenience foods such as plant-based snacks, coconut-
based products and lower dairy intake. Flex-New had 60% less Vitamin B12, 37% less zinc
and 31% less potassium than the reference diet while increasing saturated fat intake by 46%
and sodium by 28% (Figure 1, Table 2).
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Figure 1. Comparison of nutrient intakes across omnivore, flexitarian (traditional and novel), vegetarian (traditional and
novel) and vegan (traditional and novel) diets for (a) saturated fat, (b) sodium, (c) sugar, (d) dietary fibre, (e) Vitamin B12,
(f) calcium, (g) potassium, (h) magnesium and (i) zinc. The dotted line in each graph denotes the daily nutritional goal for
that nutrient [22]. Ref = reference diet, FlexT = flexitarian-traditional diet, FlexN= flexitarian-novel diet, VegT = vegetarian-
traditional diet, VegN = vegetarian-novel diet, VeganT = vegan-traditional diet, VeganN = vegan-novel diet.

2.4. Comparison of the Reference Omnivore Diet to Two Alternative Vegetarian Diets

Removing meat entirely, while retaining dairy and increasing the proportion of energy
derived from plant-based foods, resulted in traditional (Veg-Trad) and novel (Veg-New)
vegetarian diets, both of which were lower than the reference diet for cholesterol, Vitamin
B12 and zinc, and higher in dietary fibre and iron. As with the traditional flexitarian diet,
the traditional vegetarian diet met daily requirements for all micronutrients compared and
was lower in saturated fat (↓24%) and sodium (↓25%) and higher in calcium (↑40%) and
magnesium (↑26%) than the reference diet. This was due to increased intake of dairy and
plant-based products such as vegetables, beans, tofu and nuts. The novel vegetarian diet
only met daily requirements for phosphorus and iron and not the other micronutrients, due
to a greater quantity of novel PBMAs and coconut-based snack products. As a result, the
novel vegetarian diet was markedly lower in Vitamin B12 (↓79%), zinc (↓43%), potassium
(↓27%) and calcium (↓25%) compared to the reference diet. The novel vegetarian diet also
exceeded the reference diet for saturated fat (↑32%) and sodium (↑42%).
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2.5. Comparison of the Reference Omnivore Diet to Two Alternative Vegan Diets

Excluding all meat and dairy resulted in vegan diets with no cholesterol and lower
Vitamin B12, calcium and zinc content compared to the reference diet. These vegan diets
were also higher than the reference diet for iron and sugar. The traditional vegan diet
had the highest quantity of legumes and seeds and was the diet highest for iron and fiber,
and higher in potassium (↑15%) and magnesium (↑59%) compared to the reference diet.
However, the traditional vegan diet also had less Vitamin B12 (↓59%) and calcium (↓52%)
than the reference diet. Soymilk was the sole source of Vitamin B12 for both vegan diets.
The traditional vegan diet (Vegan-Trad) met all daily micronutrient requirements with
the exception of Vitamin B12 and calcium. The novel vegan diet (Vegan-New) provided
adequate phosphorus and iron but was the diet lowest for calcium, potassium, phosphorus,
zinc and Vitamin B12. Removing all dairy and meat products resulted in daily requirements
not being met for Vitamin B12 (79% less than reference diet), calcium (↓62%), potassium
(↓36%), magnesium (↓16%) and zinc (↓54%). The novel vegan diet was higher than the
reference diet for saturated fat (↑34%) and sodium (↑43%) and had the lowest fibre of all
the diets due to the greatest proportion of novel PBMAs and plant-based snack foods. Since
many novel PBMAs were rich in iron due to the inclusion of vegetable haem or ferrous
sulfate, the novel vegan diet had one of the highest overall iron contents.

3. Trading Places: Feasibility and Nutritional Balance within Specific
Diet Comparisons

The traditional flexitarian diet reduced meat using traditional plant-based substitutes
and met all daily micronutrient requirements. Retaining dairy and eggs with a smaller
portion of meat maintained protein intakes, as well as sustained high micronutrient intakes.
This diet did not require the addition of high-protein snacks to meet protein needs, as was
needed for vegetarian and vegan diets. An added challenge when making the transition to
vegetarian and vegan diets is that unlike meat, many plant-based protein sources tended
to be high in carbohydrates, such as dairy and legumes. Similarly, plant sources such as
tofu are often lower in protein compared to meats like chicken and need to be consumed
in larger portions or supplemented with high-protein snacks such as nuts and yogurt to
achieve sufficient intakes, which can increase dietary fat and carbohydrate. The novel
vegetarian and vegan diets with PBMAs and dairy alternatives such as coconut ice cream
and coconut yogurt were matched for protein intake with the other diets. PBMAs often
had lower protein and higher fat, carbohydrate and sodium compared to meat, while
dairy alternatives tended to have lower protein yet higher calories, carbohydrate and fat
compared to traditional dairy. Non-dairy milk had more added sugar. Accommodating
protein from PBMAs and dairy alternatives while matching for energy intake required a
reduction in carbohydrate-rich foods such as French fries, rice and bread.

For vegans to go dairy-free, this required the removal of nutrient-rich foods such as
cheese and replacing these with dairy-free cheese, which was higher in calories, carbo-
hydrate, fat and sodium but lacked protein. Several foods used to replace animal-source
foods in each diet were also low in micronutrients such as coconut yogurt, plant-based
egg and dairy-free cheese. To match the reference diet for protein, the novel vegan diet
required “supplementation” with protein-rich plant-based snacks such as vegan “beef
jerky”. Significant protein sources in the vegan diets such as legumes, seeds and PBMAs
increased carbohydrate and fat intakes. Whereas vegan diets are known for their low
Vitamin B12 content [43,44], this can be overcome with specific vegan food choices such as
yeast-fortified dairy-free cheese.

When modelling the various diets to be used in our comparisons, we were mindful
of the high variability in nutritional characteristics among products such as plant-based
drinks or dairy alternatives [45]. Therefore, to reduce the influence of variability, our case
study excluded fortified products and supplements for an equivalent comparison across
diets. As a result, the vegan diets had no dietary sources of Vitamin B12 other than soymilk,
and neither vegan diet met daily requirements for all seven micronutrients compared,
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with Vegan-New being the lowest for five of these micronutrients. This suggests that
consumption of these diets could result in important micronutrient deficiencies if sustained
over time and that vegetarian and vegan diets may require more consideration and dietetic
knowledge to implement if they are to meet all daily micronutrient requirements. This
includes incorporating a greater proportion of traditional plant-based foods such as beans,
nuts and seeds, rather than selecting nutrient-poor PBMAs, and selecting calcium-fortified
dairy alternatives alongside Vitamin B12 supplements.

The reference diet against which all other diets were compared reflects a typical daily
diet for an American adult male. When calories and % energy from macronutrients were
matched, all diets exceeded requirements for macronutrients, sodium and sugar. Only
the traditional flexitarian and vegetarian diets met all daily micronutrient requirements,
with better intakes than the reference diet. The diets selected for comparison aimed to
illustrate in a practical way the possible nutritional implications of adopting flexitarian,
vegetarian or vegan diets for the long term. Often, when comparing animal- and plant-
based diets, the focus tends to be exclusively on protein quality and quantity. While this
is important, the current comparison highlights important implications of selecting plant-
based foods believed to be “healthier”, and the need to consider non-animal alternatives
that are nutrient-dense, and lower in calories, fat, sugar and sodium.

4. Discussion

The current case study demonstrates that traditional plant-based replacements for
animal products support the transition to nutritionally adequate flexitarian or vegetarian
diets, with flexitarian diets being the most feasible overall. Plant-based diets with larger
proportions of novel PBMA substitutes and vegan diets in the absence of nutritional
supplements run the risk of being inadequate in a number of important micronutrients.

4.1. Potential Unintended Consequences of Switching to a Plant-Based Diet

A diet that reduces or excludes meat and dairy may have unintended nutritional
consequences that arise through selecting foods of lower nutrient density or foods requiring
preparation with oil or salt. The current case study shows that diets that increasingly avoid
animal-based products result in nutritionally adequate diets if traditional plant-based foods
are used as substitutes, with the exception of vegan diets. However, we identified risks
when the move to vegetarian and vegan diets was achieved by including novel PBMAs
and plant-based dairy, with significantly decreased Vitamin B12, calcium, potassium,
magnesium and zinc.

The current comparisons were based on a single day’s consumption, which suggests
that the continued consumption of diets high in novel PBMAs and plant-based dairy
carry the potential risk of increasing intakes of public health-sensitive nutrients while
also promoting nutritional deficiencies for a range of micronutrients. For the uninformed
consumer, caution should be exercised when making wholesale transitions from diets
containing food of animal origin to plant-based diets, particularly those moving to a vegan
diet. A diet with sustained low calcium content can increase the risk of low bone mineral
density, osteoporosis and fractures. The vegan diets in our case study were the lowest in
calcium and the Vegan-New diet was lowest in zinc. These findings are in agreement with
a recent cross-sectional comparison that found poorer bone health in vegans compared
to omnivores, as well as lower nutritional biomarkers including calcium and zinc [46].
Recent evidence has shown an acceleration of bone turnover when shifting from animal- to
plant-based diets [47]. As such, those considering the move to veganism should take steps
to ensure adequate consumption of all micronutrients including calcium, zinc and Vitamin
B12. As mentioned earlier, this may include calcium-fortified dairy alternatives, Vitamin
B12 supplements and traditional plant-based foods. Similarly, consideration should be
given to limit specific vegan food choices high in fat, sodium and sugar. This may include
several foods catered to vegans, for example falafel and halloumi, which are commonly

89



Nutrients 2021, 13, 2527

fried, and non-dairy alternatives such as vegan cheese, yogurt and ice cream, which tend
to be lower in protein and micronutrients when compared to animal-based dairy products.

Previous research using dietary data modelling has estimated the impact of switching
from animal- to plant-based diets on nutrient intakes. A Canadian study found that
increasing the intake of PBMAs by 100% and reducing red and processed meat by 50%
improved diet quality as measured by the Nutrient-Rich Foods (NRF) index, but decreased
intakes of important nutrients including protein, zinc and Vitamin B12 [48]. Similarly, a
French diet simulation study substituted meat, milk and dairy desserts with plant-based
substitutes, finding better adequacy for nutrients such as essential fatty acids and fibre but
lower adequacies for Vitamin B12, riboflavin, zinc, iron and calcium [49]. There remains a
shortage of long-term evidence on the health effects of substituting animal-based foods
for newer plant-based meat, dairy and eggs. Two randomized controlled trials to date
suggest either a potential long-term negative impact on bone health [47] or beneficial
effects including reduced low-density lipoprotein (LDL) cholesterol in an industry-funded
trial [50]. However, long-term trials have yet to be completed, and the fluidity of PBMA
product formulations and diverse range of products present additional challenges to
interpreting the impact of consumption data on health in the future.

Findings from the current case study align with existing literature that flexitarian diets
may be the easiest for consumers to transition to in terms of nutritional adequacy and
improved health, whereas nutritionally adequate vegetarian and vegan diets require more
knowledge and planning. Consuming a mix of proteins from animals and plants while re-
ducing meat and increasing healthful plants is a practical approach for many [51,52]. How-
ever, the nutritional profiles of these flexitarian diets depend on the dietary components
used as substitutes for animal products [51]. Similarly, when sustaining an omnivorous
diet, it is possible to achieve nutrient balance when meat and dairy are low in saturated
fat [53] and nutrient-dense foods are prepared with less salt, sugar and oil. However, evi-
dence suggests that reducing meat consumption can have additional health benefits over a
balanced omnivore diet. A recent review of Canadian epidemiological studies supports
consumption of well-planned vegetarian or vegan diets over omnivore diets to improve
nutritional adequacy and reduce risks of chronic conditions and cancer [54]. The current
case study suggests consumers will need support and guidance to ensure that when they
reduce consumption of animal products, they choose alternatives that avoid unintentional
health effects of sustained consumption of nutrient-poor plant-based products.

4.2. Making the Switch from Animals to Plants: Nutrient Density versus Protein Quantity
and Quality

Much of the commentary around shifting from animal- to plant-based protein diets
has centered on the poor protein quantity and quality of plant-based foods [4,30]. However,
our comparisons highlight that protein quality or quantity is unlikely to be an issue and
many plant proteins and protein blends are capable of meeting daily protein requirements,
particularly when consuming a variety of plant foods. Concerns have been raised about
consuming adequate protein from vegetarian and vegan diets [14,15], yet today a majority
of consumers in developed countries tend to exceed protein requirements [36]. The current
comparison suggests the challenge for the emerging plant-based product market will
be to enhance nutrient-poor plant sources with adequate micronutrients while reducing
consumers’ need to add public health-sensitive nutrients such as sugar, salt and fat to
enhance the palatability of these products. The protein in new PBMAs is largely based
on soy and pea protein and generally sufficient in terms of quantity and quality [50],
albeit lower in protein content compared to their animal counterparts. However, the
lower nutrient content and requirement for many products to be fried in oil and seasoned
with salt could be problematic if adopted as a dietary staple, and the long-term impact
of consuming novel PBMAs as a direct replacement for animal-based protein has yet to
be tested. In this regard, switching to more frequent PBMA consumption may have the
unintended consequence of increasing intakes of nutrient-poor “fast foods”, which in turn
may not impact protein adequacy but could promote higher intakes of fat, sugar, salt and
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energy, thus reducing the micronutrient quality of the diet, as highlighted in Table 2 and
Figure 1. In recognition of this, recently, PBMA producers such as Beyond Meat have
started to fortify their products with B vitamins in order to create burger patties with a
micronutrient profile more comparable to that of beef [55].

4.3. Long-Term Impact of Increasing Intakes of Novel PBMAs

Alongside the rapid rise of PBMAs, meat consumption has continued to increase.
Global per capita meat consumption has increased approximately 20 kg since 1961 [56],
raising the question of whether PBMAs are replacing meat or merely contributing to the
increase in overall protein and energy intakes. The long-term health effects of increased
PBMA intakes also remain unknown. Excessive haem consumption, the form of iron found
in meat, has been associated with increased risks of cancer and type 2 diabetes [57–63].
These associations have not been found for non-haem iron found in plants, which has
been used in novel PBMA products to impart the qualities of minced beef. Reducing meat
and increasing vegetable intake in an iron-sufficient diet carries health benefits such as
promoting the prevention of cancer and chronic diseases [64]. It is unknown whether
novel, processed PBMAs carry these same benefits, for instance, soy leghaemoglobin in
Impossible Foods. Extensive research over many years has demonstrated the benefits
of reducing meat and adopting traditional flexitarian, vegetarian and vegan diets, with
associated reductions in cardiovascular disease and cancer risk [17,19]. Claims of the health
benefits of novel PBMAs are currently not supported by the same robust long-term evidence
from randomised controlled trials, yet these “health halos” are contributing to consumer
motivations to consume PBMAs in an effort to improve their health. As highlighted earlier,
this may unintentionally support a move to more unbalanced diets and increase intakes of
unhealthy dietary components. In the past, unsubstantiated health claims have been shown
to drive consumer choice and intake behaviour. For example, when foods are labelled
“organic”, consumers perceive them to be healthier and to contain fewer calories, despite
no evidence to support this [65–67]. Research is now needed to understand the health
implications of consuming PBMA products and identify opportunities to enhance their
health profile.

Novel PBMAs are marketed to appeal to consumers looking to adopt a “clean” eating
dietary regime as part of a global trend to simplify food production and formulations in
favour of more natural food products [68]. However, this desire for clean eating conflicts
with many novel PBMAs which are highly formulated, processed products that rely on
protein isolates, colours, flavours and processing aids to achieve a “meat-like” sensory
appeal. A recent study found a greater proportion of “ultra-processed foods” (UPFs) in
diets that avoided animal-based foods, with UPFs supplying 33% of daily calories for
meat eaters and 39.5% for vegans [69]. Another study saw substitutions of meat, milk and
dairy desserts for plant-based substitutes to modify the energy share of UPFs from 29%
to 27–40% depending on individual foods used [49]. Thus, many consumers seeking to
avoid processed foods when shifting to plant-based diets, especially vegan diets, may find
themselves conflicted when faced with messages to consume more of the novel PBMAs.
Though processed foods have been associated with increased disease risk [70], not all are
unhealthful (i.e., tofu and fortified foods), and it is not clear whether aspects of processing
or food formulation are primarily associated with diet-related chronic disease. There
is potential for food technology to develop affordable, sustainable and nutritious meat
and milk analogues to enhance the nutritional content of diets and benefit consumer
health [71]. Our case study comparisons identified a need to enhance the nutrient densities
of plant-based proteins, especially novel versions, to create products higher in bioavailable
nutrients and lower in public-health-sensitive nutrients. Sugar can be reduced in dairy
alternatives while increasing amounts of protein, calcium, Vitamin B12 and other nutrients
less often found in non-dairy products. In addition, rather than attempting to construct
foods replicating meat or dairy, it may be more nutritious and feasible to encourage
consumers to reduce meat and increase consumption of existing nutrient-dense, natural
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plant sources. Investments and marketing could focus on promoting intakes of fresh
vegetables, legumes and seeds rich in protein instead of PBMA products, which are not
equivalent nutritionally (as highlighted in Section 2) and are more costly for consumers [9].
Improving the availability of fruits and vegetables in schools, workplaces and communities
coupled with choice architecture and strategies to increase palatability of such foods have
shown promise [72].

Rather than classifying foods by the degree to which they are processed to determine
their healthfulness, measures have been developed that better reflect not only the nutrient
density but also the sustainability of foods, which could be used to better inform consumers.
Measures such as the plant-based diet index (PDI) may better reflect the nutrient density
and impact of dietary changes on health [73]. High-quality plant foods such as wholegrains,
fruits, vegetables, nuts and legumes are scored high on the healthful plant-based diet index
(hPDI), and lower-quality plant foods such as those high in added sugars and refined grains
are high on the unhealthful plant-based diet index (uPDI). In large prospective cohorts, the
hPDI was more strongly associated with decreased coronary heart disease (CHD) risk and
the uPDI associated with increased CHD risk [73]. Drewnowski and colleagues examined
the association between greenhouse gas emissions and energy and nutrient densities of
34 food categories [74]. These approaches could be used to create a standardised diet
index that accounts for both the nutritional value and environmental impact of foods
selected and consumed. This could be applied to better inform consumers by helping
them identify nutrient-dense alternatives to animal products, thus assisting the healthful
transition towards sustainable plant-based diets.

This case study’s strength was the modelling of seven diets (omnivore, flexitarian, veg-
etarian and vegan) in a practical manner that follows current nutrient intakes to represent
the average consumer. However, it had its limitations. We did not include supplements or
fortified products in order to create an equivalent comparison across diets. Therefore, this
case study will not fully represent the diets of plant-based consumers who use supplements
and fortified products. However, cross-sectional and survey data suggest that supplement
use may be lower than expected [43,44] despite an increased risk of poorer micronutrient
density in plant-based diets such as vegan diets. Additionally, the single-day dietary
pattern, while allowing us to go into detailed comparisons in our data for seven unique
diets (i.e., serving sizes, calories and 15 nutrient values of individual foods), forms another
limitation of the case study.

5. Conclusions

The current case study highlights that traditional plant-based substitutes can improve
nutrient intakes and help consumers to eat more sustainably. However, our findings
suggest that it is easy for the uninformed consumer to unintentionally increase public
health-sensitive nutrients such as fat, sodium and sugar while also decreasing the nutrient
density of the diet. Recent innovation in the plant-based product space has focused more on
organoleptic properties (texture, taste and appearance) and formats (nuggets and burgers),
rather than developing innovative ways to enhance the nutrient density of plant-derived
foods, and ensuring a balanced nutrient profile similar to products of animal origin. Many
newer plant-based products are similar to animal products in calories, but lower in protein,
calcium, potassium, magnesium, zinc and Vitamin B12 while being higher in sodium and
fat after being prepared. If habitually consumed, this could create nutrient shortfalls for
consumers motivated to follow healthier, more sustainable diets [8].

Research is needed on how best to guide consumers to choose nutrient-dense plant-
based diets that support reduced consumption of public health-sensitive nutrients while
sustaining protein quantity and quality. For food producers, there is potential to innovate
for the next generation of plant-based foods that provide adequate nutrient intakes along-
side protein, and for the development of product formats that do not require the addition
of salt, sugar and fat to enhance their sensory appeal.
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Abstract: Yogurt is considered a healthy, nutritious food in many cultures. With a significant number
of people experiencing dairy intolerance, and support for a more sustainable diet, consumer demand
for dairy alternatives has surged. The aim of this study was to conduct a cross-sectional survey
of plant-based yogurt alternatives to assess their nutritional content and health profile. A total of
249 non-dairy yogurt alternatives were analyzed from the nutrition label listed on the commercial
package. The various yogurt alternatives contained extracts of coconut (n = 79), almonds (n = 62),
other nuts or seeds (n = 20), oats (n = 20), legumes (n = 16), and mixed blends (n = 52). At least
one-third of the yogurt alternatives had 5 g or more of protein/serving. Only 45% of the yogurt
alternatives had calcium levels fortified to at least 10% of daily value (DV), while only about one
in five had adequate vitamin D and B12 fortification at the 10% DV level. One-half of the yogurt
alternatives had high sugar levels, while 93% were low in sodium. Except for the coconut-based
products, the yogurts were not high in fat or saturated fat. The yogurt alternatives were not fortified
as frequently or to the same levels as the corresponding non-dairy, plant-based beverages.

Keywords: non-dairy yogurt alternatives; plant-based yogurts; nutrient composition; fortification;
calcium; vitamin D; vitamin B12; protein; sugar

1. Introduction

Yogurt, plain or sweetened, is a very popular food in many cultures. In Europe, the
dietary recommendations suggest the consumption of 100–250 g of yogurt/day [1]. Yogurt
is considered a tasty, healthy and nutritious food, supplying some important vitamins and
minerals. Individuals concerned about following a more sustainable diet, those with a
dairy intolerance, or who desire a non-dairy alternative due to dietary preferences, such as
vegans, will choose a lactose-free plant–based yogurt alternative. Typically, the comfort
level of such individuals, and others who wish to experiment with new foods, is best met
when the yogurt alternative has a similar appearance and texture to the dairy product. The
growing interest in non-dairy yogurts, combined with the surge of interest in plant-based
milk alternatives and meat alternatives has fueled a plant-based food industry valued at
USD 5 billion [2] that is re-shaping the future of American cuisine. Over the past 15 years
the number of Americans following plant-based diets has surged 300% [2]. The global
plant-based yogurt market was valued at USD 1.6 billion in 2019 and is projected to grow at
an annual growth rate of nearly 20% from 2020 to 2027 [3]. The US market for plant-based
yogurt alternatives was about USD 400 million in 2020 and is expected to be valued at USD
1.3 billion by 2027 [3].

The popularity of yogurt alternatives over the past decade was especially prominent
among millennials [3]. A number of manufacturers have made a decided effort to market
their plant-based yogurt alternatives to a generation who take sustainability and the health
of the planet seriously. Their websites clearly display that emphasis in their stated goals
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and mission [4–6]. During production of plant-based yogurt alternatives, companies claim
they work for the health of the planet, conserve resources, and reduce the environmental
impact and the carbon footprint of their activities. Some claim to use fair trade ingredients,
and most claim to be vegan, GMO (genetically modified organisms)-free, and organic. The
plant-based yogurts currently are based upon almonds, coconut, oats, or a legume (soy or
yellow pea). With over 35 flavors available, there are many varieties from which to select.
In addition, some plant-based yogurt alternatives possess unique health properties. For
example, yogurts based on flax or hemp contain substantial levels of omega-3 fatty acids
and fiber.

Consumers who regularly rely upon a non-dairy alternative may place themselves a
little short nutritionally. If an appropriate substitution of a dairy product is not made, one
could experience a nutritional shortfall in protein, calcium and some micronutrients. For a
vegan, and someone who limits their intake of animal products, there are three nutrients of
special concern. These are calcium, vitamin D, and vitamin B12 [7]. Calcium and vitamin
B12 are supplied by dairy yogurt, while vitamin D is only supplied by those dairy yogurts
fortified with vitamin D. On the other hand, these three nutrients are not supplied by plant-
based yogurt alternatives unless the products are fortified. When plant-based non-dairy
beverages are fortified, they may have similar amounts of calcium, vitamins D and B12 as
dairy milk or they may be fortified with only one or two of the three critical nutrients [8,9].
We set out to see how many of the non-dairy yogurt alternatives have adequate protein
levels and fortification, and at what level.

People choosing to follow a plant-based diet may need substantial guidance from a
health care professional (such as a dietitian) to select a well-fortified non-dairy product.
They may not know the nutritional pros and cons of consuming a particular non-dairy
beverage versus a particular yogurt alternative. The choice should be influenced by which
provides the better level of protein, calcium, vitamin D, and/or vitamin B12. They may
prefer to consume a non-dairy beverage long-term rather than a yogurt alternative, or vice-
versa, and would be interested to know how their nutritional status would be impacted by
their preference. Hence, we set out to see how the nutrient levels in a yogurt alternative
compared (on a serving basis) with those from a similar analysis of non-dairy plant-based
beverages [8].

Consumers are normally concerned, for health reasons, about the level of sodium,
sugar, and fat/saturated fat that exists in the food they purchase. We therefore examined
the levels of these nutrients to see how many of the yogurt alternatives had acceptable
levels of these nutrients. Furthermore, fermented foods are quite popular due to the
perception that they are both nutritious and have health benefits from the bioactive metabo-
lites produced by the fermentation [10,11]. Recently, the consumption of fermented foods
containing live microorganisms has been seen as an important dietary approach for im-
proving human health [12]. In addition, water-soluble dietary fibers, such as gums and
inulin, are considered probiotic compounds, due to their fermentability by gut microbiota.
These fibers provide a variety of health benefits, including an improved immune system
defense [13,14]. We also examined the extent to which the plant-based yogurt alternatives
contained prebiotics and probiotics.

2. Materials and Methods

The nutritional contents of 249 plant-based yogurt alternatives, representing 34 brands,
were analyzed. The yogurts were selected, from March to May 2021, from those available
in supermarkets and convenience stores in the western USA. Additional varieties of plant-
based, non-dairy yogurt alternatives [15] were analyzed from the nutritional labels given
by the manufacturer’s website, or from the website of common retailers. The plant-based
yogurts with incomplete nutrition data were not included in the analysis.

The nutritional content of each yogurt was recorded from the nutrition label on the
commercial package or from the information located on the website of the manufacturer
or retailer. The nutrients per serving size, which were available on all packages, included
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calories, fat, saturated fat, sodium, carbohydrates, dietary fiber, total sugars, protein, and
the micronutrients calcium, vitamin D, and vitamin B12. The median values of the nutrients
were calculated for each type of yogurt.

A similar analysis was conducted on 326 multi-serve, plant-based, non-dairy bever-
ages available in the USA, so that a comparison could be made between the nutritional
value of one serving of the plant-based yogurt alternative with that of one serving of a
plant-based beverage. The levels of fortification for calcium, vitamin D, and vitamin B12
were calculated for all yogurts and beverages separately.

The nutritional value of each plant-based yogurt was rated according to the following
criterion: calcium, vitamin D and vitamin B12 of at least 10% of daily value (DV)/serving,
and at least 5 g of protein/serving (10% of the DV). The health qualities demonstrated by
the ingredients were determined by the following criteria: not more than 5 g of total sug-
ars/serving; not more than 1 g of saturated fat/serving; not more than 150 calories/serving;
not more than 115 mg sodium/serving; and at least 1.5 g of dietary fiber/serving. In addi-
tion, we noted how many yogurts had high levels of sugar, fat, and saturated fat. This was
recorded as the number of yogurts having 10 g or more of total sugars/serving (20% DV
for sugars), having more than 15.5 g fat/serving (20% DV for fat) and having 4 g or more
of saturated fat/serving (20% DV for saturated fat). The US Dietary Guidelines specify, as
a general guide, that 5% DV or less of a nutrient/serving is considered low, while 20% DV
or more of a nutrient/serving is considered high [16,17]. In the USA, the DV for calcium is
1300 mg, vitamin D is 20 mcg, vitamin B12 is 2.4 mcg, sodium is 2300 mg, protein is 50 g,
added sugars is 50 g, saturated fat is 20 g, and dietary fiber is 28 g [17]. For our analyses,
we considered a 10% DV as an adequate fortification for calcium, vitamin D and vitamin
B12. For sodium and saturated fat we accepted that beverages should not exceed 5% of
their DV (a designated low level), namely 115 mg for sodium (5% of 2300 mg) and 1 g of
saturated fat (5% of 20 g). We suggest that yogurts have at least 5% of DV for dietary fiber
(approx. 1.5 g), at least 10% of the DV/serving for protein (5 g), and no more than 10%
DV/serving for sugars. Ten percent was chosen as a mid-stream number between the 5%
DV (low value) and the 20% DV (high value). This gave us a minimally acceptable level of
5 g protein/serving, and a level of 5 g sugars/serving.

Statistical Analysis

R software was used to conduct all statistical analyses [18]. Data were tested for
normality and homoscedasticity prior to analysis. The median and interquartile range were
used for descriptive statistics, as the data were not normally distributed. The nutritional
content was compared across the types of non-dairy yogurt bases using a Kruskal-Wallis
test for each nutrient, followed by Dunn’s post hoc test with Bonferroni adjustment for
multiple comparisons. The nutritional content was analyzed between non-dairy yogurt
and beverage alternatives using an unpaired Wilcoxon rank sum test for each nutrient.
An unpaired Wilcoxon rank sum test was also used to compare the levels of fortified
nutrients between non-dairy yogurt and beverage alternatives for each fortified nutrient.
The nutritional content was compared across product type (beverage or yogurt) and base
type using a two-way analysis of variance for each nutrient, followed by Tukey’s honestly
significant difference test. Only significant pairwise comparisons between non-dairy yogurt
and beverage alternatives for the same base type were reported. A significant p-value of
less than 0.05 was used for all analyses.

3. Results

The 249 plant-based yogurt alternatives analyzed were based upon coconut (n = 79),
almonds (n = 62), oats (n = 20), cashews (n = 13), soy (n = 11), pea protein (n = 5), hemp
(n = 4), pumpkin seed (n = 3), and the following mixtures: coconut with pea protein
(n = 23), oats with pea protein and/or fava bean (n = 16), coconut with pili nut (n = 6),
almond with fava bean (n = 4), coconut with cashews and watermelon and pumpkin seeds
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(n = 3). Table 1 displays the medians of each nutrient for all of these base types, and
differences among the base types are reported.

Two hundred and twelve (85.1%) of the yogurt alternatives were flavored while
24 (9.6%) were unsweetened and 36 were labeled as plain (14.5%). The most common
flavors were vanilla (19%), strawberry (14%), and blueberry (10%). Twenty-three (68%)
of the brands had no fortification. Only 11 of the 34 brands had calcium fortification.
Tricalcium phosphate (TCP) (47%), calcium citrate (17%), and a TCP-calcium citrate mix
(18%) were the most commonly used calcium salts. Others included calcium lactate-TCP
mix (10%), and calcium carbonate-TCP mix (5%), and calcium carbonate (4%). At least
two brands of yogurt alternatives used stevia and/or monk fruit extracts for sweetening.
Added fibers included pectin (64% of brands), locust bean gum (45%), agar (12%) and
guar (6%). Acacia gum and gellan were rarely used. Six of the 34 brands contained inulin
from either chicory root or agave. Each yogurt typically contained 4–6 live cultures. Eight
almond-based and three coconut-based yogurts contained mix-ins. All 11 with mix-ins
contain 180 calories and above, with a mean of 217 calories/serving. One serving size of
yogurt alternative varied according to the size of the container. The most common sizes
encountered were 150 g (66.7%), 170 g (14.1%), and 120 g (7.6%).

Table 2 summarizes the data showing the percentage of the yogurt alternatives that
contain a) a reasonable level of important and essential nutrients, b) low levels of sugar,
sodium and saturated fat, and c) high levels of sugar, fat, saturated fat and calories.
In Table 3, the data for the yogurt alternatives that meet or exceed suggested nutrient
guidelines are separated out according to the different bases for comparison.

Tables 4–6 compare the nutrient composition of plant-based yogurt alternatives with
plant-based beverages. Table 4 summarizes the nutrient composition of the yogurt alterna-
tives and compares the medians for each nutrient with the medians of the nutrients in the
non-dairy plant-based beverages. Significant differences were observed between yogurt
and beverage alternatives for each nutrient. Table 5 reports the fortification levels of the
yogurt alternatives and compares the levels of each of the three nutrients (calcium, vitamins
D and B12) in the yogurt alternatives with the corresponding levels in the plant-based
beverages. Significant differences were observed between yogurt and beverage alternatives
for each fortified nutrient.

The 326 plant-based beverage alternatives analyzed were based upon almonds
(n = 83), oats (n = 62), soy (n = 44), coconut (n = 24), hemp (n = 15), pea protein (n = 14),
rice (n = 11), cashews (n = 10), flax (n = 6), banana (n = 6), macadamia (n = 6), hazelnuts
(n = 4), chia (n = 4), quinoa (n = 2), pili nut (n = 2), walnut (n = 1), pistachio (n = 1), and the
following mixtures: almond and pea (n = 7), almond and coconut (n = 5), sesame and pea
(n = 5), flax and pea (n = 4), oats and pea (n = 2), oats and avocado (n = 2), rice and quinoa
(n = 2), almond and cashew (n = 2), coconut, cashew, and oats (n = 1), and almond and
sesame (n = 1; Table 6). For the plant-based beverage alternatives, 121 (37.1%) were
unsweetened. While 60% of the beverage alternatives were plain, the most common flavors
were vanilla (25%) and chocolate (9.5%). The typical serving size of the beverage was
240 mls.
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Table 4. Medians (Q1–Q3) for calories and nutrients in non-dairy yogurt alternatives versus non-dairy,
plant-based multi-serve beverages/serving.

Yogurts Beverages

n 249 326

Calories 150 (120–170) a 80 (60–120) b

Fat (g) 7 (4–10) a 4 (2.5–5) b

Saturated fat (g) 2.5 (1–6) a 0.5 (0–0.9) b

Sodium (mg) 25 (10–65) a 110 (90–150) b

Carbohydrates (g) 19 (12–21) a 8 (2–15) b

Fiber (g) 2 (1–3) a 1 (0–1) b

Sugar (g) 10 (7–14) a 5 (0.1–8) b

Protein (g) 3 (1–5) a 2 (1–4) b

Calcium (% DV) 10 (2–15) a 25 (6–30) b

Vitamin D (% DV) 10 (0–10) a 15 (0–25) b

Vitamin B12 (% DV) 20 (0–40) a 0 (0–48.8) b

Different lowercase letters in the same row indicate significant differences between the values for the non-dairy
yogurt and the plant-based beverages. P < 0.05 is considered statistically significant.

Table 5. Medians (Q1–Q3) of fortification levels of calcium, vitamin D and vitamin B12 (expressed
as % DV) in fortified non-dairy yogurt alternatives and the fortified non-dairy, plant-based multi-
serve beverages.

Yogurt Multi–Serve Beverages

N (%) Median N (%) Median

Calcium–fortified 117 (47.0%) 15 (10–20) a 239 (73.3%) 30 (25–35) b

Vitamin D–fortified 77 (30.9%) 10 (10–25) a 229 (70.2%) 20 (10–25) b

Vitamin B12 fortified 54 (21.7%) 40 (25–47.5) a 138 (42.3%) 50 (25–60) b

Different lowercase letters in the same row indicate significant differences between the values for the non-dairy
yogurt and the plant-based beverages. P < 0.05 is considered statistically significant.

Table 6. Comparison of nutrient content of non-dairy yogurts and plant-based non-dairy beverages by base. For each yogurt
base, different lowercase letters in the same column indicate significant differences between the plant-based beverages and
the non-dairy yogurt alternatives. P < 0.05 is considered statistically significant.

Product
Base (n)

Calories Total Fat (g) Sat. Fat. (g) Sodium (mg) Carbs. (g) Fiber (g) Sugar (g) Protein (g)
Calcium
(% DV)

Vit. D
(% DV)

Vit. B12
(% DV)

Almond

Yogurt (62) 150
(140–180) a 9.5 (7–11) a 1 (0.5–1) 49 (10–80) a 19 (13–23) a 3 (2–3) a 12.5 (8–15.8) a 4 (3–5) a 10 (4–10) a 0 (0–3) a 0 (0–0)

Beverage
(83) 60(35–80) b 3 (2.5–3.5) b 0 (0–0) 150 (120–170) b 3 (1.5–8.5) b 1 (0–1) b 1 (0–7) b 1 (1–1) b 30 (4–35) b 15 (0–25) b 0 (0–0)

Cashew

Yogurt (13) 140
(140–150) a 7 (6–7) 1.5 (1–1.5) 10 (10–11) a 20 (19–20) a 1 (1–1) 12 (12–13) a 3 (3–3) 2 (2–2) 0 (0–0) 0 (0–0)

Beverage
(10) 50 (45–80) b 4 (2.9–4.4) 0.25 (0–1) 95 (87.5–121.3) b 3 (1–7.8) b 0 (0–0) 0 (0–1.8) b 1 (0.4–1.8) 7 (2.5–10) 0 (0–10) 0 (0–0)

Coconut

Yogurt (79) 160
(127.5–190) a 8 (5.5–12.5) a 7 (5–11.5) a 30 (20–55) 17 (10–22) a 2 (0.6–2) a 10 (5.5–15) a 1 (0–1.5) 6 (0–25) 0 (0–10) a 0 (0–25) a

Beverage
(24) 60 (50–80) b 5 (4.5–5) b 4.3 (4–5) b 62.5 (30–113.8) 3 (1–7.3) b 0 (0–0) b 1 (0–7) b 0 (0–0.5) 10 (10–30) 10 (10–25) b 42.5 (18.8–50) b

Oats

Yogurt (20) 120
(117.5–130) 3.5 (3–4.8) 2.5 (1.8–2.5) 20 (10–25) a 19 (19–20) 1 (1–2) 9 (7–9) 3 (3–3) 10 (2–10) a 0 (0–10) 0 (0–10)

Beverage
(62) 120 (90–130) 4.3 (2–5) 0.5 (0–0.5) 105 (100–120) b 16 (14–21) 2 (1–2) 6.5 (4–9) 2 (1–3) 25 (2–25) b 10 (0–20) 0 (0–40)

Pea
Yogurt (5) 160 (160–160) 6 (6–6) 0.5 (0.5–0.5) 40 (40–40) a 19 (19–20) 0 (0–0) 15 (15–15) 6 (6–6) 0 (0–0) a 0 (0–0) a 0 (0–0) a

Beverage
(14) 105 (90–136.3) 4.5 (4.5–5.8) 0.5 (0.5–0.7) 125 (96.3–160) b 7 (6–12.8) 0 (0–1) 5.5 (3–11.8) 8 (4.3–8) 35 (25–35) b 30 (25–30) b 45 (35–100) b

Seeds
Yogurt (7) 130 (130–130) 4 (4–7) 0.5 (0.5–1) 25 (0–26) a 14 (14–15) 3 (3–3) a 8 (8–9) 8 (5–8) a 2 (2–2) a 0 (0–0) 0 (0–0)
Beverage

(25) 60 (50–80) 4.5 (2.5–6) 0.1 (0–0.5) 100 (90–125) b 4 (1–10) 1 (0–2) b 0 (0–7) 2 (2–3) b 25 (20–30) b 10 (3–10) 0 (0–25)

Soy
Yogurt (11) 130 (130–145) 3 (2.5–3.5) 0.5 (0–0.5) 65 (57.5–87.5) 20 (18.5–23.5) a 2 (1–2) 16 (12.5–20) a 6 (6–6) a 15 (8–15) 10 (0–10) a 0 (0–0) a

Beverage
(44) 100 (90–130) 4 (3.9–4.6) 0.5 (0.5–0.6) 95 (85–125) 8.5 (4–11.3) b 1 (1–2) 6 (2–9) b 7 (7–9) b 25 (23.8–30) 15 (15–25) b 50 (0–75) b

Legume

blend1

Yogurt (20) 110
(100–122.5) 1.5 (1.5–3.1) 0.5 (0–0.6) 5 (0–25) a 18 (18–21) a 2 (1–2) 9.5 (8–12.3) 6 (5–6) a 2 (1.5–4) a 0 (0–0) a 0 (0–0)

Beverage
(18) 115 (92.5–140) 5 (3.1–6.5) 0.5 (0–0.5) 160 (150–190) b 9.5 (2–11.8) b 0.3 (0.2–1) 3 (0–10.8) 8 (8–10) b 30 (25–30) b 12.5 (10–48.8) b 0 (0–37.5)

1 a product with pea protein, soy, or fava bean.
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4. Discussion

While non-dairy, plant-based yogurt alternatives are becoming more popular, concerns
exist regarding their nutritional value relative to regular dairy yogurts. Of special concern
is the level of protein, and the level of fortification of calcium, vitamin D and vitamin
B12. The latter three nutrients are especially needed by a vegan and others consuming a
plant-based diet that is devoid of adequate fortification. The median values of nutrients
in the non-dairy yogurt alternatives, as reported for the overall total of 249 products in
Table 1, are similar to those of a leading brand of 2% dairy yogurt (Table S1), except for
the higher value of fiber, and lower protein and saturated fat content in the non-dairy
alternatives. A recent analysis of dairy yogurts and non-dairy yogurt alternatives revealed
that the levels of protein and calcium in the dairy yogurts were significantly higher than the
yogurt alternatives (Table S2) [19]. One notes that the nutritional values for a Greek-style
yogurt typically show considerably less calcium than a regular yogurt, while its protein
content can be as high as 15–20 g/serving [20].

While the median value of protein in our non-dairy plant-based yogurt alternatives
was only 3 g, all the legume-containing products (with soy, pea protein or fava bean) had a
median of 6 g protein/serving while those based on seeds had a median of 8 g/serving.
In fact, one-third (32.5%) of the non-dairy yogurt alternatives had at least 5 g of protein
per serving, with 29% of the products containing 5 to 8 g protein/serving, and 4% of the
yogurts contained as much as 10–11 g protein/serving. The overall picture for protein
(a mean value of only 3 g/serving) was impacted considerably by coconut-based products
which accounted for one-third of the yogurt alternatives and had a median value of only
1 g protein/serving. For comparison, the median protein level of 38 non-dairy plant-based
yogurt alternatives, in a UK study, was 3.6 g/100 g (equivalent to 5.4 g/150 g serving).
The median protein level for flavored dairy yogurts was 17% higher at 4.2 g/100 g (or
6.3 g/150 g serving) [21].

Most of the protein in the non-dairy yogurts comes from legumes (soy and pea protein),
and various seeds and nuts (but not coconut). With the exception of soy protein [22], these
plant proteins have a biological value lower than that of animal proteins. A Dutch group
recently reported the essential amino acid profile for pea protein to be quite similar to
that of soy [23]. Recently, a French group pointed out that protein-rich plant foods, such
as legumes, nuts and seeds, can achieve protein adequacy in adults consuming balanced
plant-based diets [24].

The median level for calcium, in 57 dairy yogurts recently analyzed, was 10% of DV
for calcium [19]. In our study, 45% of the yogurt alternatives overall were fortified with
calcium to contain at least 10% DV/serving (Table 2). In a UK study, non-dairy plant-based
yogurt alternatives had calcium levels of 115 mg/100 g and about 130 mg/100 g for dairy
yogurts [21]. This corresponds to 172.5 and 195 mg calcium for a typical 150 g serving of
yogurt, or about 15% DV for calcium. Predominantly, the yogurt alternatives based upon
almond, coconut, oats, soy and a legume-blend are more likely to have adequate calcium
fortification (Table 3). About one-half of the almond-based, coconut-based and legume-
blend yogurts were fortified with calcium, while two thirds of the oat-based and 100% of
the soy-based yogurt alternatives had calcium fortification. Almond- and oat-based yogurts
had a median of 10% DV calcium/serving while soy had 15% DV and coconut/legume
blends had a median of 20% DV of calcium/serving. Overall, any kind of fortification is
limited to only one in three brands scattered amongst the various bases.

Four different calcium salts were used in the fortification of the yogurt alternatives,
with tricalcium phosphate (TCP) and calcium citrate being the most commonly used,
followed by calcium lactate and calcium carbonate. Most calcium salts used to fortify
foods and beverages exhibit a bioavailability similar to that of milk calcium [25], which
has a fractional absorption of about 30%. The absorbability of calcium varies depending
upon the food matrix, including the pH and the presence of stabilizers [25,26]. Calcium
carbonate absorption is very similar to milk calcium, while calcium lactate and calcium
citrate tends to be a little better absorbed; TCP is absorbed less well than milk calcium [25].
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Fortification of the non-dairy yogurt alternatives with vitamins D and B12 was not
a common feature. It was less commonly observed than calcium fortification. A closer
look at the nutritional adequacy of the yogurt alternatives (Table 2) found that only about
one in five had vitamin D (17.8%) and vitamin B12 (21.7%) levels of fortification that
reached at least at 10% DV level. While dairy yogurts are not commonly fortified with
vitamin D, we found 30.9% of the non-dairy yogurts were fortified with vitamin D (Table 5).
Most commonly it was the yogurts based on soy, oats, coconut or the legume blends
that were vitamin D fortified (Table 3). The median level of vitamin D for our yogurt
alternatives was 10% DV/serving (Table 1) which is the typical level of fortification for the
dairy yogurts that are fortified. The use of vitamin D-fortified yogurts, compared to plain
yogurt, has been found to improve one’s vitamin D status along with lower blood lipids
and blood glucose levels [27,28]. Non-dairy yogurts are typically fortified with vitamin
D2 rather than vitamin D3 since the latter is normally derived from animal sources, and
unacceptable to vegans. However, vitamin D2 is equally as effective as vitamin D3 in
maintaining 25-hydroxyvitamin D levels [29]. Coconut-, and oat-based, and legume-blend
yogurt alternatives were the only products fortified with vitamin B12 (Table 3). These
products were most commonly fortified at a level of 25–50% of DV/serving. Regular dairy
yogurts contain about 1 μg of vitamin B12/serving (about 40% DV). Overall, only one in
five non-dairy products (21.7%) had B12 fortification, while less than one-third (30.9%) had
vitamin D fortification, and the fortification was brand-specific rather than dependent upon
the type of yogurt. Of the 34 brands we analyzed, only 11 brands had calcium fortification
while only 6 brands had both vitamin D and B12 fortification. When only the fortified
non-dairy yogurt alternatives were analyzed, the calcium, vitamin D and B12 levels were
more like those of regular dairy products. In this case, the median values for calcium,
vitamin D and B12 were 15% DV, 10% DV, and 40% DV, respectively (Table 5).

4.1. Healthy Profile

The health profile of a product is typically assessed by the levels of salt (sodium),
sugar and fat/saturated fat in the product, since these nutrients in excess are known to have
negative health effects [30–34]. Consumers, for health reasons, are often concerned about
the level of sodium, saturated fat and sugars in their food. A large majority of products
(93.2%) had low levels of sodium. Most of the product bases were low in saturated fat
except for those containing coconut. Very few products were high fat (only 8% had more
than 20% of DV/serving), while more than one-half (53%) had high levels of sugar (at least
10 g sugar/serving). Only about 15% had no more than 5 g of sugar/serving (10% DV). The
yogurt alternatives that are based on oats, seeds, or the coconut blends had lower levels
of sugar, while those based upon oats, cashews, seeds, and the legume-blend had a lower
content of sodium (Table 1). The yogurt alternatives based on oats, seeds, soy and the
legume-blend had lower levels of fat and calories/serving. Soy-, pea-, almond-, coconut-,
and cashew-based yogurts were the varieties most likely to contain higher levels of sugar
and had median sugar contents of 10–16 g/serving. This compares with the 17 g/150 g
serving for flavored yogurts analyzed from three different countries [35]. Coconut- and
almond-based yogurts showed the highest median levels of fat, while soy-, oat-, seed-based,
and legume blend yogurts had the lowest fat levels. The yogurts based on oats, seeds,
and a legume blend contained the fewest calories/serving, while those based on almonds,
coconut, and pea protein were the highest in calories/serving (Table 1). Furthermore, about
one-half of the coconut-based yogurts also contained greater than 150 calories (Table 3).
Only 9% of the yogurt alternatives contained over 190 calories/serving and were largely
3 brands. While three-quarters of these products were coconut-based, the balance were
mix-ins with special toppings.

Over one-half (57%) of the yogurts studied had at least 1.5 g fiber/serving (Table 2)
while the median level was 2 g/serving. The fibers added to the yogurt alternatives were
mostly pectin, locust bean gum, and inulin. These water-soluble fibers, used as stabilizers
and thickening agents in the yogurt alternatives, have properties that influence glycemia
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and hypercholesterolemia [36–38]. Inulin, which is added to 13% of the plant-based yogurts,
is derived from either chicory root or agave. Inulin-type fructans act as prebiotics, since
they have a beneficial effect on the human gut microbiota [39]. The gut bacteria convert
inulin and other prebiotics into short-chain fatty acids, which nourish colon cells. Prebiotic
fibers are considered a healthy addition since they improve digestive health and may
also enhance immune function [36]. Some evidence suggests that prebiotics, as well as
probiotics, may be beneficial in the prevention and treatment of colon cancer [40].

Plant-based yogurt alternatives typically contain a variety of live active cultures,
similar to those used in dairy yogurts. Some of the products even advertise that they
contain probiotic bacteria, as a part of their health messaging. In our study, the yo-
gurt alternatives contained, on average, 4–6 probiotic live cultures. Common cultures
that are added to the yogurt alternatives include Streptococcus thermophilus, Lactobacil-
lus acidophilus, Bifidobacterium spp., L rhamnosus, L. casei, Lactobacillus delbrueckii, and
L.Bulgaricus. The viable bacteria and bioactive metabolites of fermentation have long
been associated with improved gut health. Their impact on the gut microbiome, may
also improve overall health of the individual and immune function [41–43]. While the
viability of probiotic microorganisms may be more difficult to maintain in a non-dairy ma-
trix [44], the probiotics and bioactive compounds present in fermented non-dairy products
have been associated with improved overall intestinal health and immune function by
modifying the gut microbiome [44]. This has enabled the manufacturers of plant-based
yogurt alternatives containing active cultures to make similar health claims as made for the
dairy-based yogurts.

4.2. Comparison to Beverages

When dietary options are available for a vegetarian/vegan to choose between a non-
dairy plant-based beverage and a non-dairy yogurt alternative, it is important to know
what nutritional advantages may exist for one over the other (Table 4). Both product type
and base type had a significant effect on almost all nutritional components (Table S3). The
yogurt alternatives have about twice as much fat, sugar and calories/serving and five times
more saturated fat than one serving of the non-dairy beverages while the beverages have
4–5 times more sodium than the yogurt alternatives (Table 4). While the non-dairy yogurt
alternatives provide more protein/serving, the non-dairy beverages had significantly
greater calcium and vitamin D levels.

When the data were divided according to compositional type, marked differences
were seen (Table 6). The almond- and seed-based yogurt alternatives had 4 times the protein
level of the non-dairy beverage counterparts while the legume-based yogurt alternatives
had lower protein levels than the legume-based non-dairy beverages. While all the non-
dairy beverages had substantially higher levels of calcium fortification than the yogurt
alternatives, the differences were huge in the case of pea-, and seed-based, and the legume-
blend products (Table S4). The oat-based and almond-based beverages even had calcium
levels 2.5–3 times greater than the similar yogurts. While all yogurt alternatives, except
soy-based yogurts, recorded a median of zero level of vitamin D, the plant-based beverages
recorded a median vitamin D level of 10–30% DV/serving, except for cashew-based
beverages (0% DV). In the same manner, all the non-dairy yogurt alternatives recorded
a median of zero vitamin B12, while the soy-, coconut-, pea-based beverages reported a
42.5–50% DV B12/serving. All other beverages reported a median of zero B12/serving.
While the non-dairy yogurt alternatives generally had more calories/serving than the
non-dairy beverages, the differences were most pronounced for almond-, cashew-, and
coconut-based products. Except for oat-based products, all types of non-dairy yogurts had
6–12 g more sugar/serving than the non-dairy beverages. Overall, the yogurt alternatives
are more nutrient dense foods and provide more calories and macronutrients than the
plant-based beverages/serving. However, fortification is a different story, as seen in Table 5.
The beverages overall are twice as often fortified with calcium, vitamins D and B12, and
the median level of fortification is substantially greater for the beverages. While many of
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the non-dairy yogurt alternatives lack fortification (Table 5), the different bases that are
fortified with calcium, vitamin D and B12 have similar levels to the corresponding plant-
based beverages, or they have significantly less nutrient fortification than the beverages
(Table S4).

5. Conclusions

Consumers often choose a non-dairy yogurt alternative as a substitute for dairy
yogurt. Sweetened, flavored varieties are the most commonly available types. Non-dairy
yogurt alternatives are formulated largely from coconut (32%) and almonds (25%), while a
significant number (24%) are either formulated from soy or pea protein or have a blend
that includes a legume. At least one-third of the yogurt alternatives have 5 g or more of
protein/serving, while a small number (4%) have 10–11 g protein/serving. Those products
based upon a legume have the higher protein levels. A majority of the non-dairy yogurt
alternatives were not fortified. Only 45% of the plant-based yogurts had calcium levels
fortified to at least 10% of DV, while only about one in five had adequate vitamin D and B12
fortification at the 10% DV level. Fortification is very brand-specific, with only one-third of
the 34 brands being fortified. The products that are based on oats, soy, or a coconut-legume
mix demonstrate the best fortification. In comparison, while most regular dairy yogurts
are not fortified with vitamin D, they do naturally contain both calcium (10% DV) and
vitamin B12 (40% DV). In addition, the non-dairy, plant-based beverages tended to be better
fortified (twice as frequently and at higher levels) than the non-dairy yogurt alternatives.
One-half of the yogurt alternatives had high sugar levels, while 93% were low in sodium.
Except for the coconut-based products, the yogurts were not high in fat or saturated fat.
Less than 10% of the products contained over 190 calories/serving and the majority of
these were coconut-based. The median level of dietary fiber in the yogurt alternatives was
2 g per serving. The most common fibers used were pectin, locust bean gum, and inulin.
These prebiotic fibers are known to provide a number of health benefits. The presence of
active cultures, 4–6 cultures on average, are also known to benefit the gut microbiota and
improve overall health.

The observations made from this cross-sectional study represent just a window in
time. New products continue to appear on the market, and formulations are not static.
Fortification changes do occur with time. In addition, we have noticed that the nutrition
information online is not always the same as what is presently seen on the nutrition label
on products in the supermarkets, especially with respect to the level of fortification. When
the fortification level changes, the company web page may reflect this change before the
new products appear on the shelf or older stock has fully moved through the supply line.
When a discrepancy was observed, the nutrient values appearing on products from the
supermarket were utilized.

Typically, the company will analyze the nutritional composition of their product,
and quality control measures will ensure that the final commercial products match the
information placed on the nutrition label. However, some products provide the actual mg
or gm provided by one serving along with the % DV. In doing the calculations for vitamins
and minerals, one will observe that in the USA, numbers for % DV are often rounded to
the nearest 5%. Also, for macronutrients, such as sugars, fats, protein, and dietary fiber,
numbers are rounded without any decimals present. These procedures stand in contrast
to European practices, where rounding is less noticeable and decimals commonly appear
on the nutrition label. This gives the opportunity for generating more precise results.
However, when we are working in this US project, with large quantities of products, these
errors will be largely averaged out or minimized so that the big picture and the trends
should still be visible to the researcher.

While consumers may have a taste preference or get a price advantage for a partic-
ular non-dairy yogurt alternative, they should be cognizant of the nutritional values of
the various choices available to them. Carefully reading nutrition labels will enable the
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consumer to select a product with a good nutritional profile and a lower content of sugar
and saturated fat.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nu13114069/s1, Table S1: Nutrient profile of a leading brand of 2% dairy yogurt; Table S2:
Nutritional analysis of dairy and non-dairy plant-based yogurt alternatives; Table S3. The effects
of product type (non-dairy yogurts versus non-dairy beverage) and base type; Table S4: Median
(Q1–Q3) of the fortification levels of Calcium, Vitamin D and B12 (expressed as % DV) of non-dairy
yogurt alternatives and non-dairy, plant-based beverages.
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Abstract: Plant-based cheese is one of the most increasingly consumed dairy alternatives. Evidence
is lacking on their nutritional quality. We aimed to evaluate the nutritional composition of the
plant-based cheese options available in Spanish supermarkets, and how they compare with dairy
cheese. An audit of plant-based cheese alternatives has been conducted in seven of the most common
supermarkets. For each product, the nutritional content per 100 g and ingredients were collected.
Data on generic dairy cheese were retrieved from the BEDCA website. Descriptive statistics (median,
minimum and maximum) were used to characterize the plant-based cheese products, for both all the
products and grouped by main ingredients (i.e., coconut oil, cashew nuts and tofu). Mann–Whitney
U tests were used for comparisons between dairy and different types of plant-based cheese. The
coconut oil-based products (the large majority of plant-based cheese products, n = 34) could not
be considered as healthy foods. Their major ingredients were refined coconut oil and starches and
were high in saturated fats and salt. The other smaller groups, cashew nut- (n = 4) and tofu-based
(n = 2), showed a healthier nutritional profile. Replacing dairy cheese with these groups could be
nutritionally beneficial. Future investigations should address the health effects of substituting dairy
cheese with these products.

Keywords: dairy alternative; dairy substitute; cheese analogues; vegan cheese; vegetarian cheese;
plant-based alternatives

1. Introduction

An increasing number of people in developed countries, including in Europe, are
moving away from animal-rich diets to adopt plant-based dietary patterns [1]. Different
reasons are behind this transition, such as animal welfare, environmental degradation and
health, among others [2–4]. The general adoption of plant-based diets has been highlighted
as one of the most effective options for mitigating climate change [5], and a necessary shift
if we are to feed the 10 billion people expected by 2050 within planetary boundaries [6].
At the same time, the general adoption of plant-based diets could benefit the health of
populations globally [7,8]. While the consumption of animal-sourced foods such as red and
processed meat has been linked to detrimental health outcomes such as colorectal cancer,
cardiovascular disease and diabetes [9], the health benefits of whole plant-based foods,
such as legumes, whole grains, nuts, vegetables and fruits, have also been reported in the
scientific literature [9]. Indeed, replacing animal products with whole plant-based options
has been linked to health benefits [10,11].

With the aim of facilitating this dietary transition, more and more plant-based prod-
ucts imitating animal-sourced equivalents are reaching the market, such as meat and dairy
analogs [12,13]. Moreover, forecasts suggest that their consumption will continue grow-
ing [12,13]. This is especially relevant in Europe; four out of five of the top countries in the
world with the highest share of global vegan new product launches in food and drink in
2018 were European, namely Germany, the United Kingdom, France and Spain [1]. The
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emergence and increased popularity of these products is concerning public health and nu-
trition professionals. Although some studies have aimed to assess how nutritionally sound
and healthy these options are, they are relatively few, and the World Health Organization
(WHO) has called for more studies on the topic [14]. The investigations carried out to date
have been focused on the assessment of plant-based meat and milk alternatives [15–18],
while less attention has been paid to other food products, such as plant-based cheese.

A recent Spanish report assessing those eating a plant-based diet found that 43% of
interviewees had eaten plant-based cheese during the last three months. Indeed, plant-
based cheese is one of the most consumed plant-based alternatives, after milk, meat
and yogurts [19]. Evidence is lacking on the nutritional adequacy of plant-based cheese
alternatives. The aim of this study is, therefore, to evaluate the nutritional and ingredient
composition of plant-based cheese options available in Spanish supermarkets and compare
the nutrient composition with that of dairy cheese.

2. Materials and Methods

2.1. Plant-Based Cheese Alternatives

An audit of plant-based cheese alternatives was conducted in seven of the most
common supermarkets in Spain, namely Carrefour, Mercadona, Alcampo, Día, Lidl, Eroski
and El Corte Inglés, to reflect choices available to the majority of Spanish consumers.
The websites of those supermarkets were assessed during April and May 2021, using the
keywords “queso vegano” and “queso vegetal” (“vegan cheese” and “plant-based cheese”,
in Spanish, respectively) to ensure all available products were captured. Supermarkets were
visited in person to capture any additional products that were sold in situ but not online.
For each product, several data were collected: name, commercial brand, supermarkets
in which the product was available, selling format (i.e., block, slices, grated, spreads),
nutritional content and ingredients. Nutritional data (i.e., calories, total fat, saturated fat,
carbohydrates, sugars, fiber, protein and salt per 100 g of product) and ingredient lists were
obtained from the nutritional label on the commercial package or from the information
located on the website of the retailer. Retail data for all products were double checked
against data from the website of the producer of each product. Supplementary Table S1
shows the main ingredient, selling format, calories and nutritional content per 100 g of the
assessed plant-based cheese alternatives.

2.2. Dairy Cheese Data

Data on the most commonly consumed generic types of dairy cheese in Spain were
retrieved from the BEDCA (Spanish food composition database) website [20]. The format
in which each cheese types are regularly sold in stores is not specifically reported for all
products. In cases where this was missing, the lead author assigned the most common
format according to their experience. One of the following three formats was selected:
block/slices, grated and spreads. The BEDCA does not report nutrition information about
sugars content in foods. Dairy cheese products formatted as block/slices have a content
of total carbohydrates of 0 g/100 g of cheese; only two products are reported as having
0.3 and 0.5 g of carbohydrates per 100 g. We, therefore, assigned a sugars value of 0 g
for all block/slices products. However, the two examples of dairy spreadable cheese had
2.3 and 3.1 g of carbohydrates per 100 g of cheese. The researcher in charge of the database
confirmed that all carbohydrates in those spreadable products were sugars (personal
communication); thus, the sugars content in those products was considered as 2.3 and 3.1 g
per 100 g, respectively. As salt content is reported as mg of sodium per 100 g, sodium values
were multiplied by 2.5 and divided by 1000 in order to obtain g of salt per 100 g of product.
Specific types of dairy cheese were considered; their selling format (i.e., block/slices, grated,
spreads) and their caloric and nutritional values are reported in Supplementary Table S2.
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2.3. Statistical Analysis

Normality of data distribution was tested through the Shapiro–Wilk test and rejected.
Descriptive statistics (median and range) of energy and selected nutrients (total fats, satu-
rated fats, carbohydrates, sugars, fiber, protein and salt) per 100 g were stated to describe
plant-based cheese products. This characterization was performed for all plant-based
cheese products as a whole, and also by groups. Groups were assigned according to their
main ingredients (i.e., coconut oil, cashew nuts and tofu) and within each of these groups,
by selling format (i.e., block/slices, grated and spreads). Comparisons between dairy and
plant-based cheese were carried out using the Mann–Whitney U test for independent samples.
We compared all dairy products to all plant-based alternatives as a whole, and also by group
(by main ingredient and selling format). The statistical analysis was performed through the
statistical software jamovi (version 1.6) [21], with the significance level set at p < 0.05.

3. Results

3.1. Plant-Based Cheese Alternatives

In total, 40 different plant-based cheese products were detected. One supermarket
had by far the largest product offer, selling 38 out of the 40 assessed products; the other
supermarkets had a much lower number of products available (n = 5, 3, 1, 1, 0 and 0).
The most common selling formats were blocks (n = 15), slices (n = 10), grated (n = 8) and
spreads (n = 7). The products fell into three different categories regarding their ingredients’
composition: the largest group (82.5%, n = 34) was mainly composed of refined coconut
oil and starches; two smaller groups had cashew nuts (n = 4) and tofu (n = 2) as the
major ingredients. Not all the coconut oil-based products reported on the percentage of
coconut oil they contain. In those reporting that value, the coconut oil content ranged
between 20–29%. In the case of cashew nut-based products, around 50% of their weight
were cashews, followed by water and lemon juice. In the case of tofu-based products,
98.5% of the product weight was soy milk. The coconut oil-based products contained many
food additives including thickeners, preservatives, flavorings and colorings. In the case of
the cashew nut- and tofu-based products, there were fewer additives, primarily natural
flavorings, and agar-agar (a gelling agent) in cashew nut-based options. Six commercial
brands manufactured coconut oil-based products, while all the cashew nut-based and
tofu-based products were produced by a single company each. Supplementary Table S1
shows the main ingredient, selling format, energy and nutritional content per 100 g of the
assessed plant-based cheese alternatives.

Overall, the plant-based cheese alternatives did not have a good nutritional profile
(Table 1) [22–24]. They were high in calories (median: 288 kcal/100 g), fats (median:
23 g/100 g), saturated fats (median: 20 g/100 g) and salt (median: 1.5 g/100 g), while
they contained a low amount of protein (median: 0.5/100 g) and fiber (median: 0 g/100 g).
Assessing the products grouped by major ingredient, the coconut oil-based cheese (Table 1)
contained a median of 287 kcal/100 g. They were high in fats (median: 23 g/100 g), being
mainly saturated fats (median: 21 g/100 g) and salt (median: 1.6 g/100 g). Their median
carbohydrate content was 20 g/100 g, with negligible sugars. They contained a very low
amount of protein (median: 0.4 g/100 g) and no fiber. Assessing the nutritional compo-
sition of the coconut oil-based products by selling format (i.e., blocks/slices, grated and
spreads), the same general pattern was observed in the three groups, except for the spread-
able products, which had a lower amount of carbohydrates (Supplementary Table S3).
The cashew nut-based cheese products (Table 1) were energy-dense, with a median of
323 kcal/100 g. They were high in fats (median: 25 g/100 g), and their saturated fat content
was 5.7 g/100 g. They were a good source of protein, with 11 g/100 g, 2.7 g/100 g of
(natural) sugars, and 2.6 g/100 g of fiber. Their salt content was moderate (0.6 g/100 g). All
the cashew nut-based products were sold as blocks; thus, no analysis by selling format was
carried out. The tofu-based cheese products (Table 1) provided a median of 185 kcal, 11 g
of total fats and 1.7 g of saturated fats per 100 g of product. They were a good source of
protein (median: 18 g/100 g) and fiber (median: 6.2 g/100 g). Their median amount of salt
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was 1.0 g/100 g. As in the case of the cashew nut-based options, all the tofu-based cheese
were sold as blocks; therefore, no analysis by selling format was carried out.

Table 1. Median (minimum-maximum) values of calories and nutritional content in plant-based cheese alternatives per
100 g, by ingredients’ composition.

All Products
n = 40

Coconut Oil-Based
n = 34

Cashew Nut-Based
n = 4

Tofu-Based
n = 2

Median (Min–Max) Median (Min–Max) Median (Min–Max) Median (Min–Max)

Calories (kcal) 288 (185–328) 287 (200–327) 328 (306–328) 185 (185–185)
Total fat (g) 23.0 (11.0–29.0) 23.0 (16.7–29.0) 25.0 (21.0–25.9) 11.0 (11.0–11.0)

Saturated fat (g) 20.0 (1.7–26.0) 21.0 (8.3–26.0) 5.7 (4.4–6.3) 1.7 (1.7–1.7)
Carbohydrate (g) 19.9 (0.5–30.0) 20.0 (1.3–30.0) 13.3 (11.9–17.1) 0.5 (0.5–0.5)

Sugars (g) 0.2 (0.0–7.10) 0.1 (0.0–7.1) 2.7 (2.7–3.5) 0.0 (0.0–0.0)
Fibre (g) 0.0 (0.0–6.2) 0.0 (0.0–5.9) 2.6 (2.2–2.7) 6.2 (6.2–6.2)

Protein (g) 0.5 (0.0–18.0) 0.4 (0.0–6.0) 11.0 (10.6–11.0) 18.0 (18.0–18.0)
Salt (g) 1.5 (0.5–3.5) 1.6 (1.0–3.5) 0.6 (0.5–0.6) 1.0 (1.0–1.0)

3.2. Plant-Based Cheese Alternatives vs. Dairy Cheese

The dairy cheese products were higher in calories (median: 364 vs. 288 kcal (p < 0.001)),
total fats (median: 31 vs. 23 g (p < 0.001)) and proteins (median: 23 vs. 0.5 g (p < 0.001)), per
100 g, than the plant-based cheese alternatives. Dairy cheese was lower in carbohydrates
(median: 0 vs. 19.9 g (p < 0.001)), sugars (p = 0.002) and fiber (p < 0.001). There were no
significant differences in the amount of saturated fats and salt between the dairy cheese
and the plant-based alternatives (p > 0.05) (Table 2).

Table 2. Median (minimum–maximum) values of calories and nutritional content in dairy cheese and plant-based cheese
alternatives per 100 g.

Dairy Cheese
n = 22

Plant-Based Cheese
n = 40 p Value

Median (Min–Max) Median (Min–Max)

Calories (kcal) 364 (201–467) 288 (185–328) <0.001
Total fat (g) 31 (11.2–40.50) 23.0 (11.0–29.0) <0.001

Saturated fat (g) 18.9 (7.0–25.4) 20.0 (1.7–26.0) 0.729
Carbohydrate (g) 0.0 (0.0–3.1) 19.9 (0.5–30.0) <0.001

Sugars (g) 0.0 (0.0–3.1) 0.2 (0.0–7.10) 0.002
Fibre (g) 0.0 (0.0–0.0) 0.0 (0.0–6.2) <0.001

Protein (g) 23.0 (6.5–32.30) 0.5 (0.0–18.0) <0.001
Salt (g) 1.7 (0.1–3.8) 1.5 (0.5–3.5) 0.492

Mann–Whitney U non-parametric test for independent samples was used to perform comparisons among dairy and plant-based cheese.
p < 0.05 is considered statistically significant.

When assessing the differences by type of products according to the major ingredient,
the nutritional composition of the coconut oil-based products was quite similar to that of
dairy products, aside from being significantly lower in protein (p < 0.05). The products sold
as blocks or slices were slightly lower in calories (367 vs. 289 kcal/100 g (p < 0.001)) and total
fats (31.3 vs. 23 g/100 g (p < 0.001)), but not in saturated fatty acids (p = 0.392) (Table 3). As
shown in Table 4, compared to the dairy cheese, both the cashew nut-based and tofu-based
products were the less caloric options (cashew nut-based: 367 vs. 328 kcal/100 g (p = 0.007);
tofu-based: 367 vs. 185 kcal/100 g (p = 0.024)) and lower in fats, both total (cashew nut-
based: 31.3 vs. 25 g/100 g (p = 0.009); tofu-based: 31.3 vs. 11 g/100 g (p = 0.024)) and
especially saturated fats (cashew nut-based: 19.4 vs. 5.7 g/100 g (p = 0.002); tofu-based:
19.4 vs. 1.7 g/100 g (p = 0.023)). Their salt content was also lower (cashew nut-based:
1.7 vs. 0.6 g/100 g (p = 0.002); tofu-based: 1.7 vs. 1.0 g/100 g (p = 0.045)). As expected,
their fiber content was higher (p < 0.05). The cashew nut-based products had more sugars
(0 vs. 2.7 g/100 g (p < 0.001)), and less protein (23.4 vs. 11.0 g/100 g (p = 0.002)) than dairy
cheese. No difference was observed among the amount of protein between the tofu-based
and milk-based cheese options (p = 0.143).
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4. Discussion

The present study describes the ingredients and nutritional profile of the plant-based
cheese alternatives currently available in Spanish supermarkets and how they compare
nutritionally to dairy cheese. Our findings indicate that the availability of plant-based
cheese products is relatively low; only one supermarket had a considerable number of
options (n = 38). However, the rest of the supermarkets have at the disposal of customers
few products, if any. This is in accordance with the fact that Spanish plant-based dieters
demand for a greater offer of these products [19]. Our findings also support their concern
for the low nutritional quality of available products [19]. The majority of these products
were high in calories, fats, especially saturated fat and salt, while they were low in fiber
and proteins. Therefore, these products would not be considered healthy plant-based
products [22–24]. However, not all the products had the same ingredients’ composition or
nutritional profile.

Coconut oil-based cheese (the largest group of available products) had a no healthy
nutritional profile. Those plant-based products were mainly composed of refined coconut
oil with some starches. They were, therefore, high in saturated fats. No significant dif-
ference was observed between the saturated fat content of dairy cheese and the coconut
oil-based alternatives. The evidence suggests that limiting the consumption of foods high
in saturated fats is necessary for health reasons [25]. Specifically, the cardiovascular health
benefits of consuming virgin coconut oil, which is high in saturated fats, have been dis-
proved [26,27]. In addition, the coconut-oil based products were made of refined fats,
of which consumption should be limited [28]. However, coconut oil is preferred by the
plant-based cheese industry because its high amount of saturated fatty acids enables a
creamy texture and also gives firmness to the product at refrigerated temperatures. Ad-
ditional ingredients such as starches, carrageenan or agar-agar are also used in coconut
oil-based cheese to mimic the density and texture of real cheese [29,30]. Refined coconut
oil is preferred by the industry over its virgin counterpart because it is less intense in flavor
and could be easily masked by the use of flavorings [30,31]. This may explain the presence
of several food additives in those products. The coconut oil-based products were also high
in salt, with over 1.5 g salt per 100 g [22,23]. High salt intake has been recognized as one of
the main diet-related risk factors for global mortality and for loss of quality-adjusted life
years [32]. These alternatives also contained negligible amounts of protein; therefore, they
cannot be considered as a dietary protein source, as dairy cheese is.

The ingredient composition of cashew nut-based and tofu-based products seem nutri-
tionally healthier. In the case of cashew nut-based products, around 50% of their weight
were cashews, being the major ingredient, followed by water and lemon juice. The health
benefits of whole nuts consumption is well-known [33,34], and it has been reported that
other nut-based processed products, such as peanut butter without added sugars, could
provide some health benefits, reducing the risk of type 2 diabetes incidence [35]. In the
case of tofu-based products, 98.5% of the products’ weight is soy milk. Similarly, some
studies suggest that tofu has health benefits for type 2 diabetes prevention [36] and soy
milk consumption for dyslipidemia management [37]. Further studies could investigate
whether cashew nut-based and tofu-based cheese can also improve people’s health.

The difference in the calorie content between dairy cheese and cashew nut-based
options, besides being statistically different, is minimal. However, the replacement of
dairy cheese by tofu-based alternatives could help reduce energy intake. In addition, the
replacement of dairy cheese with cashew nut-based and particularly tofu-based options
may be helpful in reducing the intake of total fats, and would contribute to replacing the
intake of saturated fats by unsaturated options, which could provide health benefits [25].
However, unsaturated fatty acids are sensitive to processing, being easily oxidized. Lipid
oxidation lowers the nutritional quality of lipid-containing foods [38,39]. Future analysis
should determine to what extent the lipid profile of the primary ingredients of these food
products is affected by processing. The cashew nut-based and tofu-based products were
good sources of protein (median: 11 g and 18 g/100 g for cashew nut-based and tofu-based,

116



Nutrients 2021, 13, 3291

respectively) [24]. Indeed, there is no significant difference in the protein level of dairy
cheese and tofu-based alternatives. In addition, soy protein could also be considered
as a complete protein, containing all the essential amino acids. On the other hand, the
substitution of dairy cheese with cashew nut-based options would moderate the intake
of protein. Considering that a large proportion of Spaniards have an excessive intake of
proteins [40], along with the fact that the distribution of macronutrients in diets of Spanish
vegetarians and vegans corresponds well to that proposed by the Spanish standards for
dietary reference intake, including the protein content [41], the replacement of dairy cheese
by cashew nut-based alternatives would not necessarily be a problem in terms of dietary
protein intake if integrated in a nutritionally balanced diet. They could also provide some
fiber, especially tofu-based products. Fiber consumption has been linked to several health
benefits, such as a reduced risk of all-cause and cardiovascular-related mortality, and
incidence of coronary heart disease, stroke incidence and mortality, type 2 diabetes and
colorectal cancer, among others [42]. Both types of products contained lower levels of salt
compared to dairy cheese, although the salt content in tofu-based cheese was relatively
high [23].

Altogether, the cashew nut-based and tofu-based products currently available in
Spanish supermarkets seem to provide an overall nutritionally healthier profile and could
be interesting substitutes for dairy cheese. However, they are not a common option; only
four cashew nut-based and two tofu-based cheese products were available in supermarkets
at the time of the study, and just one out of the seven stores visited sold them. Our findings,
along with the fact that Spanish people eating plant-based diets demand more and healthier
plant-based cheese products in supermarkets [19], indicate that there is room for the food
industry to commercialize new plant-based cheese options with a better nutritional profile.
Currently, just one brand manufactures each of those healthier cashew and tofu-based
options for Spanish supermarkets. New nut- and tofu-based products to be marketed
should avoid the addition of unhealthy ingredients, such as refined oils, starches and excess
salt that would offset the benefits of using those healthy main ingredients. However, the
food industry may face some barriers in reformulating foods, such as higher costs or lower
consumer acceptability if the organoleptic properties do not sufficiently mimic dairy cheese.
More efforts into mitigating this is needed [43,44].

It should be noted, however, that not all plant-based cheese consumers opt for these
alternatives for health reasons, but for other reasons such as environmental or animal
welfare motives. The evidence suggests that plant-based meat and milk analogs have
a lower environmental impact than the animal-based products they are intended to re-
place [17,45,46]. To the authors’ knowledge, the ecological footprint of plant-based cheese
has not been addressed in the scientific literature. A Danish database reports that the
carbon footprint of producing 1 kg of vegan cheese would be 1 kg of carbon dioxide
equivalents (CO2 e) [47], a value significantly lower than that assigned to dairy cheese,
ranging from 5.33 to 16.35 kg CO2 e per kg of product [48]. Without concrete data, it can
only be assumed that—as long as the main ingredients (i.e., coconut oil, cashew and soy)
are grown using low environmental impact agricultural techniques—these plant-based
products would be environmentally friendlier alternatives to dairy cheese, which is one of
the food products with the highest impact on the environment [46].

A major strength of our study is that, for the first time, the nutritional profile and
ingredients’ composition of the plant-based cheese alternatives available in Spanish super-
markets has been carried out. In addition, their nutritional composition has been compared
with that of dairy cheese. Our results debunk the common assumption that all plant-based
products are healthy options, highlighting the necessity of assessing other plant-based prod-
ucts on the market. Some limitations should be also considered. Only products available at
supermarkets were targeted, not considering those products exclusively sold in specialist
vegan stores; this study’s objective was to assess the products available for consumers on
a mass scale. This would be a good area for future research. Further research could also
investigate to what extent the protein and lipid profile of ingredients have been affected
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by processing [38,39,49]. Other data gaps, such as the micronutrient content, particularly
those that are characteristic of dairy cheese, such as calcium, also deserve further attention.

5. Conclusions

This study shows that the majority of plant-based cheese alternatives available in
Spanish supermarkets do not have a good nutritional profile. Nevertheless, although
relatively few products are available, healthier options could be found, such as those
goods composed mainly of cashew nuts and tofu. The replacement of dairy cheese by
cashew nut- and tofu-based plant-based alternatives could reduce intakes of salt and total
fats, while replacing the intake of saturated with unsaturated fats. Future investigations
should address the health effects of substituting dairy cheese with plant-based cheese
products. The assessment of the environmental impact of plant-based cheese also deserves
further attention.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nu13093291/s1, Table S1: Main ingredient, format, calories and nutritional content per
100 g of plant-based cheese alternatives, Table S2: Format, calories and nutritional content per 100 g
of different types of dairy cheese, Table S3: Median (minimum-maximum) values of calories and
nutritional content in coconut oil-based cheese alternatives per 100 g, by selling format.
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Abstract: The purpose of this study was to explore the perspectives of renal dietitians regarding
plant-based diets for chronic kidney disease (CKD) management and evaluate the acceptability of a
hypothetical plant-based dietary prescription aiming for the consumption of 30 unique plant foods per
week. This study used an exploratory mixed methods design. Forty-six renal dietitians participated
in either an online survey (n = 35) or an in-depth interview (n = 11). Dietitians perceived that
plant-based diets could address multiple clinical concerns relevant to CKD. Forty percent of survey
respondents reported the hypothetical dietary prescription was realistic for people with CKD, 34.3%
were unsure, and 25.7% perceived it as unrealistic. Strengths of the hypothetical prescription included
shifting the focus to whole foods and using practical resources like recipes. Limited staffing, time,
and follow-up opportunities with patients, as well as differing nutrition philosophies were the most
commonly reported challenges to implementation; while a supportive multidisciplinary team was
identified as an important enabler. To increase patient acceptance of plant-based dietary approaches,
education about plant food benefits was recommended, as was implementing small, incremental
dietary changes. Successful implementation of plant-based diets is perceived to require frequent
patient contact and ongoing education and support by a dietitian. Buy-in from the multidisciplinary
team was also considered imperative.

Keywords: plant-based diets; chronic kidney disease; implementation; barriers; enablers; cross-
sectional survey; qualitative research

1. Introduction

Diet plays a central role in the management of chronic kidney disease (CKD) [1]. How-
ever, dietary prescriptions are often confusing and divergent from standard healthy eating
guidelines and may limit healthy plant foods such as fruits, vegetables, and whole-grain
products due to their potassium content [2]. Such restrictive dietary guidance has broader
implications for people living with CKD by resulting in limited intakes of health-protective
food components such as dietary fibre and phytochemicals, as well as potentially contribut-
ing to poor dietary adherence overall. Concerns about the contribution of potassium from
plant-based foods may be outdated given the emerging evidence that suggests the bioavail-
ability of potassium in whole non-processed fruits and vegetables are lower than initially
estimated [3], at around 50–60% [4]. A recent study confirmed that dietary potassium
intake was not associated with hyperkalaemia or death in patients receiving haemodialysis
treatment [5]. Research indicates that habitual dietary patterns rich in plant-based sources
are protective against disease progression and risk of mortality in people with CKD, even
at advanced disease stages [6,7]. Additionally, there is growing recognition of the role of
plant-based diets in modulating the composition and metabolic activity of the human gut
microbiome, which in turn may lead to improved health outcomes relevant to individuals
with CKD [8–11].
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In light of this evidence, a less didactic and more liberal educational approach to the
renal diet may be possible for patients with CKD. However, successful implementation
of novel diet therapies in clinical practice requires acceptance from practitioners before
making them available to their patients. Dietitians provide extensive education to patients,
caregivers, and their families to facilitate appropriate food choices and improve long-term
dietary adherence, which may alleviate disease progression [2]. Additionally, dietitians
have unique first-hand insights into the challenges faced by patients regarding the pre-
scription of a complex therapeutic diet [12]. Therefore, the objectives of this study were to
explore renal dietitians’ perspectives regarding plant-based diets for CKD management
and evaluate the acceptability of a hypothetical plant-based dietary prescription and accom-
panying print resources. The hypothetical dietary prescription, which aimed to increase
the amount and variety of plant foods in diets for people with CKD, was used to stimulate
discussion and facilitate recommendations for implementing plant-based diets in future
clinical trials and current practice.

2. Materials and Methods

This exploratory mixed-methods study was approved by the joint Illawarra Shoal-
haven Local Health District/University of Wollongong Human Research Ethics Committee
(2019/ETH00397). The Checklist for Reporting Results of Internet E-Surveys [13] was used
as a guide to create the online survey. The consolidated criteria for reporting qualitative
research (COREQ) checklist (Item S1, Supplementary Materials) was used to facilitate a
detailed and comprehensive reporting of the qualitative component of the study [14].

2.1. Study Sample and Recruitment

Accredited Practising Dietitians (APDs) or those eligible for APD status actively
working in primary, secondary, or tertiary care employed to provide dietary advice to
people with CKD in Australia were eligible to take part in this study. A convenience
sample of renal dietitians was recruited using two approaches to provide the greatest
possible coverage and to maximise the participation of the specialist target group [15].
Recruitment took place between April and August 2019, where eligible dietitians were
contacted via: (i) a professional e-mail distribution network for renal dietitians in Australia;
and (ii) attendance at the 2019 World Congress of Nephrology Renal Nutrition, Nursing,
and Allied Health Professionals Symposium. Conference attendees were identified with
the assistance of conference organisers. Eligible dietitians were invited to participate by
e-mail or in person and given the option to partake in either an in-depth, semi-structured
interview, or complete a short online survey. Advertising materials included an overview
of the study, a participant information sheet with investigators’ contact details, interview
questions, and a direct URL link to the online survey. Participants wanting to participate
in an interview rather than the survey were advised to contact one of the investigators to
schedule a meeting. No incentives were offered, and participation was voluntary.

2.2. Hypothetical Plant-Based Dietary Prescription

Survey and interview participants were informed that, in the context of this study, a
‘plant-based dietary prescription’ referred to a diet dominated by a variety of vegetables,
fruits, legumes, whole grains, nuts, seeds, herbs, and spices. It did not infer that the eating
pattern was exclusively vegetarian or vegan and could include small to moderate amounts
of animal-based products such as dairy, meats, poultry, and fish. The hypothetical plant-
based dietary prescription designed by members of the research team aimed to increase
the amount and variety of plant foods in the diets of people with CKD. The philosophy to
achieve a plant-based diet introduced to all participants in this study was simplified by
encouraging patients to consume 30 or more unique plant foods over a seven-day period.
This concept was informed by the findings of the largest observational study to date
investigating the human gut microbiome [16], whereby individuals consuming a higher
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plant-based diet (defined as consuming more than 30 different varieties of plant foods per
week) had increased microbial diversity and lower antibiotic-resistant microbial genes [16].

Further details about how the hypothetical prescription could be implemented with
patients in practice were explored with interview participants exclusively. For instance,
to supplement the target of consuming 30 or more unique plant foods per week, specific
advice was proposed about the number of daily food servings patients would need to
consume to more closely align to the Australian Dietary Guidelines (i.e., five servings
of vegetable, two servings of fruits, etc.) [17], while still adhering to the evidence-based
guidelines for nutrition in kidney disease [18,19]. Five ancillary print resources were also
developed to accompany the hypothetical plant-based dietary prescription. The print
resources included a recipe book, a seven-day template for participants to fill out and plan
meals, an A-Z food guide to build meals, a food swap list, and an instruction manual on
how these resources could be used.

2.3. Data Collection and Analysis

The anonymous online survey consisted of eight questions (Item S1, Supplementary
Materials), including close-ended questions (multiple-choice) and open-ended questions,
which were pilot-tested with three dietitians to assess face validity. Multiple responses
were accepted for questions 2, 4, 5, and 6. This online survey was self-administered using
SurveyMonkey (San Mateo, CA, USA) and was open for 10 weeks from 26 June 2019, to 4
September 2019. Tacit consent was implied by online survey completion. Participants were
only able to complete the survey once and could review and change their answers on any
survey page until they submitted the survey. Analysis of quantitative data was facilitated
using Microsoft Excel (2010). Data presented in figures were produced using R version
3.5.0 [20]. Open-ended responses were analysed using deductive content analysis [21].
Only participants with complete survey data were included.

Semi-structured interviews, conducted by two research members, lasted between
30–45 min and were undertaken either face-to-face, via Skype® or telephone. The semi-
structured interview guide covered four key topic areas (Item S3, Supplementary Materials,
Item S3). For those interviewed by phone, the print resources were emailed before the
interview once written consent had been obtained. Demographic details (age, gender,
length of practice as a dietitian, length of practice as a renal dietitian, current full-rime
equivalent (FTE) load, practice setting) were collected. Interviews were recorded using a
digital recorder and transcribed verbatim. Dedoose software was used to manage and code
the data [22]. Transcripts were analysed inductively using Braun and Clarke’s six phases
of thematic analysis [23]. Specifically, two researchers read and reread the transcribed
verbatim independently for immersion in the data. Quotes relevant to the research question
were highlighted, and codes were systematically applied to identify elements of interest.
Codes were collated into potential subthemes. The inter-reliability of codes was examined
in a subset of transcripts by a third member of the research team to ensure the credibility of
the coding analysis. Researchers worked collaboratively to reach a consensus on the key
themes that emerged in the assigned codes and subthemes. Ongoing analysis took place
to refine each key theme to ensure that they were reflective of the coded extracts and the
entire data set. Compelling extracts were selected for final analysis, relating back to the
research question and literature. Participants did not provide feedback on the key themes.

3. Results

Approximately 120 renal dietitians were invited to take part in this study, and 46
(response rate: 38.3%) either completed the online survey (n = 35) or participated in an
in-depth interview (n = 11).

3.1. Online Survey

The median duration of time the 35 survey respondents currently worked as renal
dietitians was seven years (Table 1). The case mix of patients seen by the survey participants
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was dominated by those receiving haemodialysis (n = 31, 88.6%) and patients in the pre-
dialysis stage (n = 23, 65.7%).

Table 1. Demographic characteristics of the study populations.

Characteristics Interview (n = 11) Survey (n = 35)

Gender (female, %) 11 (100%) -
Age (range) 25–64 -

Years actively working as a renal dietitian
(median-IQR) 9.17 (3.67–27.50) 7 (3–12.25)

Current employment status (Full time equivalent:
median, IQR) 0.6 (0.3–1.0) -

Practice setting
Community settings 1 (9%) -

Private practice 1 (9%) -
Public health/hospitals 10 (91%) -

Area of practice
Early CKD 2 (18.2%) 11 (31.4%)
Pre-dialysis 7 (63.6%) 23 (65.7%)

Haemodialysis 8 (72.7%) 31 (88.6%)
Peritoneal dialysis 5 (45.5%) 20 (57.1%)
Renal transplant 4 (36.4%) 12 (34.3%)

Renal supportive care/palliative care 5 (45.5%) 13 (37.1%)
Other 0 (0%) 3 (8.6%)

‘-’ data not available for survey respondents. IQR, Interquartile range.

Forty percent of survey participants reported that the proposed hypothetical dietary
prescription recommending consumption of 30 unique plant-based foods per week was
realistic for people with CKD (Figure 1A). The following quotes echo the most common
justifications provided: “this amount reflects the healthy eating guidelines”; “I have already
had success in implementing this in my role as a renal dietitian”, and “when breaking it
down into 4–5 different plant foods per day from a variety of sources, it [the hypothetical
plant-based dietary prescription] doesn’t seem excessive”. However, support was not
unanimous, and several participants expressed that they were unsure (n = 12, 34.3%) or
felt the hypothetical plan was unrealistic (n = 9, 25.7%). For example, “misinformation
provided by other health care professionals”, “financial burdens”, and “limited accessibility
to fresh foods” were concerns impacting implementation.

Lack of cooking and preparation skills were also considered substantial barriers
to implementation, in addition to personal food preferences (Figure 1B). Other barriers
identified were “managing patients’ fear around potassium control” (n = 17, 48.57%).
Furthermore, when implementing plant-based diets for patients with CKD, renal dietitians
consistently reported they would be cautious about prescribing more dried fruit, followed
by nuts and seeds (Figure 1C). The main reason for using a cautious approach to these
items was fear of inducing hyperkalaemia and/or hyperglycaemia. Suggestions to enhance
implementation included educating patients about the health benefits of plant-based eating
and providing recipes (Figure 1D). Other recommendations included “gaining support
from the multidisciplinary team”, “education with motivated patients at earlier stages of
CKD”, and “availability of supplementary educational materials such as food checklists,
meal plans, and pictorial resources”.
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Figure 1. Summary of responses to multiple-choice survey questions. (A) Answers to whether the
target of consuming 30 unique plant-based foods over seven days is realistic for patients with CKD.
(B) Responses to the question about which plant foods dietitians felt cautious about prescribing to
people with CKD. (C) Potential challenges to implementing plant-based diets for people with CKD.
(D) Potential enablers to implementing plant-based diets for people with CKD. Multiple responses
were accepted for the questions presented in figures (B–D).

3.2. In-Depth Interviews

Twelve renal dietitians expressed interest, of which eleven participated in an in-depth
interview. Non-participation was due to scheduling conflicts. Data saturation was reached
by the 11th interview, with no new themes subsequently identified. All interview partic-
ipants were female (age range 25–64 years). Participants worked in various geographic
locations, with diverse CKD populations and varying levels of renal dietetic experience
(Table 1). Two overarching themes from the interviews were: (i) the value of plant-based
diets and strengths of the hypothetical dietary prescription; and (ii) existing barriers and
enablers to successful implementation. A further eight sub-themes were apparent.

3.2.1. Value of Plant-Based Diets and Strengths of the Hypothetical Dietary Prescription
Addresses Multiple Clinical Concerns

All interviewees acknowledged that a plant-based diet could prevent or manage
various risk factors for disease progression, including comorbidities relevant to individuals
with CKD.

“ . . . so if they are eating this way . . . glycemic control will be better, hypertension
control will be better, proteinuria is likely to be better, . . . all of the things that
you would be worried about.. a plant-based diet is going to help with that”

(Dietitian 11)

125



Nutrients 2022, 14, 216

Shifts Focus from Nutrients to Whole Foods

Participants repeatedly indicated that traditional approaches to dietary counselling
for CKD, which tend to focus on individual nutrients, can lead to patients feeling confused.
Respondents discussed that a focus on nutrients does not consider overall diet quality and
often results in whole foods, like fruits and vegetables, being erroneously restricted or
removed by patients because they are rich sources of potassium.

“We’re very focused on guidelines and millimoles of potassium, but I get con-
cerned . . . when I provide my education . . . that people are not able to put that
into practice or they get the message wrong and then end up cutting out things
unnecessarily because they think it’s bad for them . . . It [the hypothetical dietary
prescription] focuses on making healthy food choices because I think people are
misunderstanding the information about potassium and phosphate and see it as
cutting out fruit and vegetables . . . and that is a very big concern . . . When in fact
you want to maintain a healthy diet overall and variety . . . it [the hypothetical
dietary prescription] allows for flexibility, and it allows people to transition from
receiving some abstract information about food into this is what I’m going to
eat today.”

(Dietitian 10)

Dietitians in this study perceived that using a simple target such as ‘30 unique plant
foods per week’ might help alleviate patient confusion. Respondents also felt that the in-
creased focus on foods rather than nutrients in the hypothetical dietary prescription would
likely improve overall diet quality. Positive dietary messaging used in the hypothetical
prescription was preferred (i.e., include these foods) rather than negative messaging (i.e.,
limit consumption of these foods) as a strategy to reduce patient anxiety and encourage
adherence to dietary recommendations.

A Need for Practical Complementary Resources

Additional strengths of the hypothetical dietary prescription were the inclusion of
recipes and the food swap list. These resources were perceived to be valuable tools to help
demonstrate how various plant foods could be incorporated into meals, aid in building
customisable meal plans, and accommodate individual food preferences.

“The recipes are a great suggestion because there is no point giving this if people
don’t have the skills or the knowledge of how to incorporate those foods to make
it into a meal . . . demonstrating it is achievable.”

(Dietitian 5)

“I like the variety . . . they have this list of foods that they can swap, like each
meal, each fruit serve out with, so that really helps.”

(Dietitian 5)

3.2.2. Barriers and Enablers to Implementation
Organisational Norms and System Inadequacies Are Barriers

Dietitian participants reported that tensions heightened by larger and more significant
organisational norms and system inadequacies presented deterring barriers. For example,
limited time compounded by limited staffing resources may often result in the inadequate
follow-up of patients, which were expressed as common barriers in existing practice and
suspected to be problematic, particularly for implementing plant-based diets in practice.

“I think it would be crucial about our follow up . . . in our pre-dialysis clinic, we
do not see patients for like another two to three months, just because of our wait
times . . . ”

(Dietitian 7)
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“Generally, dietitians do not have the time to do these sorts of detailed meal
plans.”

(Dietitian 3)

“...you would need to spend a fair bit of time making sure that the patients
understand and checking it.”

(Dietitian 2)

The dietitians stressed the importance of having supportive systems (such as adequate
staffing and time) in place that are conducive to ongoing dietetic review and patient
monitoring. Respondents suggested this as essential to ensure patient safety, monitor the
overall nutritional adequacy of the diet (avoiding any nutrient deficiencies), and support
patients to implement dietary recommendations as intended.

Differing Nutrition Philosophies and Perceptions about Diet Are Barriers

Similar to the survey respondents, there was noted to be differences in philosophies
by some medical and nursing colleagues about the ‘renal diet’. This was identified to be
a major obstacle to implementation. Dietitians reported that some other members of the
multidisciplinary team (MDT) may provide overly restrictive dietary advice and do not
consider the quality of overall dietary patterns, nutrient bioavailability, nor acknowledge
other non-dietary causes of electrolyte abnormalities relevant to people with CKD.

“On this sort of diet [high plant-based diet] . . . that perception, that they have
to restrict them because of the potassium, and doctors or people, other people
who might also have that perception and not, who do not sort of understand the
difference in bioavailability.”

(Dietitian 8)

“Depending on the medication they’re on, they can be more susceptible to hyper-
kalaemia regardless of what they’re eating...”

(Dietitian 11)

The importance of shifting philosophies and perspectives regarding the renal diet was
not limited to the MDT but also the patients themselves. Conflicting sources of information,
in addition to previous dietary advice, were perceived to impact patient willingness to
adopt new dietary recommendations.

“You have a patient who is very compliant with previous dietary recommenda-
tions; they often do not like to go against that.”

(Dietitian 4)

“Trying to move towards [a plant-based diet] . . . which will undoubtedly include
some of the foods that a lot of them just will not touch. It has been entrenched in
them . . . I cannot eat that sort of food . . . ”

(Dietitian 7)

Supportive Multidisciplinary Networks Facilitates Implementation

Collaboration with MDT members to ensure consistency of messaging about plant-
based diets was considered to be essential for translating plant-based diets into clinical
practice. Interviewees suggested that regular in-services, team meetings, or journal clubs
with the MDT may be helpful to disseminate and discuss up-to-date nutritional literature.

“[Implementation] would [need] convincing other health staff about the research
because many others other than dietitians provide dietary education...you have
got doctors . . . or nurses. So making sure they are aware of the evidence . . .
because . . . if a patient hears something from their doctor, they [the patient] will
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listen to them over what we [dietitians] recommend so, I think making sure that
the message is consistent.”

(Dietitian 4)

Timing of Implementation

Dietitians suggested that careful consideration should be given to the patient’s overall
treatment plan when judging an appropriate time to implement a plant-based dietary
approach. Like survey respondents, many interviewees agreed that a plant-based diet
would most benefit individuals in earlier stages of CKD in terms of clinical outcomes, safety,
and patients might be more motivated by preventative measures to delay the initiation of
renal replacement therapies.

“[if] they are preparing for dialysis . . . patients can be quite overwhelmed . . . , so
I think [managing] the complexity of the diet you are trying to prescribe, but also
managing their cognitive and emotional states as well can be quite challenging.”

(Dietitian 11)

“ . . . they’re unlikely to have seen a dietitian at CKD stage 3, so you know
they don’t have all those restrictions placed on them . . . they typically are more
motivated as they don’t want dialysis and are more likely to benefit from using
nutrition as a preventative to delay disease progression . . . I think if you can get
them early, then I think that’s wonderful.”

(Dietitian 1)

‘Marketing’ the Plant-Based Approach

A recommended strategy to enhance implementation was to “market” the plant-based
diet to patients. It was suggested that the benefits of the diet should be explained clearly in
the first session to motivate patients and encourage adherence, especially for those patients
who are asymptomatic at the time of education.

“I think if we are very clear on the outcomes we are looking at, we could sell
this to patients . . . what outcomes can we expect because if people know that
it might actually maintain their kidney function for another two years, or three
years, or five years, that could be a very big motivator for them. But if we are just
talking about general health, they already feel okay, especially when they are in
the earlier stages.”

(Dietitian 11)

Furthermore, a graduated goal system to encourage patients to achieve the target
of 30 different plant foods over time rather than immediately was also recommended to
improve implementation. Improvements to the presentation of dietary targets (30 unique
plant foods) in the accompanying print resources of the hypothetical prescription were
suggested.

“ . . . a starting point of . . . I am having x amount of plant-based foods . . . over
the next two weeks can I increase it by an extra 5 or 10 foods a week . . . so it can
be a little bit more of a step guided approach ... that could be another strategy to
help them with goal setting.”.

(Dietitian 11)

Several suggested improvements to the supplementary print resources were also
offered. Respondents felt that the format of the seven-day template (Item S4, Supplementary
Materials) should provide greater detail by including headings to break down into individual
meals and snacks for each day. Providing a separate column for ‘oils and spreads’ instead of
grouping these products in with the ‘extras’ category, and using standardised serving sizes
for each food group listed on the swap list (Item S5, Supplementary Materials) were other
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recommendations. Participants also emphasised that the resources provided need to be
attentive to the health literacy levels of patients and should consider including more pictures.

“Having it . . . mapped out . . . how many meals they like to have over the day
and being able to fit it in that way . . . some people might find it a little bit easier
to . . . actually to see how it fits into . . . breakfast, lunch and dinner, or how many
meals a day.”

(Dietitian 11)

“I think it’s good how you have under free vegetables you say one serve is one
cup or half a cup cooked. I think its nice to have a standard serve for as many of
the foods within a category.”

(Dietitian 10)

“Pictures . . . . I think pictures are really important . . . particularly with literacy
and also non-English speaking patients.”

(Dietitian 7)

4. Discussion

Renal dietitians were aware that encouraging a plant-based diet could benefit individ-
uals with CKD and translate to favourable clinical outcomes. Successful implementation of
plant-based diets was perceived to require frequent patient contact and ongoing education
and support by a dietitian. Common concerns regarding the use of plant-based diets such
as high potassium intakes and protein inadequacy could be alleviated with regular dietetic
input. Several studies involving people with or without CKD have demonstrated more
than adequate levels of total protein consumption in various types of plant-based diets,
including those adhering to a vegan dietary pattern [24]. Although, plant proteins may
have insufficient levels of one or more essential amino acids. A recent modelling study [25]
found that low-protein, plant-based diets did not meet the recommended dietary allowance
for all essential amino acids, reinforcing the need for careful planning and dietetic su-
pervision to ensure the adequacy of all nutrients in the diet. However, some barriers to
translation into current practice were identified. The lack of staffing, capacity, and time
outlined by renal dietitians in this study is consistent with previous research in North
America [26–28], Australia [29], and the United Kingdom [30]. New models of dietetic care
may be necessary, as it has been demonstrated that patients seen by renal dietitians have
fewer hospitalisations and are associated with delays in dialysis commencement [31]. In
this study, dietitians highlighted that a coordinated multidisciplinary team approach was
essential for implementing plant-based diets into clinical practice and achieving improved
patient outcomes [32,33], particularly in conveying safe and consistent dietary messages. A
concerted effort was also required to help harmonise differing nutritional philosophies and
contradictory nutritional advice. This is especially important given the rapidly changing
field, with recent developments suggesting that higher dietary potassium intake is not
associated with hyperkalaemia or death in patients treated with haemodialysis [5]. When
prescribing plant-based diet advice, additional attention to comorbid conditions is required.
Confusion and miscommunication are commonly heightened in the case of comorbid
conditions such as diabetes, which are prevalent in this population group [33], and can
lead to increased feelings of anxiety amongst patients [33] as well as uncertainty around
the value of diet in CKD management.

There is extensive research to support the need for individualised interventions for
patients receiving dietetic care [34]. Dietitians in this study described the nuanced approach
that may be beneficial when educating people with CKD about a plant-based diet. Approx-
imately 25% of renal patients have limited health literacy [35] and high rates of cognitive
impairment, including those in the pre-dialysis stages [36]. Despite this, nutrition resources
for CKD management are often not designed to accommodate these deficits [37]. To help
accommodate these challenges, dietitians in this study recommended using pictorial re-
sources with limited text to aid comprehension of technical information. As recommended
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in previous research, strategies encompassing graduated goal-setting and collaborative
decision-making [34] were also suggested to support patient adherence and inspire in-
dependence [38]. To overcome the sense of frustration described by patients with CKD
when receiving didactic nutrition advice [2], the dietitians in the present study suggested
an additional explanation of the benefits of plant-based diets, with explicit details on the
anticipated benefits for the individual, were needed at the time of education. This may
also help alleviate feelings of uncertainty that have been outlined in previous studies when
patients are unclear of the reason for making dietary changes [39]. This idea to promote
anticipated benefits is similar to findings from a review [40] in the field of diabetes that sum-
marised the literature relating to the barriers and facilitators identified for implementing
plant-based diets.

There are several strengths and limitations to this research. The mixed-methods ap-
proach incorporates a survey and semi-structured interviews with two exclusive participant
groups, enabling a rich collection of data. The use of open-ended and semi-structured ques-
tions in both the survey and interview allowed participants to articulate their perceptions
to a greater extent and mitigates the risk of researcher bias. The major limitation of this
research is the relatively small sample size for the survey. Furthermore, the perspectives
gained may not represent all Australian renal dietitians or those working outside Australia.
Hence, the findings offer general theoretical concepts that require further research to verify
their applicability to other dietitians working in renal care.

5. Relevance to Practice

Interest in plant-based diets as a therapeutic option for CKD continues to grow globally,
and recent studies have explored dietitians [41,42] and nephrology professionals’ [43]
perceptions of plant-based eating. However, to our knowledge, this is the first study to
provide explicit information on what might be required in practice to implement plant-
based diets and strategies dietitians could use to support their patients with CKD to
consume more plant foods.

Dietitians agreed that plant-based diets are beneficial for patients with chronic kidney
disease. The successful implementation of plant-based diets was perceived to require
extensive contact and education of patients in conjunction with ongoing support from a
dietitian. In addition to educating patients, dietitians also need to consider buy-in from the
MDT. Identified strengths of the hypothetical dietary prescription that are translatable to
practice included shifting the focus of dietary advice to whole foods and overall healthy
eating patterns rather than nutrients; positive framing of nutrition messages that encourage
the inclusion of healthy foods; and practical supplementary resources such as recipes.
Increasing knowledge about the benefits of the plant-based approach and starting with
small incremental dietary changes were also recommended to increase patient acceptance.
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Abstract: Reducing protein intake in patients with chronic kidney disease (CKD) limits glomerular
stress induced by hyperfiltration and can prevent the progression of kidney disease; data in pregnancy
are limited. The aim of this study is to analyze the results obtained in CKD patients who followed a
plant-based moderately protein-restricted diet during pregnancy in comparison with a propensity-
score-matched cohort of CKD pregnancies on unrestricted diets. A total of 52 CKD pregnancies
followed up with a protein-restricted plant-based diet (Torino, Italy) were matched with a propensity
score based on kidney function and proteinuria with CKD pregnancies with unrestricted protein
intake (Cagliari Italy). Outcomes included preterm (<37 weeks) and very preterm (<34 weeks) delivery
and giving birth to a small-for-gestational-age baby. The median age in our cohort was 34 years,
63.46% of women were primiparous, and the median body mass index (BMI) was 23.15 kg/m2 with
13.46% of obese subjects. No statistical differences were found between women on a plant-based
diet and women who were not in terms of age, parity, BMI, obesity, CKD stage, timing of referral, or
cause of CKD. No differences were found between the two groups regarding the week of delivery.
However, the combined negative outcome (birth before 37 completed gestational weeks or birth-
weight centile <10) occurred less frequently in women following the diet than in women in the control
group (61.54% versus 80.77%; p = 0.03). The lower risk was confirmed in a multivariable analysis
adjusted for renal function and proteinuria (OR: 0.260 [Q1:0.093–Q3:0.724]; p = 0.010), in which
the increase in proteinuria from the first to the last check-up before delivery was lower in patients
on plant-based diets (median from 0.80 to 1.87 g/24 h; p: ns) than in controls (0.63 to 2.39 g/24 h
p < 0.0001). Plant-based, moderately protein-restricted diets in pregnancy in patients with CKD are
associated with a lower risk of preterm delivery and small-for-gestational-age babies; the effect may
be mediated by better stabilization of proteinuria.

Keywords: pregnancy complications; preterm delivery; small for gestational age; preeclampsia;
chronic kidney disease; plant-based diets

1. Introduction

Chronic kidney disease (CKD) is defined as a reduction in the kidney function cor-
responding to an estimated glomerular filtration rate (eGFR) below 60 mL/min or any
alteration of renal morphology, including malformations, kidney stones, or kidney scars, or
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a change in the composition of the urine (such as proteinuria or hematuria) or the blood
(such as renal tubular acidosis), independently from kidney function, lasting for at least
3 months [1]. It is estimated that it is present in about 3% of all pregnancies, with about
1:750 occurring in women in an advanced CKD stage (eGFR < 60 mL min, corresponding
to CKD stages 3-4-5) [2,3].

Independently from kidney function, the presence of kidney damage, or a reduction in
kidney tissue, it is now known to be associated with an increased incidence of adverse preg-
nancy outcomes, including preterm delivery, preeclampsia, the hypertensive disorders of
pregnancy, and giving birth to a small-for-gestational-age (SGA) baby [4–6]. This is also true
of those who have a healthy single kidney (as is the case of kidney donors), and is observed,
among others, in patients with kidney stones, and in cases with a previous episode of acute
kidney injury (AKI), even after complete normalization of renal function [7–10]. The risk
of adverse pregnancy outcomes is also higher in patients with kidney damage without
hypertension, proteinuria, or loss of kidney function, and are further modulated by these
three elements. As expected, risks increase in the presence of pregestational hypertension
and proteinuria and in proportion to reduction in kidney function [11–13].

Once a critical reduction in kidney tissue has been reached, a vicious circle is generated,
leading to glomerular hypertension and hyperfiltration on the remnant nephrons, causing
hypertrophy and ultimately proteinuria and glomerular sclerosis; proteinuria is further
associated with glomerular sclerosis in a maladaptive vicious circle [14,15]. On account of
this pathogenesis, the main approaches for the preservation of kidney function are aimed at
reducing hyperfiltration and intraglomerular pressure and include angiotensin-converting
enzyme inhibitors (ACEi) and angiotensin receptor blockers (ARBs), as well as diets with a
reduced protein content [16,17].

The definition of low-protein diets has changed over time, in line with the changes in
the definition of the recommended daily protein allowances, which are usually taken as
a reference of a “normal” protein content in diets. Recommended daily allowances have
progressively decreased to the current indication of 0.8 g of proteins per kg of body weight
per day, and the current recent guidelines of the Kidney Disease Outcome Quality Initiative
(K-DOQI) regarding nutritional management in CKD patients define low-protein diets as
those with a protein content of 0.6 to 0.4 g/kg/day, and establish that the energy intake
should be 25–35 kcal/kg of ideal body weight per day, according to age and metabolic
needs [18].

In recent years there has been growing interest in plant-based diets, given their re-
duced phosphate content, lower induction of acidosis, and lower probability of triggering
hyperfiltration compared to diets with the same amount of animal-derived proteins [19–21].

The recent K-DOQI guidelines on nutritional management in CKD patients underline
the interest in plant-based diets, not only citing their potential advantages, but also clearly
stating that the “there is insufficient evidence to recommend a particular protein type (plant
vs. animal) in terms of the effects on nutritional status, calcium, or phosphorus levels, or
the blood lipid profile.” This statement (3.2 Statement on Protein Type [18]) acknowledges
that well-balanced plant-based diets are no longer considered as dangerous or inferior in
CKD patients [18–21].

Plant-based diets are likewise an acknowledged option in pregnancy, provided that
they are correctly followed, thus controlling for the complementarity of aminoacids and
avoiding nutritional deficits, in particular those of vitamins (B12, vitamin D) and iron [22–26].
Furthermore, some data suggest that plant-based diets in pregnancy may even protect
from the development of preeclampsia and hypertensive disorders of pregnancy, possibly
through the prevention of excessive weight gain in pregnancy [25,26].

Pregnancy is a well-known cause of physiological renal hyperfiltration; an increase in
glomerular filtration is also observed in CKD patients, where it is seen as a sort of “stress
test” and is associated with an increase in proteinuria. Given the safety risks posed to the
fetus, angiotensin converting enzyme inhibitors (ACEi) and angiotensin receptor blockers
(ARBs) are discontinued, which further worsens proteinuria in CKD pregnancies [27,28].

134



Nutrients 2022, 14, 4203

In this context, our team and a few others tried to counterbalance pregnancy-induced
hyperfiltration and reduce proteinuria by employing plant-based diets with moderately
reduced protein intake during pregnancy [29–33].

The initial results were encouraging both in terms of fetal growth and period of
delivery [29,30].

The aim of this study was to compare the results obtained in 52 CKD pregnancies,
resulting in singleton deliveries, who followed a plant-based moderately protein-restricted
diet during pregnancy, with a propensity-score-matched cohort of CKD pregnancies on
unrestricted diets.

2. Materials and Methods

2.1. Settings of the Study

The present study was undertaken in two Italian centers, which began a conjoint
study (TOCOS: Torino Cagliari Observational Study) on CKD and pregnancy in 2000: Turin
(Piemonte, northern Italy), where the on-diet cases were followed, and Cagliari (the island
of Sardinia) where the controls were selected [5].

In Turin, an industrial city with about 800,000 inhabitants, the study was performed
at Ospedale Sant’Anna, a tertiary-care hospital that is part of the Città della Salute e
della Scienza. With an average of 7000 deliveries per year, Sant’Anna is one of the largest
European tertiary-care obstetric facilities. Since 2000, the center has run an outpatient facility
for CKD pregnancies and acute kidney problems in pregnancy. The dietary approach with
a moderately protein-restricted, plant-based diet has been employed since then [29,30].

The Azienda Ospedaliera Brotzu (AOB), Cagliari, is the largest hospital in Sardinia, an
island with about 1.6 million inhabitants. The obstetric ward follows 800–1000 deliveries
per year, offering care for high-risk pregnancies (thalassemia, diabetes, and kidney and
autoimmune diseases). A nephrology outpatient service specializing in kidney diseases in
pregnancy has been operative since 1995.

While both centers follow common protocols of control visits and care [28], the Cagliari
center does not employ moderately protein-restricted, plant-based diets during pregnancy.
For the sake of this study, the cases followed up in Torino were matched via a propensity
score with controls selected in Cagliari, as subsequently specified.

2.2. Definitions Employed

Chronic kidney disease was defined according to the 2002 Kidney Disease Outcomes
Quality Initiative (KDOQI) classification and stratification: estimated glomerular filtration
rate (eGFR) < 60 mL/min/1.73 m2 for ≥ 3 months, or kidney damage for ≥ 3 months
(Supplementary Table S1). The latter was defined as structural or functional anomalies of the
kidneys, with or without decreased GFR, manifested either as pathological abnormalities
or markers of kidney damage, including abnormalities in the composition of blood or urine,
or abnormalities in imaging tests [1].

Since pre-pregnancy data were available for only a minority of the patients in the
study, the definitions of stages were performed using data at referral.

Preeclampsia (PE) and hemolysis, elevated liver enzymes, and low platelets syndrome
(HELLP) were defined according to the ACOG guidelines [34]. PE was diagnosed with
hypertension (sBP ≥ 140 mm Hg and/or dBP≥90 mm Hg, on two occasions at least 4 h
apart, with no underlying cause, in a woman with previously normal blood pressure),
associated with proteinuria (24 h excretion ≥300 mg), diagnosed after 20 weeks of gestation
or in the absence of proteinuria, with new onset of any of the following: platelet count
<100,000/μL, serum creatinine >1.1 mg/dl, or doubling of its concentration in absence
of other renal disease, transaminases to twice normal concentration of liver enzymes,
pulmonary edema, cerebral/visual symptoms [34,35].

HELLP syndrome was defined in accordance with the above guidelines (alanine or
aspartate transaminase levels ≥ twice the upper limit of normal; lactate dehydrogenase
≥ 600 U/L; platelet count <100,000/μL) [34]. Superimposed preeclampsia was defined as
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preeclampsia on already-known treated or untreated pregestational hypertension, or on
already-known CKD [35].

Small-for-gestational-age babies were defined in accordance with the two most com-
monly used cut-points: below the 5th and 10th centiles, following INTERGROWTH stan-
dards [36].

Preterm delivery was defined as delivery before 37 completed gestational weeks;
early preterm delivery as before 34; and very early preterm delivery as delivery before
28 completed gestational weeks.

Obesity was defined as a pregestational body mass index (BMI) equal to or above
30 kg/m2; overweight was defined as BMI between 25 and 30 kg/m2; and underweight
was defined as pregestational BMI < 20 kg/m2.

Gestational hypertension was defined in line with the current guidelines [34–38].
Antihypertensive treatment employed a combination of alphamethyl-dopa and nifedip-

ine, adding doxazosin and small doses of diuretics or clonidine when needed. Treatment
was adjusted at every clinical visit with a target of 120–130/60–70 mm Hg [28]. In both
settings of care, the frequency of nephrology and obstetric visits, blood and urine tests
and biometric and Doppler studies of the uterine and umbilical arteries were tailored to
individual needs (visits: 1 week–1 month apart, biometry and fetal Doppler according
to fetal growth and the presence of Doppler anomalies), in keeping with the Italian best
practices in pregnant CKD patients [28].

Low-dose acetylsalicylate was increasingly prescribed, first to patients with severe
proteinuria, and more recently to all women with at-risk pregnancies.

2.3. Indications for the Diet

The main indications for plant-based diets in pregnancy were progressively broadened
from subjects with CKD Stages 4–5 and/or nephrotic syndrome to include: patients already
on a plant-based diet before pregnancy; CKD Stage 3 to 5 patients not on dialysis; CKD
Stage 1 and 2 patients with kidney function impairment during pregnancy; proteinuria
above 3 g/day at any time (<30 gestational weeks) of pregnancy, or proteinuria above
1 g/day at referral or in the first trimester; previous nephrotic syndrome, increase in
or development of proteinuria in pregnancy; or a combination of any of these elements.
The following contraindications were considered: anorexia, hyperemesis gravidarum,
language barriers impairing understanding the diet and its aim, psychiatric disorders, low
compliance to prescriptions and controls.

2.4. Selection of the Control Group

In line with the criteria used to prescribe a plant-based diet, we selected the controls
in the TOCOS database solely for patients being followed up in Cagliari.

The patients of the control group did not undergo a specific nutritional workout in
pregnancy, and their protein intake was unrestricted. Patients were referred to the dieticians
in the case of excessive weight gain or in the case of hyperemesis. Their follow-up is in
keeping with the usual indications of good clinical practice [28,39].

The control patients were chosen using a propensity-match score, based on CKD stage
(1, 2, 3, 4, and 5 considered together) and level of proteinuria, dichotomized at 1 g at the
first clinical control visit during pregnancy.

2.5. The Plant-Based, Moderately Protein-Restricted Diet

The plant-based diet is based on a simplified schema.
Food is chosen according to a qualitative approach (allowed/forbidden) and the

patients are not obliged to regularly weigh food. The dietician controls the quality, quantity,
and integration of proteins every four to eight weeks, based upon a 5-day food diary. The
use of food diary (5 days instead of the 3 recommended ones, according to the KDOQI
guidelines, to improve the quality of the reporting) is chosen, in the absence of other agreed
methods, to indirectly evaluate nutrient intake in pregnancy. The frequency of the dietary
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controls is personalized, according to the clinical status, and the dietitian sees the patients
in the occasion of their conjoint nephrology and obstetric control.

When the diet is first prescribed, a short-term consultation (1–2 weeks) is organized,
either in person or by phone. Subsequently, the frequency ranges from every 8 weeks in
stable patients, with regular weight gain and fetal growth, who follow the diet without
declaring difficulties, doubts or problems; to every 2–4 weeks, in particular in cases with
either no weight gain, or important weight gain in which—as it is usual in pregnancy—the
discrimination between lean weight and fluid overload is not simple, in the absence of overt
oedema, and without being able to rely on bioimpedance, whose use is not standardized
in pregnancy.

The goal is to control protein intake to 0.8 g/kg/day (real weight) with over 80%
of protein coming from plant-derived sources. In normal individuals, 0.8 g/kg/day of
proteins is now considered the reference intake (daily allowances); in pregnancy, in patients
on plant-based diets, it is advised to increase by 20%, i.e., to 1 g/kg/day [25]. In CKD
patients, the recommended intake of 0.6 g/kg/day, taking as reference the recent K-DOQI
guidelines, was likewise increased; to be on the safe side, the increase was established at
around 30% (rounded at 0.8 g/kg/day) [28–30].

While the overall approach remained the same throughout the period of study, partly on
account of changes in definitions of diets with little or no animal-derived proteins in the overall
population, we now use the term “plant-based” rather than “vegan-vegetarian” [28–30,40].

The most recent version of the diet is reported in the supplementary material.
The energy intake followed the usual indications in pregnancy. In accordance with

the current recommendations, the target was a weight increase ranging between 11.5 kg
and 16 kg, adapted for underweight and overweight women [41]. The energy intake
followed the usual indications in pregnancy. No variation was advised in plant-based diets
in pregnancy [25]. Based on the kidney function, proteinuria levels, and the individual
patient’s needs and preferences, we allowed 1–3 unrestricted meals per week (without
protein restriction but limited in unsaturated fats and short-chain sugars, as indicated
in pregnancy). To facilitate compliance with a plant-based diet without the need to eat
pulses and cereals at each meal, as it is necessary to avoid deficits of specific aminoacids (in
particular lysine), in most cases, supplementation of alpha-keto analogues and aminoacids
(Alpha-Kappa or Ketosteril) was added (1 tablet per each 8–10 kg of pregestation body
weight) [28–33]. This choice was indeed made to remain “on the safe side” and to avoid
the risk of deficits of specific aminoacids in patients who were not used to a plant-based
regiment before pregnancy. However, in some patients in which the pill burden was felt to
be too high or the supplementation was not tolerated (gastrointestinal discomfort, 1 case) a
standard plant-based diet, or a lower pill number, was prescribed, under strict nutritional
surveillance [42].

The food distribution and the choice of specific food is highly individualized. For
example, for energy intake, a wide choice is discussed, including choosing among the main
sources of long-chain carbohydrates; bread and pasta, the bases of the Italian cuisine, are
usually widely employed. However, rice, couscous, potatoes, sweet potatoes, and polenta
may be either occasional alternatives or the basis of the diet for patients who prefer them.

Olive oil, once more in line with the Mediterranean cuisine and widely available in our
country, is preferred; butter and margarine are avoided, but sunflower oil or colza oil are
occasionally used by patients who do not like olive oil. Likewise, the choice between the
pulses is personalized, and all efforts are made to make the “plant-based” menu as varied
as possible. Furthermore, the allowance of unrestricted meals, likewise with personalized
frequency, increases the variety, and once again, the choice between meat, fish, poultry,
eggs, or cheese, or a combination of animal-derived food, is left free in order to also reduce
the psychological constrain of such a demanding diet.

An example of a plant-based diet used in our setting is shown in Supplementary Table S4.
Given the lack of indications on salt restriction in CKD pregnancy, we did not restrict salt

intake, but we recommended moderate sodium reduction to patients with severe edema.
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Iron status, B12, and 25-OH vitamin D were controlled at baseline and up to monthly
tests if needed; vitamins and iron supplements were employed on the basis of blood test
results. Erythropoietin was used when needed, with a hemoglobin target of 10 g/dL on
account of the physiological hemodilution found in pregnancy.

2.6. Statistical Evaluation

Source of data: in each setting, data on all patients referred with known, newly-
diagnosed, or suspected CKD in pregnancy were prospectively recorded in dedicated
databases, which were periodically merged, with a final coherence control performed by a
trained statistician. Prescription of the moderately protein-restricted plant-based diet is
recorded in the database. Data about multiple pregnancies and miscarriages and pregnancy
terminations were gathered, but not considered in the statistical analysis. The full list of
data gathered is available on request.

The propensity match considered proteinuria (dichotomized at 1 g at baseline) and
CKD stage, by means of a greedy 1:1 algorithm. Matching was performed using the
“Matchit” R package v 4.2.0 [43].

Continuous series were tested for normality using the Shapiro–Wilk test, and ho-
moscedasticity with Leven’s test. According to the conditions of application, for comparing
two groups (e.g., seen in nephrology, not seen in nephrology), the independent Student
t-test and Wilcoxon rank-sum test were used. To compare 3 or more groups, one-way
ANOVA and the Kruskal–Wallis test were used.

The comparison of proportions was made with the Chi-squared or the Fisher test,
depending on the size of subsample involved. Results are displayed with the median
and the interquartile range (IQR, or Q1–Q3 quartiles) or as mean and standard deviation,
as appropriate.

The following outcomes were tested by univariable and multivariable methods: birth
centile <10 and <5, preterm delivery (all: <37, early: <34 and very early: <28 complete
gestational weeks); the outcomes were combined into severe (birth weight<5 centile or
delivery <28 weeks) and general (birth weight<10 centile or preterm delivery <37 weeks).
The choice of the covariates to include in the multivariate model was based on either
statistical significance at the univariate analysis, or well-acknowledged clinical relevance,
for instance, diet (plant-based vs. unrestricted); CKD stage (1, 2, 3, 4, and 5 considered
together); proteinuria at the first control visit during pregnancy (<1 g vs. ≥1 g/24 h), and
hypertension (present/absent).

The model employed a backward deletion method and standardized residuals
were verified.

Temporal series (e.g., weeks at delivery) were visually analyzed using inverse Kaplan–
Meier curves and differences were tested using the log-rank test.

The statistical analysis was performed with JASP version 0.14.1 (Armstrong, The
Netherlands, EU) and RStudio version 3.3.0 (Rstudio Project, Boston, MA, USA).

Alpha error was fixed at 5%.

2.7. Ethical Issues

This observational study on current clinical practice was approved by the Ethics
Committee of the OIRM Sant’Anna (n◦ practice 335; n◦ protocol 11551/c28.2 del 4/3/2011).
All patients signed a dedicated informed consent at the first control visit during pregnancy.

Availability of data and materials: TOCOS is a dynamic database updated in real time;
the most recent update can be obtained by sending a motivated request to the contact author.

3. Results

3.1. Baseline Data

The 52 pregnancies on the plant-based diet considered for the analysis were selected
from 61 pregnancies, after the exclusion of one twin pregnancy, and of 8 cases with miscar-
riages or pregnancy terminations (the flow chart of the study is reported in Figure 1).
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Figure 1. Study flow chart.

Table 1 reports the baseline data in the propensity-matched cohorts selected from the
Cagliari database.

Table 1. Baseline data in CKD pregnancies, according to prescription of a plant-based diet.

All No Diet Plant-Based Diet p-Values

Overall data CKD
N 104 52 52

Baseline data
Age (years), median [Q1–Q3] 34 [31.75–38] 34.5 [33–38] 34 [30.75–38] 0.533

Parity (primiparous), n (%) 66 (63.46%) 36 (69.23%) 30 (57.69%) 0.222
BMI (kg/m2), median [Q1–Q3] 23.15 [20.9–26.62] 22.9 [20.19–26.04] 23.63 [21.48–26.62] 0.485

BMI ≥ 30 kg/m2, n (%) 14 (13.46%) 7 (13.46%) 7 (13.46%) 1
Ethnicity (non-Caucasian), n (%) 95 (91.35%) 1 (1.92%) 8 (15.39%) 0.015
Baseline kidney function data

Serum creatinine, median [Q1–Q3] 1.02 [0.73–1.39] 0.99 [0.65–1.31] 1.04 [0.79–1.41] 0.301

eGFR CKD-EPI (mL/min), median [Q1–Q3] 71.21
[40.42–106.40]

72.04
[50.75–113.48] 69.72 [48.68–98.37] 0.435

Stage 1, n (%) 31 (29.81%) 16 (30.77%) 15 (28.85%)

0.514
Stage 2, n (%) 33 (31.73%) 16 (30.77%) 17 (32.69%)
Stage 3, n (%) 19 (18.27%) 11 (21.15%) 8 (15.39%)
Stage 4, n (%) 15 (14.42%) 8 (15.39%) 7 (13.46%)
Stage 5, n (%) 6 (5.775) 1 (1.92%) 5 (9.62%)

Proteinuria (g/24 h), median [Q1–Q3] 0.705 [0.24–2.06] 0.63 [0.21–1.76] 0.80 [0.29–2.18] 0.196
Proteinuria < 0.5 g/24 h, n (%) 38 (36.54%) 20 (38.46%) 18 (34.62%)

0.739
Proteinuria 0.5–1 g/24 h, n (%) 24 (23.08%) 12 (23.08%) 12 (23.08%)
Proteinuria 1–3 g/24 h, n (%) 26 (25%) 14 (26.92%) 12 (23.08%)
Proteinuria ≥ 3 g/24 h, n (%) 16 (15.39%) 6 (11.54%) 10 (19.23%)
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Table 1. Cont.

All No Diet Plant-Based Diet p-Values

Timing of referral
Week at referral, median [Q1–Q3] 8 [6–12] 9 [7–12.25] 7.5 [6–12] 0.201

<12 gestational weeks, n (%) 73 (70.195) 36 (69.23%) 37 (71.15%)
0.75713–23 gestational weeks, n (%) 8 (7.69%) 5 (9.62%) 3 (5.77%)

≥24 gestational weeks, n (%) 23 (22.12%) 11 (21.15%) 12 (23.08%)
Cause of CKD

Glomerular (primary and secondary GN), n (%) 54 (51.92%) 27 (51.92%) 27 (51.92%) 1
Single kidney, n (%) 3 (2.89%) 2 (3.85%) 1 (1.93%) 0.558

Diabetic nephropathy, n (%) 14 (13.46%) 5 (9.62%) 9 (17.31%) 0.250
ADPKD, n (%) 6 (5.77%) 4 (7.69%) 2 (3.85%) 0.400

Kidney graft, n (%) 9 (8.65%) 5 (9.62%) 4 (7.69%) 0.727
Interstitial (includes interstitial nephropathies,

kidney stones, CAKUT and urologic
malformations), n (%)

10 (9.62%) 5 (9.62%) 5 (9.62%) 1

Other, n (%) 8 (7.96%) 4 (7.69%) 4 (7.69%) 1

Legend: N, cohort size; BMI, body mass index; eGFR, estimated glomerular filtration rate; GN, glomerulonephritis;
ADPKD, autosomal dominant polycystic kidney disease; CAKUT, congenital anomalies of the kidneys and urinary
tract; APN, acute pyelonephritis. In bold, significant differences.

Even though the matching considered only CKD stage and proteinuria, the two
cohorts were perfectly matched for all the parameters considered, except for ethnicity (non-
Caucasian ethnicity was more frequent in Torino, a large industrial city, than in Cagliari,
a smaller city in a prevalently agricultural area). In both settings, more than half of the
patients were affected by glomerulonephritis, and over one-third were in CKD Stage 3 or
higher at their first control visit during pregnancy.

3.2. Pregnancy Outcomes, According to Diet Prescription

Table 2 reports on the main pregnancy outcomes found in the two groups (on diet/not
on diet).

While a tendency towards longer pregnancy duration was observed in on-diet patients
(preterm delivery: 42.31% on diet vs. 28.85% control group), statistical significance was
reached only for delivery <28 weeks (5.77% on-diet patient vs. 11.54% controls, p = 0.012).

The combined general outcome (birth before 37 completed gestational weeks and birth
centile <10) was observed in 61.54% of the pregnancies in the on-diet group versus 80.77%
in the control group (p = 0.030).

No on-diet patient and no patient in the control group died, and no mother in either
group started dialysis in the first 3 months after delivery. Three neonatal deaths were
recorded in the control group, all linked to prematurity, while none were observed in the
on-diet group.

None of the surviving children had severe malformations: no malformations were
recorded in the control group, while in the on-diet group two newborns presented interatrial
septal defects, linked to prematurity, which in both cases spontaneously resolved; and
one baby presented ankyloglossia. In addition, one case of complex cardiac anomaly was
recorded in a twin pregnancy (excluded from the present analysis) in the on-diet group;
the mother was affected by type 1 diabetes, and the child died in the first week of life.

The Kaplan–Meier curve of timing of delivery according to whether or not a diet was
prescribed is shown in Figure 2. The curve supports the noninferiority of plant-based diets
for the duration of gestation and seems to indicate that they contribute to reducing the
incidence of early preterm delivery.
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Table 2. Main outcomes according to the diet prescribed.

All No Diet Plant-Based Diet p-Values

Overall data CKD
N 104 52 52

Renal data at last control visit
Serum creatinine, median [Q1–Q3] 1.1 [0.74–1.64] 1 [0.7–1.56] 1.18 [0.81–1.65] 0.194

Proteinuria (g/24 h), median [Q1–Q3] 1.97 [0.58–4.46] 2.39 [0.56–5.6] 1.87 [0.70–3.45] 0.338
eGFR CKD-EPI (mL/min), median

[Q1–Q3] 65.62 [41.66–105.01] 72.93 [42.8–113.22] 62.16 [40.65–95.20] 0.302

Stage shift (increase of at least 1 CKD
stage), n (%) 21 (20.19%) 11 (21.15%) 10 (19.23%) 0.807

Delivery
Week of delivery, median [Q1–Q3] 36 [33–37] 34.5 [32–37] 36 [33–37] 0.164

Term ≥ 37 gw, n (%) 37 (35.58%) 15 (28.85%) 22 (42.31%) 0.152
Term < 34 gw, n (%) 36 (34.62%) 22 (42.31%) 14 (26.92%) 0.099
Term < 32 gw, n (%) 14 (13.46%) 9 (17.31%) 5 (9.62%) 0.250
Term < 28 gw, n (%) 6 (5.77%) 6 (11.54%) 0 0.012

Offspring data
Weight at delivery, median [Q1–Q3] 2380 [1797–2820] 2350 [1737.5–2727.5] 2537.5 [1957.5–2872.5] 0.254

Weight < 2500 g, n (%) 54 (51.92%) 29 (55.77%) 25 (48.08%) 0.432
Weight < 1500 g, n (%) 15 (14.42%) 10 (19.23%) 5 (9.62%) 0.163

Centile, median [Q1–Q3] 36.30 [9.45–59.03] 32.84 [6.29–57.33] 38.81 [14.74–62.08] 0.270
Centile < 10, n (%) 28 (26.92%) 18 (34.62%) 10 (19.23) 0.077
Centile < 5, n (%) 19 (18.27%) 12 (23.08%) 7 (13.46%) 0.205

Pregnancy-related outcomes
PE, n (%) 3 (2.89%) 3 (5.77) 0 0.079

Combined outcomes
Term < 37 gw or Centile < 10, n (%) 74 (71.15%) 42 (80.77%) 32 (61.54%) 0.030
Term < 34 gw or Centile < 10, n (%) 50 (48.08%) 29 (55.77%) 21 (40.39%) 0.116
Term < 34 gw or Centile < 5, n (%) 43 (41.35%) 24 (46.15%) 19 (36.54%) 0.319
Term < 28 gw or Centile < 5, n (%) 20 (19.23%) 13 (25%) 7 (13.46%) 0.135

Legend: N, cohort size; eGFR, estimated glomerular filtration rate; PE, preeclampsia; gw, gestational week. In
bold, significant differences.

 

Figure 2. Kaplan–Meier curve for week of delivery according to the patient’s diet.
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3.3. Variations in Proteinuria and eGFR from the First to Last Control Visit during Pregnancy

Figures 3 and 4 summarize differences in eGFR and proteinuria from referral to deliv-
ery, in on-diet cases, and controls. The single-patient graphs are available in Supplementary
Figure S1.

Figure 3. eGFR at the first and last control visit in pregnancy.

Figure 4. Proteinuria variation during pregnancy.

While differences from referral to the last control visit during pregnancy were not
significant in either group, the increase in proteinuria from the first to the last visit is
statistically significant in controls (from 0.63 to 2.39 g/24 h p < 0.0001), but nonsignificant
in patients on plant-based diets, despite a higher baseline value (median from 0.80 to
1.87 g/24 h).
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3.4. Logistic Regression Analysis

The univariable analysis for the different outcomes (preterm delivery and small for
gestational age newborns) is reported in the supplementary material (Table S2).

Following the plant-based diet was associated with a lower incidence of all adverse
outcomes, which was statistically significant for early preterm delivery (delivery before
34 completed gestational weeks (Table 3); statistical significance was also reached for
two general combined outcomes (delivery before 37 gestational weeks or centile <10 and
delivery before 34 gestational weeks or centile <10), with a strong protective effect of having
been on a plant-based diet (delivery before 37 gestational weeks or centile <10: OR: 0.260
[0.093–0.724], p = 0.010) found after adjustment for stage, proteinuria, and hypertension
(Table S4). Following a plant-based diet was instead not associated with the single outcome
centile <10 or centile <5, delivery before 37 or 28 completed gestational weeks or with
the combined outcomes of delivery before 34 gestational weeks or centile <5 and delivery
before 28 gestational weeks or centile <5 (Supplementary Table S3).

Table 3. Multivariable logistic regression.

Preterm Delivery: Gestational Weeks <34
OR [CI 95%] p Value

First step

CKD stage 1.495 [0.928–2.406] 0.098
Plant-based diet 0.320 [0.122–0.843] 0.021
Proteinuria > 1 g 1.761 [0.698–4.443] 0.231

Hypertension 5.739 [2.180–15.106] <0.001

Last step
CKD stage 1.455 [0.909–2.328] 0.118

Plant-based diet 0.336 [0.129–0.873] 0.025
Hypertension 5.697 [2.188–14.837] <0.001

Combined Outcome: Preterm Delivery at Week <37 or <10 Centile
OR [CI 95%] p value

One step only CKD stage 2.685 [1.494–4.828] <0.001
Plant-based diet 0.260 [0.093–0.724] 0.010
Proteinuria > 1 g 2.720 [0.936–7.905] 0.066

Hypertension 2.294 [0.827–6.367] 0.111

Combined Outcome: Preterm Delivery at Week <34 or <10 Centile

One step only CKD stage 1.460 [0.935–2.280] 0.096
Plant-based diet 0.383 [0.158–0.928] 0.034
Proteinuria > 1 g 2.118 [0.879–5.104] 0.094

Hypertension 4.056 [1.679–9.798] 0.002

In bold, significant values.

4. Discussion

The main result of this study is to highlight the potential benefits of plant-based,
moderately protein-restricted diets in pregnancy for patients with forms of CKD at high
risk of adverse pregnancy outcomes, characterized either by a reduction in kidney function,
a high level of proteinuria at baseline, or both.

While previous studies already suggested that such a nutritional approach is safe and is
associated with better pregnancy outcomes, the limits of the previous analyses were linked
to the small number of cases studied and the lack of a well-matched control group [29–33].
This is the first time that we are reporting the results of a study involving a larger group
of on-diet patients, compared with a control group that was propensity-matched for the
two main elements considered for diet prescription (CKD stage and proteinuria). It should
be noted that the two matched groups of 52 patients each were superimposable for age, BMI,
prevalence of primiparity, type of disease, and week of referral. The only difference (higher
prevalence of women of non-Caucasian origin in the on-diet group) reflects demographic
differences between the two settings (Table 1).
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The results suggest that on-diet patients have an advantage for the main outcomes
considered (preterm delivery and small-for-gestational-age babies), which reaches statistical
significance for the general combined outcome (delivery at <37 completed gestational
weeks and birth centile <10), which occurred in 61.54% of on-diet patients and in 80.77%
of controls (p = 0.030) (Table 2). The multivariable analysis, after adjustment for the main
potential confounders (CKD stage, hypertension, and proteinuria), indicates an odds ratio
of 0.260 (0.093–0.724) of reaching the combined outcome (weeks < 37 or centile < 10) for
on-diet patients (Table 3). The visual analysis of the Kaplan–Meier curve suggests that the
advantage occurs early in gestation: no case of delivery <28 gestational age was recorded
in the on-diet group, while the prevalence of delivery <34 weeks was 26.92% in the on-diet
group and 42.31% in controls (Table 2, Figure 2).

In both cases and controls, probably as a reflection of diligent follow-up targeting
normalization of blood pressure and avoiding excessive weight gain, eGFR remained stable
from referral to the last check-up before delivery. Instead, proteinuria increased sharply in
controls (from 0.63 to 2.39 g/24 h; p < 0.001), while the increase was far lower in on-diet
patients (0.8 to 1.87 g/24 h; p = 0.115) (Figures 2 and 3).

While the small, but potentially relevant, gain in duration of gestation (36 weeks in
on-diet patients versus 34.5 in controls) and in birth centile (38.81 in on-diet patients versus
32.84 in controls; Table 2) is not statistically significant, possibly due to the small number of
cases, the difference in proteinuria is significant, and suggests less hyperfiltration on the
remnant nephrons, which is in turn associated with lower oxidative stress and endothelial
damage [14,19,21,44]. Furthermore, plant-based diets are rich in antioxidants and are less
diabetogenic in pregnancy [23–25]. All these “endothelial protecting effects” may also play
a role in preserving placental function, often impaired in CKD, as has been highlighted in
the most recent guidelines on nutrition in CKD [18].

It is difficult to discuss our data in the context of other studies on diets in CKD
pregnancies, since, as recently reviewed, there is a cruel lack of such information, specifically
in the predialysis phase [45,46]. Plant-based diets are, however, increasingly advised in
other situations at risk for adverse pregnancy outcomes that also share a higher risk for
endothelial damage, including diabetes, hypertension, and obesity. Of note, all these
conditions are risk factors for the development of chronic kidney disease, and may be
associated with subclinical renal damage, hence suggesting that common factors are at play
in this situations, possibly including—besides endothelial protection—modulation of gut
microbiota, and avoidance of excessive weight gain [25,47,48].

More specifically regarding the kidney function, at the same levels of protein intake,
plant-based diets are known to induce a lower degree of hyperfiltration compared to mixed
protein diets [19–21]. Accordingly, moderate protein restriction, as in our diet plan, in
which the diet recommended in pregnancy corresponds to the indications for a healthy,
nonpregnant individual, the plant-based regimen is expected to blunt pregnancy-induced
renal hyperfiltration.

The potential implications of our results are wide: if the advantage in CKD pregnancies
is confirmed on a larger scale, then plant-based diets, with a protein intake adapted to the
degree of kidney function and proteinuria, could become the standard indication for women
with CKD in pregnancy, at least in severe cases, which is estimated as present in 1:500–1:1000
pregnancies. Furthermore, our experience further underlines the interest of plant-based
diets in other high-risk pregnancies, including pre-existing diabetes and hypertension.

This study, which has the advantage of reporting on one treatment proven to be
beneficial in CKD pregnancies, and of correlating it for the first time with a lower increase
in proteinuria during gestation, has several limitations. First, it involves only two centers.
Secondly, as the data were gathered retrospectively, over a long period of time, we were
not able to control for variations in care, including pharmacologic treatments, occurring
during that period. However, as the Italian best practices in pregnancy in CKD were based
on care at these two centers, this is evidence of concordant approaches [28]. Furthermore,
although this is the largest CKD cohort followed up with plant-based diets in pregnancy
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so far published, the number of patients involved is still relatively small, and further
stratification, for example, concerning kidney disease, was not possible. The lack of specific
nutritional management in CKD pregnancies in the control group did not allow for a
detailed comparison of the diet composition to be performed; however, the patients in
Cagliari were followed up according to the usual standard of care, in the context of a
predominantly Mediterranean nutrition pattern [49,50].

Lastly, and once more due to the only recent introduction in clinical practice of placen-
tal biomarkers, the levels of s-flt1 and PlGF were not available, neither for cases nor controls.

Future research is absolutely needed in the field of nutrition in CKD pregnancies.
While randomized controlled studies are difficult to propose in the delicate and heteroge-
neous population with CKD in pregnancy, we need at least large cohort studies comparing
different dietary patterns and approaches in these patients. Analysis of placental morphol-
ogy and correlation with placental biomarkers in CKD patients, as well as in comparison
with other diseases sharing similar challenges, such as hypertension, diabetes, and mor-
bid obesity, may allow for a better understanding of the protective effects exerted by
plant-based diets, and help us to more finely tune prescriptions.

5. Conclusions

Plant-based, moderately protein-restricted diets are feasible in pregnancy in patients
with CKD, and are associated with a lower risk of preterm delivery and of delivery of
small-for-gestational-age babies, as compared to mothers on unrestricted omnivorous diets.
The favorable effect observed might be mediated by a better stabilization of proteinuria
throughout pregnancy, probably resulting from a lower hyperfiltration challenge.

Further prospective studies, systematically employing biomarkers of placental health
as well as exploring placental pathology in CKD patients on different diets, are needed if
we are to better understand the reasons for these promising results, so that plant-based
diets can eventually be proposed also in other high-risk pregnancies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nu14194203/s1, Table S1: definition and stages of chronic kidney disease according to Kidney
Disease Outcome Quality Initiative (KDOQI) guideline 2002; Table S2: univariate logistic regression
for different outcomes; Table S3: multivariable logistic regressions for different outcomes; Table S4:
The rationale of the plant-based diet the diet and an example for one day of plant-based meals and
further advice for pregnant women; Figure S1: eGFR and proteinuria at referral and delivery. First
point, referral; second point, delivery.

Author Contributions: Conceptualization, R.A., G.C. and G.B.P.; Data curation, F.L., E.L., V.C., A.T.C.,
G.Z., A.M.M., B.M. and A.R.; Formal analysis, A.C. and E.D.; Writing—original draft, G.B.P. and M.T.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki. The observational study on current clinical practice was approved by the Ethics
Committee of the OIRM Sant’Anna (n◦ practice 335; n◦ protocol 11551/c28.2 del 4/3/2011).

Informed Consent Statement: All patients signed a dedicated informed consent at the first control
visit during pregnancy.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank Susan Finnel for her careful language editing.

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

145



Nutrients 2022, 14, 4203

References

1. Kidney Disease: Improving Global Outcomes (KDIGO) CKD Work Group. KDIGO 2012 Clinical Practice Guideline for the
Evaluation and Management of Chronic Kidney Disease. Kidney Inter. Suppl. 2013, 3, 1–150.

2. Williams, D.; Davison, J. Chronic kidney disease in pregnancy. BMJ 2008, 336, 211–215. [CrossRef] [PubMed]
3. Webster, P.; Lightstone, L.; McKay, D.B.; Josephson, M.A. Pregnancy in chronic kidney disease and kidney transplantation. Kidney

Int. 2017, 91, 1047–1056. [CrossRef] [PubMed]
4. Nevis, I.F.; Reitsma, A.; Dominic, A.; McDonald, S.; Thabane, L.; Akl, E.A.; Hladunewich, M.; Akbari, A.; Joseph, G.; Sia, W.; et al.

Pregnancy outcomes in women with chronic kidney disease: A systematic review. Clin. J. Am. Soc. Nephrol. 2011, 6, 2587–2598.
[CrossRef]

5. Piccoli, G.B.; Cabiddu, G.; Attini, R.; Vigotti, F.N.; Maxia, S.; Lepori, N.; Tuveri, M.; Massidda, M.; Marchi, C.; Mura, S.; et al. Risk
of Adverse Pregnancy Outcomes in Women with CKD. J. Am. Soc. Nephrol. 2015, 26, 2011–2022. [CrossRef]

6. Zhang, J.J.; Ma, X.X.; Hao, L.; Liu, L.J.; Lv, J.C.; Zhang, H. A Systematic Review and Meta-Analysis of Outcomes of Pregnancy in
CKD and CKD Outcomes in Pregnancy. Clin. J. Am. Soc. Nephrol. 2015, 10, 1964–1978. [CrossRef]

7. Tangren, J.S.; Wan Md Adnan, W.A.H.; Powe, C.E.; Ecker, J.; Bramham, K.; Hladunewich, M.A.; Ankers, E.; Karumanchi, S.A.;
Thadhani, R. Risk of Preeclampsia and Pregnancy Complications in Women With a History of Acute Kidney Injury. Hypertension
2018, 72, 451–459. [CrossRef]

8. Sebastian, N.; Czuzoj-Shulman, N.; Spence, A.R.; Abenhaim, H.A. Maternal and fetal outcomes of urolithiasis: A retrospective
cohort study. J. Gynecol. Obstet. Hum. Reprod. 2021, 50, 102161. [CrossRef]

9. Garg, A.X.; Nevis, I.F.; McArthur, E.; Sontrop, J.M.; Koval, J.J.; Lam, N.N.; Hildebrand, A.M.; Reese, P.P.; Storsley, L.; Gill, J.S.; et al.
Gestational hypertension and preeclampsia in living kidney donors. N. Engl. J. Med. 2015, 372, 124–133. [CrossRef]

10. Davis, S.; Dylewski, J.; Shah, P.B.; Holmen, J.; You, Z.; Chonchol, M.; Kendrick, J. Risk of adverse maternal and fetal outcomes
during pregnancy in living kidney donors: A matched cohort study. Clin. Transplant. 2019, 33, e13453. [CrossRef]

11. Piccoli, G.B.; Attini, R.; Vasario, E.; Conijn, A.; Biolcati, M.; D’Amico, F.; Consiglio, V.; Bontempo, S.; Todros, T. Pregnancy and
chronic kidney disease: A challenge in all CKD stages. Clin. J. Am. Soc. Nephrol. 2010, 5, 844–855. [CrossRef] [PubMed]

12. Alsuwaida, A.; Mousa, D.; Al-Harbi, A.; Alghonaim, M.; Ghareeb, S.; Alrukhaimi, M.N. Impact of early chronic kidney disease on
maternal and fetal outcomes of pregnancy. J. Matern. Fetal. Neonatal Med. 2011, 24, 1432–1436. [CrossRef] [PubMed]

13. Imbasciati, E.; Gregorini, G.; Cabiddu, G.; Gammaro, L.; Ambroso, G.; Del Giudice, A.; Ravani, P. Pregnancy in CKD stages 3 to 5:
Fetal and maternal outcomes. Am. J. Kidney Dis. 2007, 49, 753–762. [CrossRef]

14. Hoy, W.E.; Hughson, M.D.; Bertram, J.F.; Douglas-Denton, R.; Amann, K. Nephron number, hypertension, renal disease, and
renal failure. J. Am. Soc. Nephrol. 2005, 16, 2557–2564. [CrossRef] [PubMed]

15. Luyckx, V.A.; Brenner, B.M. The clinical importance of nephron mass. J. Am. Soc. Nephrol. 2010, 21, 898–910. [CrossRef]
16. Kalantar-Zadeh, K.; Fouque, D. Nutritional Management of Chronic Kidney Disease. N. Engl. J. Med. 2017, 377, 1765–1776.

[CrossRef] [PubMed]
17. Naber, T.; Purohit, S. Chronic Kidney Disease: Role of Diet for a Reduction in the Severity of the Disease. Nutrients 2021, 13, 3277.

[CrossRef]
18. Ikizler, T.A.; Burrowes, J.D.; Byham-Gray, L.D.; Campbell, K.L.; Carrero, J.J.; Chan, W.; Fouque, D.; Friedman, A.N.; Ghaddar, S.;

Goldstein-Fuchs, D.J.; et al. KDOQI Clinical Practice Guideline for Nutrition in CKD: 2020 Update. Am. J. Kidney Dis. 2020, 76,
S1–S107. [CrossRef]

19. Carrero, J.J.; Gonzalez-Ortiz, A.; Avesani, C.M.; Bakker, S.J.L.; Bellizzi, V.; Chauveau, P.; Clase, C.M.; Cupisti, A.; Espinosa-Cuevas,
A.; Molina, P.; et al. Plant-based diets to manage the risks and complications of chronic kidney disease. Nat. Rev. Nephrol. 2020,
16, 525–542. [CrossRef]

20. Chauveau, P.; Koppe, L.; Combe, C.; Lasseur, C.; Trolonge, S.; Aparicio, M. Vegetarian diets and chronic kidney disease. Nephrol.
Dial. Transplant. 2019, 34, 199–207. [CrossRef]

21. Joshi, S.; McMacken, M.; Kalantar-Zadeh, K. Plant-Based Diets for Kidney Disease: A Guide for Clinicians. Am J Kidney Dis 2021,
77, 287–296. [CrossRef] [PubMed]

22. Craig, W.J.; Mangels, A.R.; American Dietetic, A. Position of the American Dietetic Association: Vegetarian diets. J. Am. Diet.
Assoc. 2009, 109, 1266–1282. [CrossRef] [PubMed]

23. Procter, S.B.; Campbell, C.G. Position of the Academy of Nutrition and Dietetics: Nutrition and lifestyle for a healthy pregnancy
outcome. J. Acad. Nutr. Diet. 2014, 114, 1099–1103. [CrossRef] [PubMed]

24. Kaiser, L.L.; Campbell, C.G.; Academy Positions Committee, W. Practice paper of the Academy of Nutrition and Dietetics abstract:
Nutrition and lifestyle for a healthy pregnancy outcome. J. Acad. Nutr. Diet. 2014, 114, 1447. [CrossRef] [PubMed]

25. Sebastiani, G.; Herranz Barbero, A.; Borras-Novell, C.; Alsina Casanova, M.; Aldecoa-Bilbao, V.; Andreu-Fernandez, V.; Pascual
Tutusaus, M.; Ferrero Martinez, S.; Gomez Roig, M.D.; Garcia-Algar, O. The Effects of Vegetarian and Vegan Diet during Pregnancy
on the Health of Mothers and Offspring. Nutrients 2019, 11, 557. [CrossRef]

26. Perry, A.; Stephanou, A.; Rayman, M.P. Dietary factors that affect the risk of pre-eclampsia. BMJ Nutr. Prev. Health 2022, 5,
118–133. [CrossRef]

27. Helal, I.; Fick-Brosnahan, G.M.; Reed-Gitomer, B.; Schrier, R.W. Glomerular hyperfiltration: Definitions, mechanisms and clinical
implications. Nat. Rev. Nephrol. 2012, 8, 293–300. [CrossRef]

146



Nutrients 2022, 14, 4203

28. Cabiddu, G.; Castellino, S.; Gernone, G.; Santoro, D.; Moroni, G.; Giannattasio, M.; Gregorini, G.; Giacchino, F.; Attini, R.; Loi,
V.; et al. A best practice position statement on pregnancy in chronic kidney disease: The Italian Study Group on Kidney and
Pregnancy. J. Nephrol. 2016, 29, 277–303. [CrossRef]

29. Piccoli, G.B.; Leone, F.; Attini, R.; Parisi, S.; Fassio, F.; Deagostini, M.C.; Ferraresi, M.; Clari, R.; Ghiotto, S.; Biolcati, M.; et al.
Association of low-protein supplemented diets with fetal growth in pregnant women with CKD. Clin. J. Am. Soc. Nephrol. 2014, 9,
864–873. [CrossRef]

30. Attini, R.; Leone, F.; Parisi, S.; Fassio, F.; Capizzi, I.; Loi, V.; Colla, L.; Rossetti, M.; Gerbino, M.; Maxia, S.; et al. Vegan-vegetarian
low-protein supplemented diets in pregnant CKD patients: Fifteen years of experience. BMC Nephrol. 2016, 17, 132. [CrossRef]

31. Attini, R.; Leone, F.; Montersino, B.; Fassio, F.; Minelli, F.; Colla, L.; Rossetti, M.; Rollino, C.; Alemanno, M.G.; Barreca, A.; et al.
Pregnancy, Proteinuria, Plant-Based Supplemented Diets and Focal Segmental Glomerulosclerosis: A Report on Three Cases and
Critical Appraisal of the Literature. Nutrients 2017, 9, 770. [CrossRef] [PubMed]

32. Orozco-Guillien, A.O.; Munoz-Manrique, C.; Reyes-Lopez, M.A.; Perichat-Perera, O.; Miranda-Araujo, O.; D’Alessandro, C.;
Piccoli, G.B. Quality or Quantity of Proteins in the Diet for CKD Patients: Does “Junk Food” Make a Difference? Lessons from a
High-Risk Pregnancy. Kidney Blood Press. Res. 2021, 46, 1–10. [CrossRef] [PubMed]

33. Nava, J.; Moran, S.; Figueroa, V.; Salinas, A.; Lopez, M.; Urbina, R.; Gutierrez, A.; Lujan, J.L.; Orozco, A.; Montufar, R.; et al.
Successful pregnancy in a CKD patient on a low-protein, supplemented diet: An opportunity to reflect on CKD and pregnancy in
Mexico, an emerging country. J. Nephrol. 2017, 30, 877–882. [CrossRef] [PubMed]

34. Anonymous. Gestational Hypertension and Preeclampsia: ACOG Practice Bulletin, Number 222. Obstet. Gynecol. 2020, 135,
e237–e260. [CrossRef] [PubMed]

35. Masuyama, H.; Nobumoto, E.; Okimoto, N.; Inoue, S.; Segawa, T.; Hiramatsu, Y. Superimposed preeclampsia in women with
chronic kidney disease. Gynecol. Obstet. Investig. 2012, 74, 274–281. [CrossRef] [PubMed]

36. Villar, J.; Cheikh Ismail, L.; Victora, C.G.; Ohuma, E.O.; Bertino, E.; Altman, D.G.; Lambert, A.; Papageorghiou, A.T.; Carvalho, M.;
Jaffer, Y.A.; et al. International standards for newborn weight, length, and head circumference by gestational age and sex: The
Newborn Cross-Sectional Study of the INTERGROWTH-21st Project. Lancet 2014, 384, 857–868. [CrossRef]

37. National Institute for Health and Care Excellence. Hypertension in pregnancy: Diagnosis and management. NICE Guideline
[NG133]. Available online: https://www.nice.org.uk/guidance/ng133 (accessed on 22 April 2022).

38. Brown, M.A.; Magee, L.A.; Kenny, L.C.; Karumanchi, S.A.; McCarthy, F.P.; Saito, S.; Hall, D.R.; Warren, C.E.; Adoyi, G.;
Ishaku, S.; et al. The hypertensive disorders of pregnancy: ISSHP classification, diagnosis & management recommendations for
international practice. Pregnancy Hypertens. 2018, 13, 291–310. [CrossRef]

39. La gravidanza Fisiologica, Aggiornamento 2011. Available online: https://www.salute.gov.it/imgs/C_17_pubblicazioni_1436
_allegato.pdf (accessed on 10 September 2022).

40. Piccoli, G.B.; Attini, R.; Vasario, E.; Gaglioti, P.; Piccoli, E.; Consiglio, V.; Deagostini, C.; Oberto, M.; Todros, T. Vegetarian
supplemented low-protein diets. A safe option for pregnant CKD patients: Report of 12 pregnancies in 11 patients. Nephrol. Dial.
Transplant. 2011, 26, 196–205. [CrossRef]

41. Most, J.; Dervis, S.; Haman, F.; Adamo, K.B.; Redman, L.M. Energy Intake Requirements in Pregnancy. Nutrients 2019, 11, 1812.
[CrossRef]

42. Attini, R.; Montersino, B.; Leone, F.; Minelli, F.; Fassio, F.; Rossetti, M.M.; Colla, L.; Masturzo, B.; Barreca, A.; Menato, G.; et al.
Dialysis or a Plant-Based Diet in Advanced CKD in Pregnancy? A Case Report and Critical Appraisal of the Literature. J. Clin.
Med. 2019, 8, 123. [CrossRef]

43. Ho, D.E.; Imai, K.; King, G.; Stuart, E.A. Matching as Nonparametric Preprocessing for Reducing Model Dependence in Parametric
Causal Inference. Political Anal. 2007, 15, 199–236. [CrossRef]

44. Brenner, B.M.; Lawler, E.V.; Mackenzie, H.S. The hyperfiltration theory: A paradigm shift in nephrology. Kidney Int. 1996, 49,
1774–1777. [CrossRef] [PubMed]

45. Esposito, P.; Garibotto, G.; Picciotto, D.; Costigliolo, F.; Viazzi, F.; Conti, N.E. Nutritional Challenges in Pregnant Women with
Renal Diseases: Relevance to Fetal Outcomes. Nutrients 2020, 12, 873. [CrossRef] [PubMed]

46. Reyes-Lopez, M.A.; Piccoli, G.B.; Leone, F.; Orozco-Guillen, A.; Perichart-Perera, O. Nutrition care for chronic kidney disease
during pregnancy: An updated review. Eur. J. Clin. Nutr. 2020, 74, 983–990. [CrossRef]

47. Chen, Z.; Qian, F.; Liu, G.; Li, M.; Voortman, T.; Tobias, D.K.; Ley, S.H.; Bhupathiraju, S.N.; Li, L.J.; Chavarro, J.E.; et al.
Prepregnancy plant-based diets and the risk of gestational diabetes mellitus: A prospective cohort study of 14,926 women. Am. J.
Clin. Nutr. 2021, 114, 1997–2005. [CrossRef]

48. Craig, W.J.; Mangels, A.R.; Fresan, U.; Marsh, K.; Miles, F.L.; Saunders, A.V.; Haddad, E.H.; Heskey, C.E.; Johnston, P.; Larson-
Meyer, E.; et al. The Safe and Effective Use of Plant-Based Diets with Guidelines for Health Professionals. Nutrients 2021, 13, 4144.
[CrossRef]

49. Nieddu, A.; Vindas, L.; Errigo, A.; Vindas, J.; Pes, G.M.; Dore, M.P. Dietary Habits, Anthropometric Features and Daily
Performance in Two Independent Long-Lived Populations from Nicoya peninsula (Costa Rica) and Ogliastra (Sardinia). Nutrients
2020, 12, 1621. [CrossRef]

50. Tessier, S.; Gerber, M. Comparison between Sardinia and Malta: The Mediterranean diet revisited. Appetite 2005, 45, 121–126.
[CrossRef]

147





nutrients

Article

Modeling the Effect of Environmentally Sustainable Food
Swaps on Nutrient Intake in Pregnant Women

Tian Wang 1,2, Allison Grech 2, Hasthi U. Dissanayake 2, Sinead Boylan 2,3 and Michael R. Skilton 1,2,4,*

Citation: Wang, T.; Grech, A.;

Dissanayake, H.U.; Boylan, S.; Skilton,

M.R. Modeling the Effect of

Environmentally Sustainable Food

Swaps on Nutrient Intake in Pregnant

Women. Nutrients 2021, 13, 3355.

https://doi.org/10.3390/nu13103355

Academic Editor: Ujué Fresán

Received: 13 July 2021

Accepted: 22 September 2021

Published: 24 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Boden Collaboration for Obesity, Nutrition, Exercise and Eating Disorders, The University of Sydney,
Sydney, NSW 2006, Australia; tian.wang@sydney.edu.au

2 Sydney Medical School, The University of Sydney, Sydney, NSW 2006, Australia;
agre2034@uni.sydney.edu.au (A.G.); hasthi.dissanayake@sydney.edu.au (H.U.D.);
sinead.boylan@sydney.edu.au (S.B.)

3 School of Life and Environmental Sciences, The University of Sydney, Sydney, NSW 2006, Australia
4 Sydney Institute for Women, Children and Their Families, Sydney Local Health District,

Camperdown, NSW 2050, Australia
* Correspondence: michael.skilton@sydney.edu.au; Tel.: +61-2-8627-1916

Abstract: Food production greatly contributes to greenhouse gas emissions (GHG), but there remain
concerns that consuming environmentally sustainable foods can increase the likelihood of nutritional
deficiencies during pregnancy. We identified commonly consumed foods of pregnant women and
determined the effect of their replacement with environmentally sustainable alternatives on nutrient
intake and measures of environmental sustainability. Dietary intake data from 171 pregnant women
was assessed and foods that contributed the most to energy and protein intake were identified. Of
these, foods producing the highest GHG emissions were matched with proposed environmentally
sustainable alternatives, and their impact on nutrient provision determined. Meats, grains, and
dairy products were identified as important sources of energy and protein. With the highest GHG
emissions, beef was selected as the reference food. Proposed alternatives included chicken, eggs, fish,
tofu, legumes, and nuts. The most pronounced reductions in CO2 emissions were from replacing
beef with tofu, legumes, and nuts. Replacing one serve per week of beef with an isocaloric serve
of firm tofu during pregnancy could reduce GHG emissions by 372 kg CO2 eq and increase folate
(+28.1 μg/serve) and fiber (+3.3 g/serve) intake without compromising iron (+1.1 mg/serve) intake.
Small dietary substitutions with environmentally sustainable alternatives can substantially reduce
environmental impact without compromising nutrient adequacy.

Keywords: nutrition; sustainability; pregnancy; nutritional requirements; food production system;
environment; diet

1. Introduction

The food production system is a major contributor to global warming and envi-
ronmental change, through greenhouse gas (GHG) emissions, freshwater use, land use,
acidification, and eutrophication [1]. According to the EAT-Lancet Commission and the
Food and Agricultural Organization, there is an urgent need to shift to environmentally
sustainable diets on a global scale, by moving towards greater consumption of plant-based
foods and reducing the production of less environmentally sustainable animal-derived
products [1,2].

Requirements for certain nutrients are elevated during pregnancy to support maternal
needs and optimize fetal growth and development [1,3]. Animal-derived foods are an
important source of some of these nutrients, such as iron and zinc, and replacement with
more environmentally sustainable plant-based alternatives may negatively impact the
intake of these nutrients [4]. Health messaging aimed at pregnant women emphasizes
the importance of animal-derived foods, particularly red meat, to meet the nutritional
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requirements of pregnancy [5]. While women consuming a vegetarian or vegan diet are
considered to be at higher risk of iron deficiency during pregnancy [6,7], appropriately
planned vegetarian diets are nutritionally adequate and suitable for pregnant women to
consume [8]. However, it is not clear whether replacement of a small portion of animal-
derived foods (e.g., one serve/week) with plant-based alternatives without other dietary
modifications will meaningfully affect nutrient intakes among pregnant women consuming
a mixed diet, who make up the majority of pregnant women in Western countries [9,10].
Accordingly, we sought to model the net nutritional and environmental effects of partial
replacement of commonly consumed animal-derived foods with more environmentally
sustainable alternatives within the context of a mixed diet during pregnancy.

2. Materials and Methods

2.1. Maternal Demographics and Identification of Commonly Consumed Foods

A total of 224 mothers and their babies were recruited between April 2015 and Septem-
ber 2016 at the Royal Prince Alfred Hospital in Sydney, Australia, from the Newborn Body
Fatness study [11]. Eligibility criteria included: gestational age ≥ 34 weeks; singleton born
at the Royal Prince Alfred Hospital; and completed assessment of infants’ body fatness
within 24 h of birth using air-displacement plethysmography. Infants who required respi-
ratory support or had major congenital abnormalities were excluded. Pregnant women
with diabetes and preeclampsia were excluded from this dietary analysis as they would
have received medical nutritional advice to manage these conditions, leaving 171 women
for inclusion in this analysis (Figure S1).

Dietary intake data of pregnant women were collected using a validated food frequency
questionnaire (FFQ; Dietary Questionnaire for Epidemiological Studies, version 2) [12]. The
median intake per day of 96 food items was recorded and categorized according to the same
grouping as Poore et al. [13]. For example, full-cream milk, reduced-fat milk, skim-milk,
and flavored-milk drinks were combined into the “milk” food group. For each food group,
the energy and protein content of individual food items were analyzed using the AUSNUT
2011-13 AHS Food Nutrient Database [14] (Table S1). Food groups with more than one
food item were calculated based on the median intake of each food items. Food items were
then ranked by energy and protein intake.

Ethics approval was granted by the Sydney Local Health District (HREC/14/RPAH/478),
with written informed consent provided by the participating mothers.

2.2. Environmentally Sustainable Food Alternatives

The commonly consumed foods items, those with a relatively high mean GHG emis-
sions per kilogram (kg) retail weight, based on data from Poore et al. [13], were selected
as reference foods. These include beef, chicken, white fish, and milk. Foods with lower
mean GHG emissions per kg retail weight were proposed as more environmentally sus-
tainable alternatives. These include beans and legumes, tofu, and mixed nuts. Using the
Australian Guide to Healthy Eating [15] as a basis, the standard serve size of reference
foods (cooked-size) was determined, and the energy and protein content were calculated
using the AUSNUT 2011-13 AHS Food Nutrient Database [14]. The portion size of the
proposed food substitutes was determined by matching the energy and protein content of
reference foods.

Nutrients included in the analysis were protein, calcium, iron, zinc, iodine, folic
acid, saturated fat, and dietary fiber on the basis of these being essential nutrients during
pregnancy according to the National Health and Medical Research Council [16] and the
American College of Obstetricians and Gynecologists [17], and/or associated with non-
communicable disease risk. Estimated absorbed iron was calculated based on the following
assumptions: 100% of iron in plant-based foods was non-heme iron; 60% of iron in animal-
derived foods was non-heme and 40% was heme iron [18]; 16.8% of non-heme iron and
25% of heme iron are absorbed within the context of a mixed diet [19].
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Mean global measures of environmental sustainability, specifically GHG emissions
(kg CO2 eq), land use (m2 by years occupied), acidifying emissions (g SO2 eq), eutrophying
emissions (g PO4

3− eq), and stress-weighted water use (L) of the food production, were
derived from Poore and Nemecek [13]. The total GHG emissions (kg CO2 eq), land use
(m2), acidifying emissions (g SO2 eq), eutrophying emissions (g PO4

3− eq), and stress-
weighted water use (L) of consuming one serve of an individual food item per week for
the entire duration of pregnancy (270 days) were calculated. GHG emissions of an average
passenger vehicle were derived from the United States Environmental Protection Agency
GHG equivalencies calculator [20].

Furthermore, we modeled the effect on nutrient reference values (NRVs) of replacing
one serve of beef with an isoenergetic serve of firm tofu in this population. The NRVs of
important nutrients (protein, dietary fiber, iron, zinc, calcium, and folate) during pregnancy
were acquired from the National Health and Medical Research Council [16] and the number
(%) of people meeting NRVs before and after this replacement were calculated.

2.3. Statistical Analyses

Data are presented as mean for continuous variables and proportions for categorical
variables, unless otherwise noted. Histograms were generated for visual assessment of
normality. Statistical analyses were performed with IBM® SPSS Statistics 26 Software (IBM,
Armonk, NY, USA).

3. Results

3.1. Participant Dietary Characteristics: Nutrition and Commonly Consumed Foods

A total of 171 pregnant women without diabetes and/or preeclampsia were included
in the dietary intake analysis. Their mean age was 33.5 ± 4.5 years. In total, 22% of them
had pre-pregnancy BMI ≥ 25 kg/m2, classified as having overweight or obesity.

Table 1 lists the food items that were commonly consumed and contributed the most to
pregnant women’s energy and protein intake. Rice, pasta, full-cream milk, yogurt, chicken,
beef, and mixed dishes with cereal as the major ingredient were important sources of both
energy and protein. The dietary intake analysis can be found in Table S1.

Table 1. Commonly consumed food items that contributed most to the energy and protein intake of
pregnant women.

Food Items Energy (kJ/Day) Food Items Protein (g/Day)

Rice 539 Beef 6.4
Pasta 518 Chicken 4.6

Full-cream milk 281 Pasta 4.5
Chocolate 271 Yogurt 3.9

Yogurt 236 Full-cream milk 3.4
Chicken 199 Rice 2.3
Cakes 148 Fish 2.2
Beef 142 Mixed dishes * 1.9

Mixed dishes * 131 Lamb 1.9
Tropical fruits 123 Eggs 1.6

* Mixed dishes with cereal as the major ingredient.

3.2. Environmentally Sustainable Food Alternatives

From the identified commonly consumed foods, four food items with relatively high
GHG emissions were selected as reference foods: beef (99.5 kg CO2 eq per 1 kg), chicken
(9.9 kg CO2 eq per 1kg), white fish (13.6 kg CO2 eq per 1 kg), and milk (3.2 kg CO2 eq
per 1 L) [12]. Food items with lower GHG emissions than each reference food, including
the other reference foods, were proposed as more environmentally sustainable alternatives.
Beef was selected as the primary reference food given its contributions to average energy
intake, protein intake, and GHG emissions, and its proposed more environmentally sus-
tainable alternatives include other red meats (pork and lamb), chicken, egg, fish, beans and
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legumes, tofu, and nuts. The proposed more environmentally sustainable alternatives for
other reference foods could be found in the Supplementary Material (Tables S2–S10).

3.2.1. Replacement of Less Environmentally Sustainable Foods with Energy-Matched
Serves of More Environmentally Sustainable Alternatives

The nutrient analysis and measures of environmental sustainability for the beef
and isoenergetic serves of more environmentally sustainable alternatives are shown in
Tables 2 and 3. The net difference in nutrients and measures of environmental sustainability
of replacing one serve of a reference food for an isoenergetic serve of a more environmen-
tally sustainable alternative are shown in Table S2 (beef), Table S3 (chicken), Table S4 (white
fish), and Table S5 (milk). In general, animal-derived alternatives have a similar weight
(mean cooked weight: 69 g) to beef (65 g cooked weight) whereas an isoenergetic serve
of a plant-based alternative (except nuts) weighs approximately 1.5 to 2 times as much.
Protein content was generally higher in animal-derived options than isoenergetic serves of
plant-based alternatives, with the exception of nuts. Animal-derived foods were important
sources of iodine, particularly eggs and white fish. Plant-based foods contain fiber and
were generally rich sources of calcium and folate compared to animal-derived foods.

Table 2. Nutrient analysis of beef and isoenergetic serves of more environmentally sustainable options #.

Foods
Serve Size,

† g
Protein, g SFA, g

Dietary
Fiber, g

Fe, mg
Estimated Fe

Absorption, mg
Zn, mg Ca, mg

Iodine,
μg

Folate, *
μg

Beef 65 20.2 1.2 0.0 1.7 0.33 5.1 5.2 1.1 0.0
Pork 83 23.7 0.6 0.0 0.8 0.16 2.0 3.3 0.7 36.6
Lamb 49 14.2 2.5 0.0 1.1 0.22 2.1 4.5 0.2 7.9

Chicken 74 21.4 0.9 0.0 0.4 0.07 0.6 6.7 0.4 2.2
Egg 81 10.0 2.1 0.0 1.3 0.26 1.0 31.5 38.2 67.0

Salmon 39 11.4 1.6 0.0 0.6 0.11 0.2 3.9 3.8 0.0
White fish 89 23.4 0.5 0.0 0.5 0.10 0.6 38.3 39.6 1.8

Beans,
mixed 110 7.1 0.1 6.8 2.2 0.38 0.9 47.5 0.6 74.0

Chickpeas 101 6.4 0.2 4.7 1.8 0.31 1.0 45.4 0.5 63.6
Lentils 133 9.0 0.1 4.9 2.7 0.45 1.2 22.6 0.7 26.6
Baked
beans 133 6.5 0.1 6.9 1.3 0.23 0.7 51.7 2.0 66.3

Tofu, firm 94 11.3 0.9 3.3 2.7 0.46 1.6 300.0 2.7 28.1
Tofu, silken 210 11.3 0.7 4.8 3.8 0.64 1.1 50.4 2.5 27.3
Mixed nuts 18 3.9 1.4 1.1 0.5 0.09 0.7 16.2 0.1 10.2

# Energy content of foods was matched to one serve of beef (471 kJ). † Cooked weight. * Dietary folate equivalents. Ca, calcium; Fe, iron;
SFA, saturated fatty acid; Zn, zinc.

Table 3. Environmental sustainability of beef and isoenergetic serves of more environmentally sustainable options #.

Estimated Effect of Consuming One Serve Overall Estimated Effect of Consuming One Serve per Week for Duration of Pregnancy

Foods
GHG

Emissions, kg
CO2 eq

Land Use, m2 Acid.,
g SO2 eq

Eutroph.,

g PO4
3− eq

Stress-
Weighted

Water Use, L
kg CO2 eq Equiv km ˆ Land Use, m2 Acid.,

g SO2 eq

Eutroph., g

PO4
3− eq

Stress-
Weighted

Water Use, L

Beef 10.0 32.6 31.9 30.1 3473 383.8 1545 1258.2 1229.7 1162.5 133,968.2
Pork 1.4 2.0 16.5 8.8 7722 54.8 221 77.5 635.6 340.3 297,842.7
Lamb 2.7 25.4 9.6 6.7 9753 105.2 424 980.2 368.4 257.4 376,202.6

Chicken 0.9 1.1 9.5 4.5 1310 35.3 142 43.5 364.9 173.5 50,519.1
Egg 0.4 0.5 4.3 1.8 1452 14.6 59 19.6 167.2 67.9 55,988.9

Salmon 0.6 0.4 3.0 10.6 1871 23.6 95 14.6 114.4 408.1 72,157.5
White fish 1.4 0.9 6.8 24.1 4259 53.7 216 33.2 260.4 929.0 164,278.5

Beans, mixed 0.2 1.7 2.4 1.9 2483 7.7 31 66.5 94.2 72.9 95,775.9
Chickpeas 0.2 1.6 2.2 1.7 2270 7.0 28 60.8 86.1 66.6 87,556.9

Lentils 0.2 2.1 2.9 2.3 2988 9.2 37 80.0 113.3 87.7 115,257.0
Baked beans 0.2 2.1 2.9 2.3 2980 9.2 37 79.8 113.0 87.4 114,927.6

Tofu, firm 0.3 0.3 0.6 0.6 479 11.6 47 12.7 24.2 22.4 18,489.7
Tofu, silken 0.7 0.7 1.4 1.3 1074 25.9 104 28.4 54.3 50.2 41,434.5
Mixed nuts 0.0 0.2 0.6 0.3 2598 1.2 5 7.6 23.3 11.4 100,188.6

# Energy content of foods were matched to one serve of beef (471 kJ). ˆ Greenhouse gas emissions equivalent to the driving distance by an
average passenger vehicle with average fuel economy. Acid., acidifying emissions; Equiv, equivalent; Eutroph., eutrophying emissions;
GHG, greenhouse gas. All measures of environmental sustainability were calculated from Poore and Nemecek [13].

Not accounting for bioavailability, the iron content provided by one serve of beef
is 1.7 mg (Table 2) and, of the food items analyzed, was the richest animal-derived iron
source. The overall iron content of plant-based alternatives was high, with mixed beans,
lentils, and tofu (firm and silken) being the richest sources. The estimated absorbed iron
from isoenergetic serves of mixed beans, lentils, and tofu (firm and silken) was slightly
higher than from beef.
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Using data from Poore et al. [13], the production of beef produced far greater GHG
emissions (10.0 kg CO2 eq per serve) than other animal-derived alternatives and plant-
based alternatives (Table 3). Extrapolating these results, if pregnant women replace one
serve of beef with one isoenergetic serve of firm tofu each week throughout their preg-
nancy, GHG emissions would be reduced by 372.2 kg CO2 eq, equivalent to the emissions
produced by a typical passenger vehicle driven for 1498 km (Table S2). For other measures
of environmental sustainability, all food alternatives have land use less than 2.1 m2, except
for lamb (25.4 m2), per isoenergetic serve (Table 3). Most food alternatives have acidifying
emissions of lower than 10 g SO2 eq per isoenergetic serve. White fish produced the highest
eutrophying emissions (24.1 g PO4

3− eq). Lastly, pork, lamb, and white fish have higher
stress-weighted water use (L) than beef (3473.3 L) per serve. Modeling of this replacement
of one serve of beef with one isoenergetic serve of firm tofu indicates a small positive impact
or no impact on nutrient intakes (Table 4). For example, it would not meaningfully impact
iron intake (+1.1 mg/serve), whilst folate (+28.1 μg/serve) and dietary fiber (+3.3 g/serve)
would both increase. The exception is zinc, which decreases by 0.5 mg per serve. The net
results of this substitution would be that among women who consume a mixed diet, the
proportion who meet NRVs for zinc fall by 11%, and the proportion of pregnant women
meeting NRVs for calcium and fiber increase by 5% and 2%, respectively.

Table 4. Modeling nutrient intake of pregnant women replacing one serve of beef per week with an isoenergetic serve of
firm tofu #.

Original Intake Modeled Intake

Nutrients NRVs Mean SD Median IQR
Met

NRVs (n)
Met

NRVs (%)
Mean SD Median IQR

Met NRVs
(n)

Met NRVs
(%)

Protein, g EAR 49 97.8 45.3 87.9 72.2–109.4 112 98 96.5 45.3 86.6 70.9–108.1 112 98
Dietary fiber, g AI 28 23.3 8.8 22.2 17.6–27.9 27 24 23.7 8.8 22.7 18.1–28.3 29 26

Iron, mg EAR 22 14.2 6.9 12.7 10.0–16.0 5 5 14.3 6.9 12.9 10.1–16.1 6 5
Zinc, mg EAR 9.0 12.6 5.0 11.5 9.4–14.2 93 83 12.1 5.0 11.0 8.9–13.7 81 72

Calcium, mg EAR 840 984.1 332.9 930.8 759.5–1114.7 71 63 1026.2 332.9 972.9 801.6–1156.8 77 69
Dietary Folate

equivalents, μg EAR 520 280.2 118.6 254.6 204.4–323.7 4 4 284.2 118.6 258.7 208.4–327.8 4 4

# Modeling undertaken in 112 pregnant women (65.5%) consuming >1 serve of beef per week. AI, Adequate Intake; EAR, Estimated
Average Requirement; NRV, Nutrient Reference Value.

Further analyses of replacing reference foods with environmentally sustainable alter-
natives can be found in the Supplementary Material. For example, replacing one serve of
beef with one isoenergetic serve of mixed beans reduces protein, saturated fat, and zinc
content as expected, while increasing dietary fiber, iron, calcium, and folate content, as well
as lowering all measures of environmental sustainability (Table S2). In addition, replacing
one serve of milk with an isoenergetic serve of soy milk does not negatively impact on
calcium content (+68.4 mg/serve) but reduces the impact on all measures of environmental
sustainability (Table S5). The net effect of this replacement per day over the course of
an entire pregnancy would reduce GHG emissions by 138.9 kg CO2 eq, equivalent to the
emissions produced by a typical passenger vehicle driven for 559 km (Table S5).

3.2.2. Protein-Matching Environmentally Sustainable Alternatives

The nutrient analysis and measures of environmental sustainability for the reference
foods and protein-matched serves of more environmentally sustainable alternatives are
shown in Table S6. The net differences in nutrients and measures of environmental sus-
tainability of replacing one serve of a reference food for a protein-matched serve of a more
environmentally sustainable alternative are shown in Table S7 (beef), Table S8 (chicken),
Table S9 (white fish), and Table S10 (milk).

The weight of protein-matched portion sizes for all of the more environmentally
sustainable alternatives was markedly greater than that of beef, with some plant-based
alternatives weighing more than four times as much as one serve of beef (Table S4). Similar
to the isoenergetic serves, animal-derived foods were rich in iodine, whilst plant-based
alternatives were rich sources of calcium, folate, and dietary fiber.

In general, plant-based alternatives were high in iron when matching protein content,
with the richest sources from silken tofu, mixed beans, and lentils (Table S4). The estimated
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iron absorption of these three foods was three times as much as beef in one protein-matched
serve. The average zinc content provided by plant-based alternatives was lower than that
of beef but higher than other animal-derived alternatives.

Using protein-matched serves did not markedly alter the results regarding the net
benefits to environmental sustainability, particularly GHG emissions. For example, if
pregnant women substitute one serve of beef with a protein-matched serve of firm tofu
each week throughout the course of pregnancy, GHG emissions would be reduced by
363 kg CO2 eq, equivalent to 1461 km of typical driving distance by an average passenger
vehicle. The net results of this replacement would decrease the proportion of women
who meet NRVs for zinc by 5% and increase the proportion of pregnant women meeting
NRVs for calcium and fiber by 10% and 2%, respectively (Table 5). For other measures of
environmental sustainability, all food alternatives have land use less than 6.4 m2, except for
lamb (36.3 m2), per protein-matched serve (Table S6). Most food alternatives have acidifying
emissions of lower than 15 g SO2 eq per protein-matched serve. White fish produced the
highest eutrophying emissions (20.8 g PO4

3− eq). Lastly, protein-matched serves of more
environmentally sustainable alternatives have relatively high stress-weighted water use on
average, although this varied greatly, ranging from 861L per serve for firm tofu through to
over 13,000 L per serve for mixed nuts and lamb.

Table 5. Modeling the nutrient intake of pregnant women replacing one serve of beef per week with a protein-matched
serve of firm tofu #.

Original Intake Modeled Intake

Nutrients NRVs Mean SD Median IQR
Met NRVs

(n)
Met

NRVs (%)
Mean SD Median IQR

Met NRVs
(n)

Met NRVs
(%)

Dietary fiber, g AI 28 23.3 8.8 22.2 17.6–27.9 27 24 24.1 8.8 23.0 18.5–28.7 29 26
Iron, mg EAR 22 14.2 6.9 12.7 10.0–16.0 5 5 14.6 6.9 13.2 10.4–16.4 6 5
Zinc, mg EAR 9.0 12.6 5.0 11.5 9.4–14.2 93 83 12.3 5.0 11.2 9.1–13.9 87 78

Calcium, mg EAR 840 984.1 332.9 930.8 759.5–1114.7 71 63 1060.3 332.9 1007.1 835.7–1190.9 82 73
Dietary Folate

equivalents, μg EAR 520 280.2 118.6 254.6 204.4–323.7 4 4 287.4 118.6 261.9 211.6–331.0 4 4

# Modeling undertaken in 112 pregnant women (65.5%) consuming >1 serve of beef per week. AI, Adequate Intake; EAR, Estimated
Average Requirement; NRV, Nutrient Reference Value.

4. Discussion

The Food and Agriculture Organization of the United Nations and others has iden-
tified an urgent need to shift to environmentally sustainable diets on a global scale [1,2].
Concerns over nutrient adequacy in populations with high nutrient demands, such as
pregnant women, are potential challenges to the broad implementation of environmentally
sustainable diets. Our findings indicate these concerns are likely misplaced within the
context of a mixed diet. Modeled replacement of animal-derived food with more environ-
mentally sustainable plant-based alternatives has only a small effect on overall nutrient
intake but a considerable positive effect on environmental sustainability.

There remain concerns among many practitioners and community members regarding
the potential risk of nutrition inadequacy of pregnant women consuming plant-based
diets [21,22]. Our focus was not plant-based diets but rather environmentally sustainable
foods within the context of mixed diets. Focusing on mixed diets enables our findings to be
relevant to a large proportion of the population for whom consuming a purely vegetarian
or plant-based diet is neither practicable nor desirable [9,10].

In general, our results support animal-derived foods as a rich source of zinc, and plant-
based foods as being rich in calcium, folate, and dietary fiber. A specific swap replacing
one serve per week of beef with firm tofu reduces zinc and protein levels, while calcium,
folate, and dietary fiber increases. The absolute differences in the nutrient intake of this
swap were small. In this modeling, the largest differences were for calcium (raised by
about 13% of a standard deviation), zinc (reduced by about 10% of a standard deviation),
and fiber (raised by about 5% of a standard deviation), resulting in an increase in the
proportion of pregnant women who meet NRVs of calcium, dietary fiber, and iron, but a
decrease for zinc. Maternal zinc deficiency during pregnancy may increase the risk of low
birth weight and small for gestational age infants [23], although severe zinc deficiency is
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rare. Indeed, in our population, the majority of women met the NRVs for zinc, based on
both actual and modeled intakes. Furthermore, zinc is a common ingredient in pregnancy
multivitamins, which are used by approximately 70–80% of women in the USA, Europe,
and Australia [7,24–26]. The amount of zinc in such multivitamins (typically 11 mg per
day) [27] exceeds the NRV for zinc.

Alongside folate, the public is perhaps most aware of concerns regarding sufficient
iron intake during pregnancy [3,7]. Plant-based foods are a good source of overall dietary
iron, but this does not account for differences in the bioavailability of heme and non-heme
iron. Heme iron is only found in animal-derived meat products. Heme iron constitutes
approximately 40% of total iron from animal-derived meat products and it is more readily
absorbed by humans than non-heme iron [3]. To account for this, we estimated the amount
of absorbed iron. This estimation did not account for the increased absorption of non-heme
iron during pregnancy [28], and as such is a conservative estimate of absorbed iron from
plant-based foods. Nonetheless, both total dietary iron intake and estimated absorbed
iron were slightly higher after replacing a serve of beef with an isoenergetic serve of firm
tofu (Table S2), although the magnitude did not appear to be clinically meaningful on an
individual basis. It is notable that the proportion of women meeting NRVs for iron intake
by diet alone was low in our population (about 5%). This is consistent with other studies
of pregnant women in Australia [7], and with dietary modeling undertaken as part of the
development of the Australian Guide to Healthy Eating, in which no dietary models could
provide sufficient iron to meet the needs of pregnant women [29].

The low prevalence of participants meeting the NRVs for folate, iron, and fiber, for
both actual and modeled intakes, highlights the necessity of appropriately planned diets,
by health professionals, such as dietitians or individuals with nutrition training, to fulfill
the nutritional needs of women during pregnancy. The use of dietary supplements during
pregnancy may at least partially alleviate these deficiencies, irrespective of the background
diet. There is currently limited publicly available information concerning the environmental
sustainability of pregnancy supplements.

Iron and zinc absorption can be affected by other factors. Within the context of a
mixed diet, non-heme iron and zinc absorption can be enhanced by other components of
the diet, including meat, poultry, fish, and other seafood [30,31], alongside vitamin C-rich
foods, e.g., citrus fruits and green leafy vegetables [32]. Therefore, one way to implement a
one-serve per week replacement within the context of a mixed diet whilst maintaining the
effect of iron and zinc absorption enhancers (e.g., meat products, green leafy vegetables)
would be to replace half the portion of a less environmentally sustainable animal-derived
meat product with a more sustainable plant-based food twice per week.

The most environmentally sustainable alternatives produced approximately 98% less
GHG emissions than one serve of beef when matched for energy or protein content. To
facilitate a broader understanding of the impact of incorporating more environmentally
sustainable foods, we compared GHG emissions generated in food production to those
produced by typical passenger vehicle usage. Using the example above, replacing one serve
of beef with an isoenergetic serve of firm tofu per week during pregnancy could reduce
GHG emissions by the equivalent to those produced by a typical passenger vehicle driven
for 1498 km. Similarly, most of the proposed environmentally sustainable alternatives have
a lesser environmental impact when assessed by other measures of environmental sustain-
ability (including land use, acidifying emissions, and eutrophying emissions), although
water use in the production of some plant-based alternatives (e.g., legumes and beans)
appears to be similar to that of some animal-derived foods.

When matching the energy and protein content to reference foods, the portion size of
plant-based alternatives is two to four times heavier than animal-derived foods, consistent
with the density of energy and protein being notably higher in animal-derived foods. Plant-
based alternatives are rich in dietary fiber with lower energy density, which increase satiety,
helping to maintain a healthy weight by limiting calorie intake [33,34], and optimize weight
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gain during pregnancy [35,36]. Excessive protein intake from animal sources, primarily
meat products, may also increase the risk of overweight and obesity in offspring [37].

Our study has a number of limitations. We used an FFQ administered in the immediate
postpartum period. Women were asked to recall their habitual diet during pregnancy,
which we validated against dietary biomarkers in a subgroup [38]. FFQs are well described
as tools for assessing habitual diet over 6–12-month periods, although we cannot rule out
that there may have been a greater emphasis on third trimester intake due to recency bias.
Furthermore, detailed information of dietary intake (e.g., ingredients of mixed dishes) is
difficult to assess but will include meat or other food items as an ingredient. As such, the
values for meat and other food items will have been underestimated. Nonetheless, previous
research has shown dietary patterns during pregnancy remain relatively stable when
compared to pre-pregnancy intake [39–41] and are not significantly different to those of non-
pregnant women of reproductive age [42]. Our study population from which we identified
the commonly consumed food items during pregnancy has a relatively low prevalence
of overweight and obesity (22%). This is less than in the general population in Western
countries, where up to 50% of women have overweight or obesity before pregnancy [43,44],
and is likely due at least in part to the exclusion of women with diabetes and preeclampsia
from our analyses. Future research may seek to determine the environmental sustainability
of foods consumed by representative samples of pregnant women. We mainly focused on
GHG emissions given their contribution to global warming and did not describe the impact
of environmentally sustainable foods on the economy and society. A range of indicators of
economic and societal aspects [45] (e.g., affordability, employment, and food insecurity)
can be used to assess the effects of improving environmental sustainability and should be
the topic of future research. We acquired measures of environmental sustainability from
a global dataset by Poore and Nemecek [13], consisting of data derived from 570 studies
in 119 countries to ensure that our findings can be broadly generalizable. Future studies
could employ country-specific measures of environmental sustainability to enable a more
geographically accurate indication of the environmental impact of these food swaps. The
role of food–food interactions that influence absorption was beyond the scope of our
current study; however, future research should look to model these interactions within the
context of dietary changes to promote environmental sustainability. Finally, to translate
our findings into practice, the acceptability and popularity of proposed environmentally
sustainable options need to be taken into consideration. Future research should identify
whether there are unique challenges or opportunities for promoting environmentally
sustainable foods during pregnancy. Nutrition communicators, dietitians, and practitioners
may need to focus on the promotion of health benefits of environmentally sustainable
plant-based foods, and provide practical advice (e.g., design recipes) in incorporating these
replacements into their individual diets.

5. Conclusions

Our research highlights simple dietary substitutions that can substantially reduce
environmental impact without compromising essential nutrient intake during pregnancy.
Moving forward, environmentally sustainable food replacements should be the focus of
applied clinical research and inform nutrition practice and policy development.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nu13103355/s1, Figure S1: Flow diagram of participant selection; Table S1: Dietary intake
analysis of pregnant women in the Newborn Body Fatness study; Table S2: Food swaps—beef. Differ-
ences in nutrients and measures of environmental sustainability between beef and more sustainable
isoenergetic options; Table S3: Food swaps—chicken. Differences in nutrients and measures of envi-
ronmental sustainability between chicken and more environmentally sustainable isoenergetic options;
Table S4: Food swaps—white fish. Differences in nutrients and measures of environmental sustain-
ability between white fish and more environmentally sustainable isoenergetic options; Table S5: Food
swaps—milk. Differences in nutrients and measures of environmental sustainability between milk
and more environmentally sustainable isoenergetic options; Table S6: Nutrient analysis and measures
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of environmental sustainability of the reference food (beef) and more environmentally sustainable
protein-matched options; Table S7: Food swaps—beef. Differences in nutrients and measures of
environmental sustainability between beef and more environmentally sustainable protein-matched
options; Table S8: Food swaps—chicken. Differences in nutrients and measures of environmental
sustainability between chicken and more environmentally sustainable protein-matched options;
Table S9: Food swaps—white fish. Differences in nutrients and measures of environmental sustain-
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Abstract: Vegetarian diets can satisfy nutritional requirements and have lower environmental impacts
than those containing meat. However, fruits and vegetables are wasted at higher rates than meat.
Reducing both food waste (FW) and the environmental impacts associated with food production is
an important sustainability goal. Therefore, the aim of this study was to examine potential tradeoffs
between vegetarian meals’ lower impacts but potentially higher FW compared to meat-containing
meals. To examine this, seven consecutive days of plate FW data from Loma Linda University
Medical Center (LLUMC) patients were collected and recorded from 471 meals. Mean total FW and
associated greenhouse gas emissions (GHGE) were higher among meat-containing meals (293 g/plate,
604 g CO2-eq/plate) than vegetarian meals (259 g/plate, 357 g CO2-eq/plate) by 34 g (p = 0.05) and
240 g CO2-eq (p < 0.001), respectively. Statistically significant differences were observed in both FW
and associated GHGE across major food categories, except fruit, when comparing vegetarian and
meat-containing meals. Overall, vegetarian meals were preferable to meat-containing meals served
at LLUMC both in terms of minimizing FW and lowering environmental impacts. Other institutions
serving vegetarian meal options could expect similar advantages, especially in reduced GHGE due to
the high CO2 embodied in meat.

Keywords: food waste; global warming; vegetarian meals; hospital setting; plant based; sustainability;
public health

1. Introduction

Human activities cause global environmental changes that threaten to disrupt the
stability of the Earth’s systems, leading to potentially disastrous consequences [1]. This
recognition has prompted a widespread call for emergency action to limit global tempera-
ture increases, restore biodiversity, and protect health [2]. Food systems are responsible for
between 19 and 37% of global anthropogenic greenhouse gas emissions (GHGE), depend-
ing on what is included in the estimate [3,4]. A recent estimate attributed 34% of global
GHGE to food systems, with 71% coming from agriculture and land use, and the rest from
downstream supply chain activities [5].

Yet, current practices of food production and distribution are insufficient, as there
are 815 million people globally, or one in nine, who are undernourished [6]. In order to
end hunger, different scenarios predict that between 3 and 20% more food production
will be necessary, depending upon the approach, increasing the associated environmental
impacts [7]. This challenge will only become more difficult as the global population
continues to expand to approximately 9 billion people [8].
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Reducing the consumption of animal-based foods is a possible measure to reduce
environmental impacts while improving health outcomes, with the potential to reduce
diet-related GHGE by between 33 and 51% in the United States [9,10]. A systematic review
found that vegan diets could reduce GHGE by up to 70%, land use by up to 86%, and
water use by up to 70% [11]. Another review found that along with improved health,
shifting from current omnivorous dietary patterns to vegetarian or vegan diets increases
environmental sustainability while also improving health [12].

The Academy of Nutrition and Dietetics considers appropriately planned vegetarian
diets to be healthful and nutritionally adequate for all stages of the life cycle [13]. Consum-
ing vegetarian or vegan diets has been shown to lower risk for developing obesity [14],
cardiovascular diseases [15], hypertension [16], type 2 diabetes [17], and metabolic syn-
drome [18]. These health-protective effects may be due to the higher nutrient quality typical
of plant-based diets [19]. Notably, vegetarian and vegan diets tend to be lower in total fat,
saturated fat, monounsaturated fat, dietary cholesterol, protein, alcohol, and sodium, and
higher in polyunsaturated fat, fiber, and iron [19]. This is likely because plant-based diets
tend to be higher in fruits, greens, and pulses; subcategories of vegetables [19]. In addition,
plant-based diets have been found to sufficiently support athletic performance while also
contributing to better overall health and reducing environmental impacts [20–22].

Nonetheless, certain nutrients are less bioavailable or less frequently consumed on a
vegetarian or vegan diet. For example, as non-heme iron (found in plants) is less bioavail-
able compared to heme iron (from animals), the Recommended Dietary Allowance for iron
for vegetarians and vegans is 1.8-fold greater than that for omnivores [23]. Additionally,
vegans (who exclude all animal products) must be mindful to consume foods fortified
with vitamin B12 or take a vitamin B12 supplement as this vitamin is not present in plant
foods [13]. Lacto-ovo vegetarians typically consume at least the recommended intake for
calcium, while vegans may risk insufficiency. Furthermore, vitamin D is not abundant in
food and is a nutrient for which the use of supplements is frequently advised, regardless of
dietary pattern [24].

Higher diet quality, as measured by the Healthy Eating Index, is associated with higher
food waste (FW), primarily in the form of fruits and vegetables [25]. FW is a significant
challenge, as 32% of all food produced in the world by weight or 24% by kilocalories
(kcal) is wasted [26]. If global FW were treated as its own country, it would be the third
largest emitter of GHGE, behind China and the United States, occupy 30% of the world’s
agricultural land area, and use the equivalent water of the annual discharge of the Volga
river in Russia (i.e., 250 km3) [27]. These FW statistics represent wasted resources and
wasted opportunities to eat health-promoting foods, which comprise a large portion of total
waste. In fact, the average global FW per capita per year could fulfill a person’s dietary
recommended intake (DRI) of 25 nutrients for 18 days [28]. Based on the types of food
wasted, that amount of FW contains between 25 and 50% of the DRI for vitamin C, K, zinc,
copper, manganese, and selenium for a person [28].

It is important to understand possible tradeoffs when promoting a solution to one
problem to ensure it does not exacerbate another. For example, given the relatively high
proportion of fruit and vegetable waste compared to meat waste, and the small proportion
of vegetarians in the general population, could there be higher FW as a result of reducing
meat-containing meals? Moreover, would the environmental impacts associated with that
FW be substantial enough to negate the benefits of serving vegetarian meals as the default
in large institutional settings? Although there are publications that assess hospital FW,
its environmental impacts, and techniques for FW reduction, no literature has previously
examined these questions [29–32].

Loma Linda University Medical Center (LLUMC) provides a unique setting to examine
the potential tradeoffs associated with serving lower environmental impact foods with
potentially higher FW compared to higher environmental impact foods with lower FW.
Unlike many hospitals, LLUMC serves lacto-ovo vegetarian meals to patients by default
for the first 24 h upon admission. However, patients have the option to reject the default
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and can choose their preferred meal items from standard menus, which include meat, after
24 h. As such, the aim of this case study was to examine the differences in FW and GHGE
between vegetarian meals and meat-containing meals served in a hospital setting.

2. Materials and Methods

A plate waste audit was performed by Loma Linda University dietetics graduate
students across seven consecutive days, from September 6 to 12, 2020 at LLUMC. Plates
audited included those served at breakfast, lunch, and dinner and were provided by meal
services on three hospital floors, which housed patients with the fewest special dietary
orders (e.g., liquid diets or “nil per os” (NPO, nothing by mouth)). At least 20 plates were
audited, upon tray return and prior to disposal, after each meal service. Each tray was
assigned a de-identifiable number and meal type (i.e., “meat-containing” or “vegetarian”)
based on the food items listed on the tray ticket, which reflected the patient’s menu order.
Trays returned without tray tickets and no remaining meat items were categorized as
unknown meal type. Floor number and diet order (regular or therapeutic) were also
noted for each tray. Institutional review board approval was not needed since no patient-
identifying information was collected. For each tray, all remaining individual food items
were removed and individually weighed in grams before being discarded. Liquid diet trays
were excluded from measurement due to the high proportion of total weight from liquid.

Data processing included removing container weight values from FW measured in
containers. LLUMC also provided recipes for composite foods such as cooked entrees and
soups, which were used to determine the proportional weights for individual ingredients
(e.g., spinach, cheese, and egg white for spinach quiche). In addition to FW weight,
GHGE were estimated using a combination of SimaPro life cycle assessment software
and published literature used to fill any gaps where SimaPro did not have appropriate
data [33–37]. The life cycle assessment (LCA) studies used for GHGE estimates all had
cradle to farm or manufacturer gate system boundaries and reported results using a weight-
based functional unit. The parameters of LCA studies included were system boundaries
from cradle to farm or manufacturer gate or distributor, excluding retail, consumption, and
disposal, and used a weight-based functional unit and attributional assumptions.

Descriptive and statistical analyses were conducted using IBM SPSS Statistics for
Windows, version 28 (IBM Corp., Armonk, NY, USA). Tests for assumptions of normality
and homogeneity of variance were performed using Kolmogorov–Smirnov and Levene’s
test, respectively. To examine between-group differences in total FW and total GHGE,
independent t-tests were performed. Values that were ±2.5 standard deviations from the
mean were considered outliers. Visual assessment using boxplots indicated that there
were no outliers, defined as values that were ±2.5 standard deviations from the mean.
Post hoc exploratory analyses were also conducted using independent t-tests to compare
between-group differences for FW and GHGE by primary food categories. The exploratory
analyses were considered secondary analyses, which were not driven by hypothesis testing;
therefore, the significance level was not adjusted for multiple comparisons. In addition,
effect size was calculated using Hedges’ g for all primary and secondary outcomes. Data
are reported as the mean ± standard deviation and the level of statistical significance was
set at p = 0.05.

3. Results

Plate data were analyzed for 447 patient trays of the 471 that were collected. Twenty-
four patient trays were excluded from analysis due to unknown meal type and absence of
identifying characteristics (e.g., leftover meat or a tray ticket). Key findings of this study
were that mean total plate waste was higher among meat-containing meals, and that the
associated GHGE was lower among vegetarian meals.
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3.1. Food Waste
3.1.1. Descriptive Statistics

The corresponding means and standard error of mean are presented graphically in
Figure 1. The data for total FW were not normally distributed for either group (p < 0.05).
Skewness of variables prevented transformation to a normal distribution. Non-parametric
tests, such as the Mann–Whitney U test, resulted in unacceptable values (U > 10,000)
and are most appropriate for analyzing ordinal data. Thus, non-parametric testing was
excluded from the analytical approach. However, based on the central limit theorem, with
adequate sample sizes (n ≥ 30), violation of the normality assumption is unlikely to affect
statistical findings. Therefore, parametric tests were acceptable due to the large sample size.
Homogeneity of variances was observed (p = 0.64). Descriptive statistics for FW (g) by each
food category and meal type are provided in Table A1 in Appendix A.

Figure 1. Categories of foods and their respective amounts of waste differentiated by meal type.
Error bars represent the standard error of mean.

Total mean FW was greater among meat-containing meals (292.51 ± 180.77 g/plate) com-
pared to vegetarian meals (258.46 ± 186.09 g/plate), with a mean difference of 34.05 g/plate,
t(445) = 1.96, p = 0.05, g = 0.19 (Figure 2). The largest FW source for meat-containing meals
was vegetables and fruit, while vegetarian meals had the most FW from grains and vegetables.

Figure 2. Plate waste from meat-containing and vegetarian meals. Vegetarian meals had less FW
than meat-containing meals. Error bars represent the standard error of mean.
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3.1.2. Exploratory Analyses

Exploratory analyses revealed significant differences in FW and GHGE between
groups for analyzed food categories except fruit (Table 1). Vegetable and dessert waste
were significantly greater among the meat-containing meals, while grains, dairy, egg, and
plant protein waste were significantly greater among the vegetarian meals.

Table 1. Exploratory comparison analyses for food waste (g/plate) and GHGE (g CO2 eq/plate)
between meat-containing and vegetarian meal types by food category.

Food Waste (g/plate)

Total
(N = 447)

M ± SD SE t-Statistic p-Value Hedges’ g

Fruit 40.03 ± 50.19 2.37 0.80 0.43 0.08
Vegetable 1 140.06 ± 65.51 3.10 4.60 <0.001 0.44

Grains 44.27 ± 54.73 2.59 6.10 <0.001 0.57
Dairy 21.26 ± 45.69 2.16 4.40 <0.001 0.41
Egg 6.90 ± 17.79 0.84 6.62 <0.001 0.61

Plant Protein 2 4.20 ± 17.96 0.85 2.03 0.049 0.19
Dessert 17.74 ± 35.54 1.68 2.22 0.03 0.21

GHGE (g CO2 eq/plate)
Fruit 19.56 ± 29.32 1.39 0.90 0.38 0.09

Vegetable 1 30.27 ± 33.16 1.57 4.17 <0.001 0.39
Grains 41.61 ± 54.44 2.57 4.38 <0.001 0.41
Dairy 77.84 ± 161.04 7.62 3.82 <0.001 0.36
Egg 23.40 ± 60.18 2.85 6.14 <0.001 0.61

Plant Protein 2 5.32 ± 19.93 0.94 2.42 0.008 0.23
Dessert 108.08 ± 323.83 15.32 2.67 0.004 0.25

1 Includes vegetables and starchy vegetables; 2 Plant protein items consist of peanut butter, tofu, black beans,
brown lentils, and hummus.

There were statistically significant differences between meat-containing meals and
vegetarian meals for every major food category shared by both meal types except fruit.

3.2. Global Warming Potential

Descriptive statistics for GHGE by food category and meal type are provided in
Table A2. The difference in total GHGE was also compared between meal types. The data
were not normally distributed (p < 0.001) and homogeneity of variance was not observed
(p < 0.001). The ratio of the meat-containing meals to the vegetarian meals is 1.1; thus,
this violation is unlikely to affect statistical findings. Total GHGE was significantly greater
for meat-containing meals (604.20 ± 643.45 g CO2 eq) compared to vegetarian meals
(356.66 ± 376.98 g CO2 eq), t(445) = 4.995, p < 0.001, g = 0.47 (Figure 3).

Figure 3. Mean total GHGE (g CO2 eq) by meal type. Error bars represent the standard error of mean.
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Total GHGE were significantly higher for FW from meat-containing meals than for
vegetarian. The highest contributor to GHGE was animal protein, followed by dessert. The
highest contributor to FW from vegetarian meals was dairy, followed by dessert.

GHGE from both meat-containing and vegetarian meals’ waste had a high standard
error of means. GHGE from vegetarian meals’ waste was much lower than that from
meat-containing meals’ waste.

GHGE was significantly greater among meat-containing meals for the vegetable and
dessert food categories compared to vegetarian meals. GHGE was significantly greater
among vegetarian meals for grains, dairy, egg, and plant protein.

GHGE associated with plate waste showed statistically significant differences across
all food categories except fruit when comparing plate waste from meat-containing meals to
plate waste from vegetarian meals.

4. Discussion

The objective of this study was to examine the differences in FW and GHGE between
vegetarian meals and meat-containing meals to determine if greater FW among vegetarian
meals offset the associated environmental benefits when compared to meat-containing
meals. Analysis of plate FW failed to demonstrate evidence that vegetarian meals are
associated with more FW or corresponding GHGE. Therefore, there does not appear to be a
tradeoff or downside to providing vegetarian meals to patients by default for the first 24 h
following their admission to a hospital setting from this perspective.

Previous work has not investigated the possibility that extra FW would be generated
by providing vegetarian meals by default, which could potentially negate the environ-
mental benefit of doing so, when compared to serving meat-containing meals by default.
Only a couple of studies have reported actual FW in hospitals at the item level [29,32].
Change in meal service style from traditional foodservice to room service can reduce FW
by approximately one-third [30]. GHGE from meals in a hospital setting were estimated to
be approximately 5 kg CO2-eq per day for a 2000 kcal diet, with a range between approxi-
mately 0.5 and 8 kg CO2-eq for liquid diets and high protein diets, respectively [31]. GHGE
from plate waste itself amounted to an average of approximately 1 kg waste per patient
per day, which was associated with approximately 1.8 kg CO2-eq [32]. Plate waste refers
to food that was served to a patient but not consumed, as opposed to tray waste, which
includes other non-food waste, such as packaging [38]. Numerous studies indicate that the
GHGE from animal-based foods are higher than those from plant-based foods [9,10,33,35].

However, FW from vegetarian meals in this study was approximately 11% lower
than that from meat-containing meals, which represents a difference that is approximately
half the reduction in FW observed in another study that examined FW reduction from a
transition to room service rather than traditional foodservice [30]. Additionally, the average
GHGE from daily plate waste per patient reported here for meat-containing and vegetarian
meals was approximately 36% and 21%, respectively, of the average GHGE per day for a
2000 kcal diet in a hospital setting reported in another study [31]. In addition, the GHGE
per patient per day in this study of approximately 1.8 kg CO2 eq for meat-containing meals
matches the value reported in another study of hospital FW and emissions of 1.8 kg CO2 eq
per patient per day [32].

Meal provision is considered an “environmental hot spot” in hospitals [39]. To address
this, it has been proposed to list vegetarian meal choices first on menus and to offer more
vegetarian meal options in hospitals [39]. The European Society for Clinical Nutrition
and Metabolism (ESPEN) affirms the importance of providing vegetarian meals and other
specialized dietary patterns to be respective of religious and dietary preferences to patients
as well, noting the increased demand for vegetarian meals by patients [40]. Providing
vegetarian meals in hospital settings may have synergistic benefits beyond reducing FW
and environmental impacts by also promoting health.

California licensed health care facilities and state prisons are required by law to
make available “wholesome, plant-based meal options” to meet patient needs and follow
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physicians’ diet orders according to CA Senate Bill No. 1138 [41]. Additional California
law (Senate Bill No. 1383) sets targets for statewide organics recycling to reduce short-lived
climate pollutants, such as methane from food waste sent to landfill [42]. The American
Medical Association passed a resolution in 2017 (H-150.949) calling on US hospitals to
“improve the health of patients, staff, and visitors by providing a variety of healthy food,
including plant-based meals” [43]. As hospitals work to comply with such laws and
resolutions, this study demonstrates that serving plant-based or vegetarian meals may
provide overall reductions in FW and GHGE generated from meal service.

United States federal regulations require that hospitals provide “a nourishing, palat-
able, well-balanced diet that meets the daily nutritional and special dietary needs” of
patients (42 Code of Federal Regulations 483.35), informed by the recommendations of
a qualified registered dietitian, and that menus meet nutritional needs as recommended
by the Food and Nutrition Board of the National Research Council, National Academy
of Sciences [44]. While maintaining compliance with such regulations, as well as specific
state regulations, there may be particular advantages conveyed by providing vegetarian
meals. For example, there is a clear connection between proper nutrition and a healthy
immune system to protect against infections [45]. Of particular relevance currently, healthy
diets as measured by the Plant-Based Diet Score are associated with lower risk and severity
of COVID-19 [46]. Health care workers (who often eat meals provided by the hospital
cafeteria) who reported following plant-based diets and low-meat diets also had lower
odds of moderate to severe COVID-19 [47].

There were some limitations to this study. Some food categories were excluded
from exploratory statistical analysis due to inherent differences between meal types (e.g.,
vegetarian meals contained no animal protein). Some additional food categories were
excluded due to having near negligible mean values. The food categories excluded were
meat analogues, animal protein, sugars, condiments, and sauces. The larger amount of
plant protein waste from vegetarian meals was expected, as these trays were more likely to
contain higher amounts of plant proteins including peanut butter, tofu, black beans, brown
lentils, and hummus.

Future research should include measurements of initial food weights to understand
the proportion of each meal wasted and facilitate comparison across meals with different
starting weights. It may also be useful to explore differences when correcting for kcal
content of meals. Additional research could also examine correlations between meal
type (e.g., liquid, dysphagia, cardiac, and low sodium), patient ward (e.g., surgery and
intensive care), and outcomes (e.g., length of stay), as well as explore differences based on
demographic factors such as sex or age.

Generalizability of the findings from this research is likely most applicable to other
hospitals and similar settings where food is provided, but from fairly limited options and
with few if any alternatives. In a hospital setting, there are often limited choices and the
consumer may be feeling unwell, both of which increase the likelihood of them wasting
food. In contrast, consumers are normally able to choose from a wide array of foods in
a variety of settings, reducing the likelihood that they will waste the food they choose to
consume. Therefore, it is unlikely that similar levels of food waste would be observed
outside a hospital setting. It is unclear whether or not a proportional difference in food
waste between vegetarian and meat-containing meals would be maintained outside a
hospital setting. However, it is well known that the environmental impacts associated with
meat are greater than those associated with most vegetarian foods, so it is reasonable to
expect that food waste from meat-containing meals would still have higher GHGE for a
similar amount of food wasted.

5. Conclusions

It is important both to reduce the GHGE associated with food provision and reduce the
proportion of food that goes to waste as part of efforts to limit the negative environmental
consequences of food systems. Fortunately, the case study examined here provides an exam-
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ple where one choice—serving vegetarian meals to patients by default for their first 24 h in
a hospital setting—improves both outcomes. Food waste from vegetarian meals was lower
in both total weight and associated GHGE than food waste from meat-containing meals.

Author Contributions: Conceptualization, A.B., J.S. and H.L.; methodology A.B., B.E. and H.L.;
validation, A.B.; formal analysis, N.B.; investigation, B.E.; data curation, B.E. and N.B.; writing—
original draft preparation, A.B., B.E. and N.B.; writing—review and editing, A.B., B.E., J.S. and
H.L.; visualization, A.B. and N.B.; supervision, H.L. and J.S.; project administration, H.L.; funding
acquisition, H.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Point Loma Nazarene University’s Wesleyan Center (internal)
grant.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data supporting results are available in Appendix A.

Acknowledgments: The authors thank Jean Sellars and Kalvin Lazcano for their cooperation and
allowing the collection of food waste at LLUMC, as well as Anna Salisbury for her role in data
collection and analysis.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

Appendix A

Table A1. Descriptive statistics for plate waste (g/plate) by meal type and food category, presented
as M ± SD.

Food Category
Meat-Containing Meals Vegetarian Meals Total

(N = 214) (N = 233) (N = 447)

Fruit 42.00 ± 50.78 38.21 ± 49.69 40.03 ± 50.19
Vegetable 73.33 ± 77.09 48.64 ± 80.20 60.46 ± 79.60

Starchy Vegetable 34.12 ± 46.64 16.42 ± 37.06 24.90 ± 42.80
Grains 28.74 ± 36.74 58.54 ± 63.97 44.27 ± 54.73
Dairy 11.72 ± 32.52 30.02 ± 53.68 21.26 ± 45.69
Egg 1.51 ± 8.23 11.86 ± 22.24 6.90 ± 17.79

Plant Protein 2.45 ± 11.75 5.80 ± 22.09 4.20 ± 17.96
Meat Analogue 0.79 ± 9.46 11.32 ± 27.24 6.28 ± 21.36
Animal Protein 33.39 ± 36.41 0.00 ± 0.00 15.98 ± 30.20

Dessert 21.64 ± 38.00 14.16 ± 32.79 17.74 ± 35.54
Sugars 0.72 ± 4.59 2.91 ± 9.04 1.86 ± 7.33

Condiments 12.67 ± 15.22 11.50 ± 10.27 12.06 ± 12.88
Sauces 7.72 ± 14.77 1.50 ± 4.53 4.48 ± 11.16

Total Plate Waste 292.51 ± 180.77 258.46 ± 186.09 274.76 ± 181.15

Table A2. Descriptive statistics for GHGE (g CO2 eq/plate) by meal type and food category, presented
as M ± SD.

GHGE by Food
Category

Meat-Containing Meals Vegetarian Meals Total
(N = 214) (N = 233) (N = 447)

Fruit 20.87 ± 32.00 18.36 ± 49.69 19.56 ± 29.32
Vegetable 26.95 ± 32.05 18.05 ± 28.79 22.31 ± 30.74

Starchy Vegetable 9.47 ± 13.40 4.66 ± 10.94 6.96 ± 12.43
Grains 30.04 ± 45.03 52.24 ± 59.81 41.61 ± 54.44
Dairy 47.87 ± 122.28 105.37 ± 185.29 77.84 ± 161.04
Egg 5.12 ± 27.79 40.20 ± 75.08 23.40 ± 60.18

Plant Protein 2.95 ± 12.95 7.50 ± 24.42 5.32 ± 19.93
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Table A2. Cont.

GHGE by Food
Category

Meat-Containing Meals Vegetarian Meals Total
(N = 214) (N = 233) (N = 447)

Meat Analogue 1.315 ± 15.84 20.92 ± 51.04 11.54 ± 39.71
Animal Protein 285.01 ± 398.24 0.00 ± 0.00 136.45 ± 310.83

Dessert 150.53 ± 380.48 69.09 ± 254.16 108.08 ± 323.83
Sugars 0.55 ± 3.47 2.22 ± 7.10 1.42 ± 5.72

Condiments 22.21 ± 40.88 16.68 ± 31.06 19.33 ± 1.35
Sauces 1.31 ± 2.45 1.50 ± 4.53 1.37 ± 4.21
Total 604.21 ± 643.45 356.66 ± 374.98 475.17 ± 536.09
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Abstract: Plant proteins are attracting rising interest due to their pro-health benefits and environ-
mental sustainability. However, little is known about the nutritional value of pea proteins when
consumed by older people. Herein, we evaluated the digestibility and nutritional efficiency of pea
proteins compared to casein and whey proteins in old rats. Thirty 20-month-old male Wistar rats
were assigned to an isoproteic and isocaloric diet containing either casein (CAS), soluble milk protein
(WHEY) or Pisane™ pea protein isolate for 16 weeks. The three proteins had a similar effect on
nitrogen balance, true digestibility and net protein utilization in old rats, which means that different
protein sources did not alter body composition, tissue weight, skeletal muscle protein synthesis or
degradation. Muscle mitochondrial activity, inflammation status and insulin resistance were similar
between the three groups. In conclusion, old rats used pea protein with the same efficiency as casein
or whey proteins, due to its high digestibility and amino acid composition. Using these plant-based
proteins could help older people diversify their protein sources and more easily achieve nutritional
intake recommendations.

Keywords: pea proteins; plant proteins; sarcopenia; skeletal muscle; protein digestibility; muscle
protein metabolism

1. Introduction

Alongside animal proteins, plant proteins are a critical part of the equation to help
meet future protein demand and achieve worldwide food security. In the US, demand
for plant proteins grew by 20% in both 2018 and 2019 [1]. This growing interest in plant
proteins is driven by multiple factors, such as food safety concerns, rising food intolerances,
increased accessibility of vegetarian and vegan foods, environmental concerns, sustainabil-
ity imperatives, and consumer adoption of proactive approaches to health and wellbeing.
The nutritional benefits of these new protein sources are still under investigation, with stud-
ies looking into their health benefits while also exploring their limits, such as allergenicity
or anti-nutritional substance content [2]. Consumer acceptability needs to be carefully
defined, as it remains the final bottleneck for developing new protein sources.

Grain legumes are a valuable source of plant food proteins, and so rising protein
demand is expected to increase the dietary importance of grain legumes. Pulses generally
have a higher nutritional value than other crops, especially since the onset of domestication
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and genetic selection processes operated by humans. Pea proteins have enough essential
amino acid (EAA) content (30%) to meet WHO/FAO/UNU-recommended requirements [3].
Note that EAA requirement is based on a recommended adult protein intake of 0.8 g/kg
body weight/day. Note also that peas provide well above the recommended leucine
requirements [4]. In addition to providing proteins with suitable EAA profiles, legumes
contain digestible carbohydrates, and some of them also contain fat.

There is considerable interest in the potential of using plant-based proteins to support
muscle mass maintenance and/or growth, as demonstrated by the number of recent papers
studying the impact of intakes of plant-based protein, e.g., pea proteins, on skeletal muscle
anabolic response in athletes [2,5]., Dairy whey protein is a shared choice for protein
supplementation in athletes because of its leucine content, its digestibility, and its ability to
activate muscle protein synthesis. Most extant research on plant proteins in athletes has
set out to compare and evaluate the effects of dietary supplementations with whey and
pea proteins in conjunction with resistance training on muscle anabolism and strength.
Taken together, the data revealed that whey and pea protein treatments led to similar
responses to resistance exercise. Whey and pea proteins promote comparable muscle
strength, physical performance, and body composition following resistance training [6],
especially in beginners or people returning to weight training [7].

These same plant proteins could be equally valuable in other populations, such as
older people, to help maintain muscle mass and slow down the aging-related process of
sarcopenia. However, despite their reported efficacy in athletes, the effects of pea and other
plant proteins in older people suffering from sarcopenia have not yet been disclosed. The
fact that pea protein provides well above the recommended leucine requirements points
to it playing a potentially valuable role in combating the loss of skeletal muscle mass and
function in older subjects. Leucine is an anabolic amino acid with proven effectiveness
for the maintenance of muscle mass during aging [8]. Meeting the body’s quantitative
daily demand for EAA is vitally important; the quality of protein consumed by older
people is an equally important factor, and is generally determined by its digestibility and
utilizability by the body. Among milk proteins, whey protein digests quickly, while casein
digests slowly as it clots at acidic pH in the stomach. Numerous experiments have set out
to determine whether fast or slow digestion was better for muscle protein synthesis and
muscle building. The bottom line is that rapid digestion is best for stimulating muscle
protein synthesis and increasing muscle mass, even in older people [9]. Interestingly, a
previous study has shown that pea protein transiently aggregates in the stomach and
has an intermediately-fast intestinal bioavailability midway between those of whey and
casein [10].

When new sources of dietary proteins are tested for nutritional quality, the first
studies are carried out using animal models, as advised by FAO. The second step in such
studies is often to evaluate the interest of the protein in some pathophysiological situations
characterized by a reduced capacity to assimilate and metabolize proteins, as is the case in
older subjects. These animal studies make it possible to precisely assess protein metabolism
in certain key tissues such as skeletal muscle. Such a study is difficult to perform in humans.
For pea proteins, although its digestibility is high in young rats, there is little data on the
nutritional value of pea proteins in old rats as compared to dairy proteins, and particularly
in terms of protein digestibility and metabolism. To address this gap, this study used old
rats to evaluate the efficiency of pea proteins as compared to dairy proteins, i.e., casein
and whey proteins, in terms of protein digestibility, body protein retention, muscle protein
synthesis and degradation and muscle protein accretion.

2. Materials and Methods

2.1. Animal Experiment

All animal procedures were approved by the local institutional animal care and use
committee (Comité d’Ethique en Matière d’Expérimentation Animale Auvergne: C2EA-02)
and conducted in accordance with the European guidelines for the care and use of lab-
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oratory animals (2010-63UE) (Authorization number: APAFIS#5329-2016051115541284
v2). Animals were housed in the INRAE’s Human Nutrition Research animal facility
(Agreement No. D6334515).

A total of thirty 20-month-old male Wistar rats were obtained from Janvier Labs
(Le Genest-St-Isle, France). All animals came from the same batch and were bred under
the same conditions throughout their lives. The rats were housed in individual cages
under controlled environment conditions (12-h light/12-h dark cycle, temperature 22 ◦C)
with free access to water. All of the rats were fed a maintenance diet (A04, Safe, Augy,
France) ad libitum for a 2-week acclimatization period. Rats were then randomized into
three groups according to body weight, fat mass and lean mass. Animals were assigned
(n = 10 per group) to a diet containing either 14% casein (Armorprotéines, Saint-Brice-
en-Cogles, France) (CAS rats), 14% soluble milk protein, i.e., Protarmor™ 80, a Whey
protein concentrate (Armorprotéines, Saint-Brice-en-Cogles, France) (WHEY rats) or 14%
pea proteins, i.e., Pisane™ (Cosucra, Warcoing, Belgium) (PEA rats) for 16 weeks. The
three experimental diets were isoproteic and isocaloric (Tables 1 and 2). Different protein to
nitrogen conversion factors were used depending on the protein source used. Specifically,
the conversion factors used were: 6.15 for casein, 6.08 for whey and 5.36 for pea protein.
Dietary AA levels were analyzed by the ABioC laboratory (Arzacq, France) according to EN
ISO 13903:2005 standard method (Table 1). Body weight and food intake were measured
weekly. At the end of the experiment and after an overnight fast, the remaining CAS (n = 6),
WHEY (n = 6) and PEA (n = 8) rats were anesthetized. Blood samples were collected from
the abdominal aorta and drawn into precooled ethylenediaminetetraacetic acid (EDTA)
tubes. After centrifugation, plasma was removed and frozen at −80 ◦C until analysis. Liver,
heart, adipose tissues and hindlimb skeletal muscles were weighed, snap-frozen in liquid
nitrogen, and stored at −80 ◦C for later analysis.

Table 1. Experimental diet: composition and amino acid content.

CAS WHEY PEA

Diet composition (g/100 g)
Protein
Casein 14

Soluble milk protein 14
Pea protein 14

Fat (soybean oil) 6 6 6
Carbohydrates 68 68 68

Cellulose 7.5 7.5 7.5
Vitamin and mineral mix 4.5 4.5 4.5

Calculated energy (kcal/100 g) 412 412 412

Amino acid content (g/100 g protein)
Tryptophan 1.17 2.09 0.87
Threonine 4.18 5.09 3.79

Aspartic acid 6.86 11.47 12.26
Serine 5.57 4.69 5.37
Lysine 7.55 9.84 7.45
Valine 6.16 5.23 5.25
Proline 10.84 4.77 4.30
Alanine 2.87 4.93 4.34

Phenylalanine 4.69 3.62 5.56
Isoleucine 4.79 5.26 4.67
Glycine 1.75 1.83 4.02
Tyrosine 4.19 2.76 3.28
Arginine 3.11 2.54 8.12
Leucine 8.99 12.15 8.51

Histidine 2.69 2.11 2.41
Glutamic acid 21.47 16.86 17.70

Methionine 2.65 2.05 1.03
Cysteine 0.49 2.70 1.07
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Table 2. Composition of the protein sources.

CASEIN
Protein

WHEY
Protein

PEA
Protein

Protein (%) 90.2 80.9 83.6
Fat (%) <1 4.7 <1

Carbohydrates (%) <1 4.3 5.6
Moisture (%) 9.0 5.6 4.4

Ash (%) <2 4.5 5.8

Compositions were obtained from technical data sheets provided by suppliers.

2.2. Whole Body Composition

At the beginning, middle (after 8 weeks) and end (after 16 weeks) of the experiment,
fat and lean body mass (g) were measured in non-anesthetized living animals placed in an
EchoMRI-100 body composition analyzer (Echo Medical Systems LLC, Houston, TX, USA).

2.3. Protein Quality Evaluation

To collect total urine and feces, rats were placed in metabolic cages (Tecniplast France,
Decines-Charpieu, France) for 4 days in the last week of the experimental protocol. Total
excreted nitrogen was then determined by the Dumas method at Institut UniLaSalle
(Beauvais, France) [11]. Dietary protein quality was evaluated by calculating nitrogen
balance (NB), apparent protein digestibility (AD), true protein digestibility (TD), net protein
utilization (NPU) and biological value (BV) using the following equations [12]:

NB(g) = NI − (FN + UN)

AD (%) =
NI − FN

NI
× 100

TD (%) =
NI − (FN − EFN)

NI
× 100

NPU (%) =
NI − (FN + UN − EFN − EUN)

NI
× 100

BV (%) =
NPU
TD

× 100

where NI is nitrogen intake, FN is fecal nitrogen, UN is urinary nitrogen, EFN is endoge-
nous fecal nitrogen, and EUN is endogenous urinary nitrogen. A group of old rats that
received a nitrogen-free diet during the metabolic cage period was used to deduce fecal
and urinary endogenous nitrogen excretions.

2.4. Plasma Analyses

Plasma levels of fasting glucose, triglycerides, and total cholesterol were determined
using a Konelab 20 analyzer (Thermo-Electron Corporation, Waltham, MA, USA). ELISA
kits were used to determine insulin (Alpco Diagnostics, Salem, NH, USA), leptin, (Bioven-
dor, Bmo, Czech Republic), adiponectin (AssayPro, St Charles, MO, USA), TNFα (Millipore,
Molsheim, France) and IL-10 (Diaclone, Besançon, France). Homeostatic model assessment
of insulin resistance (HOMA-IR) was calculated to assess insulin sensitivity in old rats,
using the formula:

HOMA − IR =
(fasting glucose × fasting insulin)

22.5

with fasting glucose level expressed as mmol/L and fasting insulin level expressed
as mIU/L.
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2.5. Protein Synthesis Measurement

To study muscle protein synthesis, we measured rate of incorporation of a stable
isotope, i.e., an AA L-[13C6]-labeled phenylalanine (Eurisotop Saint-Aubin, France), into
muscle proteins using the flooding dose method. Fasting rats were injected subcutaneously
with a large dose of L-[13C6] phenylalanine (50% mol excess, 150 μmol/100 g) to flood the
precursor pool of protein synthesis. Incorporation time of labeled phenylalanine was 50 min.
A 50-mg piece of plantaris muscle was used to isolate and hydrolyze total mixed proteins
as previously described [13]. After derivatization, L-[13C6] phenylalanine enrichments
in hydrolyzed proteins and in tissue fluid were assessed using gas chromatography–
mass spectrometry (Hewlett-Packard 5971A; Hewlett-Packard Co., Palo Alto, CA, USA).
Fractional synthesis rates (FSR) of proteins were calculated using the equation:

FSR =
Ei

Ep × t
× 100 (1)

where Ei is enrichment as atom percent excess of L-[13C6] phenylalanine derived from
phenylalanine from proteins at time t (minus basal enrichment), Ep is mean enrichment
in the precursor pool (tissue fluid L-[13C6] phenylalanine), and t is incorporation time
in hours.

2.6. Western-Blot Analysis

Homogenates of frozen plantaris muscles were prepared as previously described [14].
Denatured proteins were separated on a polyacrylamide gel and electrotransferred to a
polyvinylidene difluoride membrane (Millipore, Molsheim, France). After blocking with
5% skimmed dry milk in Tris-buffered saline (TBS) + 0.1% Tween-20, membranes were
incubated with primary antibodies: p70 S6 kinase (Thr389) and anti-total p70 S6 kinase
(Cell Signaling Technology, Ozyme distributor, Saint-Quentin-en-Yvelines, France). After
washing with TBS + 0.1% Tween-20, immunoblots were exposed to swine anti-rabbit im-
munoglobulins conjugated with horseradish peroxidase (HRP) (DAKO, Trappes, France).
The antigen/primary antibody/secondary antibody/HRP complexes were visualized by
luminescence using ECL Western Blotting Substrate (Pierce, Thermo Fisher Scientific,
Courtaboeuf, France) and a Fusion Fx imaging system (Vilber Lourmat, Collegien, France).
Quantification of band density was done using MultiGauge 3.2 software (Fujifilm Corpora-
tion, Tokyo, Japan). The values represented the ratio of the phosphorylated protein levels
to total protein levels, and were expressed in arbitrary units.

2.7. mRNA Analysis

The protocol for total RNA extraction and mRNA analysis has been previously de-
scribed [14]. Briefly, a piece of plantaris muscle was homogenized in Tri-Reagent (Eu-
romedex, Mundolsheim, France) and total RNA was isolated according to manufacturer’s
instructions. RNA amount was measured by spectrophotometry at 260 nm. Total RNA was
reverse-transcribed using SuperScript III reverse transcriptase and a random hexamer and
oligo dT primer combination (Invitrogen, Life Technologies, Saint-Aubin, France). PCR
amplification was performed using a Rotor-Gene Q system and 2 × Rotor-Gene SYBR
Green PCR master mix (Qiagen, Courtaboeuf, France). Relative concentrations of mRNA
corresponding to genes of interest were quantified using Rotor-Gene software and the
standard curve method. The primers used for real-time PCR analysis were listed in Table 3.
Hypoxanthine-guanine phosphoribosyltransferase (HPRT) was used as housekeeping gene.
Data were expressed in arbitrary units.
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Table 3. Primer sequences used for quantitative analysis of gene expression.

Gene Name Forward and Reverse Primers

MAFbx
(Muscle atrophy F-box)

For 5’-AGTGAAGACCGGCTACTGTGGAA-3’
Rev 5’-TTGCAAAGCTGCAGGGTGAC-3’

MuRF1
(Muscle RING finger-1)

For 5’-GTGAAGTTGCCCCCTTACAA-3’
Rev 5’-TGGAGATGCAATTGCTCAGT-3’

HPRT
(Hypoxanthine-guanine

phosphoribosyltransferase)

For 5’-AGTTGAGAGATCATCTCCAC-3’
Rev 5’-TTGCTGACCTGCTGGATTAC-3’

2.8. Mitochondrial Enzymatic Assays

First, 50 mg of frozen rat plantaris muscle was homogenized in homogenization
buffer (225 mM mannitol, 75 mM sucrose, 10 mM Tris-HCl, 10 mM EDTA, pH 7.2) and
then centrifugated at 650× g for 20 min at 4 ◦C. The supernatant was kept and the pellet
was suspended in homogenization buffer and resubmitted to the same procedure. Both
supernatants were pooled and used for activity measurements [14–16]. Complex I and
3-hydroxyacyl-CoA dehydrogenase (HAD) activities were spectrophotometrically assayed
in the supernatant fraction by following the oxidation of nicotinamide adenine dinu-
cleotide, reduced (NADH). Citrate synthase (CS) activity was measured by following the
reduction of 5,5-dithiobis (2-nitrobenzoic acid) (DTNB) [14–17]. Activities were expressed
in nmol/min/mg of proteins.

2.9. Statistics

To calculate the sample size, we used published and unpublished data of net protein
utilization (NPU) [18]. A difference of 20–25% and a mean variance of 10% were expected
for this parameter between CAS group and WHEY group. Based on these data, the setting
of type I error (α) at 5% and a power of 90%, a total of 6 rats per group was required. To
anticipate potential rat death for the 16-week experimental period, 10 rats were assigned to
each diet. All results were presented as means ± SEM. Animals that died or developed
tumors during the experiment were excluded from the analysis. In detail, while we had
10 rats per group at baseline, the number of rats remaining at the end of the experiment
was 6 CAS rats, 6 WHEY rats, and 8 PEA rats. The data were analyzed for homogeneity
of variance and normality. Homogeneous data were analyzed by a one-way analysis of
variance (ANOVA) followed by a Tukey-Kramer test to evaluate the significance of inter-
group differences. Heterogeneous data were analyzed using Kruskal-Wallis test and the
significance of inter-group differences was assessed using a Steel–Dwass test. Differences
were considered significant at p < 0.05. Statistical analysis was performed using NCSS 2020
software (NCSS LLC., Kaysville, UT, USA).

3. Results

3.1. Caloric Intake, Body Composition Evolution, and Final Tissue Weights

No significant difference in calculated daily caloric intake was observed between
experimental groups throughout the study period (86.0 ± 4.6 kcal/day, 92.0 ± 3.2 kcal/day
and 94.8 ± 5.9 kcal/day for CAS, WHEY and PEA rats, respectively). Rat groups were
purpose-defined at the beginning of the experiment to ensure no significant between-group
differences in body weight, fat mass and lean mass. Thereafter, body weight, fat mass
and lean mass remained not significantly different between CAS, WHEY and PEA rats
at each timepoint (i.e., the middle (week 8) and the end (week 16) of the experiment)
(Table 4). In accordance with the body composition measurements, the weights of several
lean tissues, (i.e., skeletal muscle, liver and heart) and two different fat tissues (i.e., perirenal
adipose tissue and subcutaneous adipose tissue) presented no significant between-group
differences at the end of the experiment (Table 5).
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Table 4. Body weight, fat mass and lean mass variations over the course of the experimental study.

CAS WHEY PEA

Body weight (g)
Week 0 582 ± 23 577 ± 14 595 ± 28
Week 8 585 ± 22 607 ± 16 612 ± 34
Week 16 583 ± 20 605 ± 20 590 ± 39

Fat mass (g)
Week 0 91 ± 8 99 ± 8 108 ± 13
Week 8 104 ± 7 129 ± 18 136 ± 21
Week 16 99 ± 18 127 ± 15 131 ± 26

Lean Mass (g)
Week 0 442 ± 18 427 ± 15 434 ± 15
Week 8 431 ± 19 424 ± 14 420 ± 15
Week 16 430 ± 17 421 ± 16 403 ± 14

Week 0, week 8 and week 16 mark the beginning, the middle and the end of the experiment, respectively. Data are
expressed as means ± SEM.

Table 5. Tissue weights in CAS, WHEY and PEA old rats after 16 weeks of different diets.

CAS WHEY PEA

Plantaris (mg) 309 ± 34 300 ± 23 263 ± 0.17
Soleus (mg) 175 ± 20 173 ± 24 165 ± 13

Gastrocnemius (g) 1.52 ± 0.29 1.19 ± 0.13 1.13 ± 0.06
Quadriceps (g) 1.94 ± 0.26 1.78 ± 0.27 1.72 ± 0.24

Hindlimb muscle mass (g) 8.82 ± 0.51 8.01 ± 0.88 7.36 ± 0.61
Perirenal adipose tissue (g) 11.7 ± 2.6 15.3 ± 1.4 19.7 ± 4.6

Subcutaneous adipose tissue (g) 11.9 ± 2.3 13.3 ± 2.0 12.2 ± 2.4
Liver (g) 13.7 ± 0.9 14.3 ± 0.9 13.2 ± 1.7
Heart (g) 1.91 ± 0.05 1.88 ± 0.08 1.96 ± 0.08

Results are given as means ± SEM. Hindlimb muscle mass is the sum of plantaris, soleus, gastrocnemius,
quadriceps and tibialis muscle weights.

3.2. Protein Quality Evaluation

Nitrogen intake and fecal and urinary nitrogen contents were evaluated during the
metabolic cage period (Table 6). None of these parameters were significantly different
between rat groups. Nitrogen balance, which is the difference between nitrogen intake
and nitrogen loss by both fecal and urinary routes, was similar between CAS, WHEY
and PEA rats (Table 6). There were no significant between-group differences in apparent
digestibility, which considers all of the digestive processes involving protein digestion,
including endogenous nitrogen losses, or in true digestibility, which considers the specific
digestion of dietary protein by subtracting endogenous nitrogen losses. Finally, net protein
utilization, which is the ratio of retained nitrogen to ingested nitrogen, and biological value,
which is the ratio of retained nitrogen to absorbed nitrogen, were similar between CAS,
WHEY and PEA rats (Table 6).

Table 6. Evaluation of the protein quality of the different experimental diets during the 4-day period
in metabolic cages.

CAS WHEY PEA

Nitrogen intake (g) 1.47 ± 0.10 1.61 ± 0.12 1.57 ± 0.11
Fecal nitrogen (g) 0.12 ± 0.01 0.13 ± 0.01 0.14 ± 0.02

Urinary nitrogen (g) 0.86 ± 0.07 0.88 ± 0.11 0.91 ± 0.08
Nitrogen balance (g) 0.49 ± 0.08 0.60 ± 0.20 0.61 ± 0.08

Apparent digestibility (%) 91.6 ± 0.7 92.1 ± 0.7 91.8 ± 0.8
True digestibility (%) 99.9 ± 0.5 101.2 ± 0.6 100.5 ± 0.7

Net protein utilization (%) 66.3 ± 6.7 74.7 ± 6.1 81.3 ± 6.8
Biological value (%) 66.4 ± 6.9 73.8 ± 6.0 80.8 ± 6.6

Results are given as means ± SEM.
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3.3. Plasma Metabolic Parameters and Cytokines

Fasting levels of lipid metabolic markers, i.e., triglycerides and total cholesterol, were
not significantly different between CAS, WHEY and PEA rats (Table 7). There were no
significant dietary source-protein effects on parameters related to insulin sensitivity, i.e.,
fasting glucose and insulin concentrations and calculated HOMA-IR. Circulating lep-
tin concentrations were similar between experimental groups, while adiponectin levels
tended to be higher in PEA rats compared to CAS rats and WHEY rats (p = 0.07). After
16 weeks of feeding with dietary treatment, rats showed similar plasma concentrations of
pro-inflammatory cytokines such as IL-1β and TNFα, and the anti-inflammatory cytokine
IL-10 (Table 7). To evaluate inflammatory status, we calculated the ratios of the inflamma-
tory markers TNF-α and IL-1β to the anti-inflammatory marker IL-10. TNFα/IL-10 and
IL-1β/IL-10 ratios did not differ between groups (Table 7).

Table 7. Fasting metabolic parameters in plasma of old rats after the 16 weeks of different diets.

CAS WHEY PEA

Insulin sensitivity
Glucose (g/L) 0.955 ± 0.106 1.010 ± 0.075 0.970 ± 0.108

Insulin (ng/mM) 1.285 ± 0.585 0.678 ± 0.213 0.553 ± 0.102
HOMA-IR 6.055 ± 1.884 4.232 ± 1.392 3.202 ± 0.761

Lipids
Triglycerides (g/L) 0.789 ± 0.088 0.994 ± 0.364 0.604 ± 0.176

Total cholesterol (g/L) 0.843 ± 0.073 0.878 ± 0.067 0.833 ± 0.167
Adipokines

Adiponectin (μg/mL) 5.145 ± 1.240 6.355 ± 0.764 8.751 ± 1.109
Leptin (ng/mL) 4.547 ± 0.416 5.172 ± 1.170 6.730 ± 2.935

Cytokines
TNFα (pg/mL) 11.93 ± 5.90 6.28 ± 2.79 11.29 ± 2.86
IL-1β (pg/mL) 155.4 ± 67.9 158.1 ± 63.9 133.5 ± 29.6
IL-10 (pg/mL) 58.56 ± 22.95 57.26 ± 22.74 54.10 ± 10.93

TNFα / IL-10 ratio 0.264 ± 0.099 0.185 ± 0.033 0.254 ± 0.071
IL-1β / IL-10 ratio 2.540 ± 0.090 2.580 ± 0.111 2.429 ± 0.049

Results are given as means ± SEM.

3.4. Markers of Muscle Protein Anabolism and Catabolism

Fractional synthesis rates (FSR) were measured in plantaris muscles of old rats
(Figure 1A). According to skeletal muscle mass measurements, muscle FSR was simi-
lar between CAS, WHEY and PEA rats. Associated with these data, protein quality did
not affect the phosphorylation rates of p70 S6 kinase (an intermediate of the translation
initiation step) in plantaris muscles of old rats (Figure 1B). The involvement of the ubiquitin-
proteasome pathway in the regulation of skeletal muscle mass in the three experimental
groups was assessed by measuring mRNA expressions of MuRF1 and MAFbx. Gene
expressions of both E3 ubiquitin ligases were also unchanged by experimental diets in rat
skeletal muscles (Figure 1C,D).

3.5. Muscle Mitochondrial Activity

To explore the effect of protein quality on muscle mitochondrial function in old rats,
we measured the maximal activity of citrate synthase, which is a mitochondrial matrix
enzyme often used as a marker of mitochondrial density. CAS, WHET and PEA rats
showed similar citrate synthase activities in plantaris muscles (Figure 2A). Likewise, the
activities of muscle complex 1 and 3-hydroxyacyl-CoA dehydrogenase (HAD), i.e., one of
the electron transport chain complexes and a key enzyme of the mitochondrial β-oxidation
cycle, respectively, were not affected by the different experimental diets (Figure 2B,C).
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Figure 1. Effects of different experimental diets on protein synthesis and expression of ubiquitin-proteasome pathway
markers in plantaris muscles of old rats. Fractional synthesis rate (A) was measured by tracer enrichment in plantaris
muscles after a 50-min incubation with L-[13C6] phenylalanine. In the same muscles, the phosphorylation states of p70 S6
kinase (B) were determined by Western-blotting, and the gene expressions of the two ubiquitin E3 ligases MuRF1 (C) and
MAFbx (D) were analyzed by quantitative RT-PCR analysis. Statistical significance was assessed by ANOVA, followed by
a Tukey-Kramer test or a Kruskal-Wallis test followed by a Steel–Dwass test depending on homogeneity of variance and
normality. Data are expressed as means ± SEM. A.U.: Arbitrary units.

Figure 2. Mitochondrial enzyme activity in skeletal muscles of old rats after 16 weeks of different diets. Mitochondrial
function was assessed by measuring citrate synthase (A), complex 1 (B) and 3-hydroxyacyl-CoA dehydrogenase (C) activities
in plantaris muscles. Statistical significance was assessed by ANOVA, followed by a Tukey-Kramer test or a Kruskal-
Wallis test followed by a Steel–Dwass test, depending on homogeneity of variance and normality. Data are expressed as
means ± SEM.
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4. Discussion

Protein quality is an important component of protein intake to support growth, de-
velopment, and maintenance of essential body tissues and functions [19]. The nutritional
value of a protein depends on how its AA balance matches to needs, in particular EAA,
and on its digestibility, i.e., on the release of AA and small peptides ready for intestinal
absorption [20]. Proteins from alternative sources, such as plant proteins, are often de-
scribed as having less balanced EAA profiles and lower digestibility than animal-sourced
proteins [21]. However, there is a lack of data directly comparing the nutritional values
of animal and plant proteins under the same experimental conditions, especially in older
subjects. Here, we examined the effects of a 16-week pea protein diet on protein digestibil-
ity, body weight and composition, tissue weight, metabolic indexes, and muscle protein
turnover and metabolism in old rats. Pea protein was compared to two dairy proteins,
i.e., whey protein and casein, that are considered to be among the best-quality proteins,
especially for maintaining body composition and muscle mass and function during ag-
ing [22]. Overall, we clearly showed that in old rats, a 16-week ingestion of milk proteins
or pea protein did not influence protein assimilation and nitrogen retention, particularly in
skeletal muscle. It should therefore be possible to use such plant-based protein sources for
older people, which would make it possible to diversify intake and more easily attain the
nutritional recommendations for this population.

4.1. Nitrogen Balance, Digestibility and Rate of Utilization

When studies set out to compare the nutritional quality of several dietary proteins,
the first issue to consider is usually how effectively the proteins are assimilated by the
body. In particular, it is important to measure nitrogen balance, digestibility and rate of
utilization to get a picture of the capacity of the protein to get digested and absorbed and
to get assimilated in the tissues. Overall, the data on nitrogen balance, true digestibility
and net protein utilization showed that the three proteins tested in this work had a similar
effect in old rats. First, the apparent and true digestibilities of pea proteins were in the
same range of values of the other proteins. Recent studies have reported that pea protein
is highly digestible in rats [18,23]. However, this work represents one of the first studies
to show that pea protein is also highly digestible in old rats. It has been suggested that
the digestibility of plant proteins is impaired due to the presence of both anti-nutritional
factors and indigestible fractions in their sequence [23]. However, the pea protein used
here was a protein isolate, and protein isolates are generally well-digested [24]. In addition,
protein isolates are particularly low in anti-nutritional factors, due to the manufacturing
process used to extract the protein [25]. High protein digestibility induces a high quantity
of AA available for intestinal absorption and, thus, improves the nutritional value of
the protein source [26]. Hence, net protein utilization was equivalent between old rats
fed pea protein, casein or whey protein. Urinary and fecal nitrogen excretion in old rats
did not differ between the three groups, leading to an equivalent whole-body nitrogen
retention. This observation contrasts with other studies done in pigs that reported increased
urinary nitrogen excretion and plasma urea levels in response to soybean protein compared
to casein [27]. We previously showed in young rats that protein utilization increased
after feeding animals with wheat pasta enriched with fava bean flour as compared to an
isoproteic wheat pasta enriched with gluten. However, in this work, protein utilization
still remained lower than that measured in rats fed casein [28]. However, when the same
study was carried out in old rats, there was no difference between the group fed wheat
pasta enriched with fava bean and the group fed casein [18].

Evaluation of the nutritional quality of dietary proteins relies not only on protein
digestibility but also on its AA composition, notably its EAA content. The EAA composition
of the pea protein used in this study was close to casein and to the needs of rats, according
to National Research Council [29]. The AA composition of pea protein is characterized by
a limiting content of methionine (Met) [30], but the total sulfur AA content is adequate [29].
Consequently, the net protein utilization and biological value measured in old rats were
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equivalent regardless of the protein used in the diet. Note that this result could be explained
not only by EAA composition, in particular a high leucine content, but also by the high
digestibility of the pea protein. To sum up, we showed that the biological value of ingested
nitrogen, in particular nitrogen retention, did not differ in old rats, regardless of whether
the protein in the diet was casein, whey, or pea protein.

4.2. Body Composition and Skeletal Muscle Mass

In the present study, although we observed an age-related physiological trend towards
increased body fat and reduced lean mass between the first and last month of the study,
the protein source in the diet did not significantly change body composition in old rats.
This result was also confirmed by the tissue weights at the end of the 16-week period.
In accordance with the whole-body composition measurements, the weight of tissues
constituting the lean mass, i.e., skeletal muscles, liver and heart, and of tissues resulting
from the fat mass did not differ between different dietary protein groups. Few studies have
focused on comparing the effects of animal versus plant proteins on body composition in
old rats. We previously evaluated (also in old rats) the nutritional value of pasta made from
a mix of wheat semolina and legume flours, i.e., fava bean, lentil, or pea flour [18]. Two
groups were fed diets with casein or whey protein as protein source, and three groups were
fed diets made with fava bean pasta, lentil pasta or pea pasta as protein source. The study
found that body weight and composition, i.e., fat mass and lean mass were not significantly
different between groups at each timepoint, i.e., the beginning, the middle, and the end of
the experiment [18]. The effect of dietary protein sources on body composition and tissue
weight has been evaluated in other works, but these studies were generally done in young
rats. A lower lean mass gain was observed in young rats given soy protein for 28 days
than in young rats fed whey protein [31]. At the muscular level, other studies found that,
compared to casein, 16 to 20 days of ad libitum consumption of proteins from legumes, i.e.,
beans or lentils provoked lower muscle weights in young rats [32–34]. In addition, Alonso
et al. found that muscle mass and muscle protein content were lower in young rats fed
seed peas than in young rats receiving casein. In this latter study, peas were extruded and
cooked to reduce the antinutritional factor content [35]. The change in lean mass or skeletal
muscle mass after long-term consumption of plant-based meals has not been thoroughly
assessed in older people. The rare studies available have shown that the consumption of
plant proteins, when provided at sufficient amounts in each meal (i.e., >30 g/meal), should
be able to maintain lean and muscle mass, and therefore increase the potential to mitigate
sarcopenia in older subjects [5,36,37]. Taken together, the data presented here showed that
some plant proteins, e.g., pea proteins, promoted a similar effect on body composition and
muscle mass to casein and even whey protein in old rats, and could therefore be tested in
the elderly as an intervention to counteract sarcopenia.

4.3. Mechanisms

Several mechanisms may explain the similar action of milk proteins and pea protein
on body composition and muscle mass in old rats. First, analysis of the AA content of each
protein showed equivalent leucine contents between pea protein and casein. There is clear
evidence that during aging, the leucine content of dietary proteins is an important parame-
ter impacting its anabolic effect on lean mass, and specifically skeletal muscle mass [38]. It is
now well recognized that leucine acts as an anabolic signal by stimulating protein synthesis
and inhibiting protein breakdown at muscle level. For instance, leucine supplementation
for 10 days attenuated the decrease in expression of eukaryotic translation initiation factors
in young and old rat muscles [39]. In addition, this supplementation decreased the levels
of ubiquitinated proteins and inhibited proteasome activity in old rats [40]. The leucine
content of pea protein could thus explain its effectiveness on muscle protein turnover and
therefore on muscle mass and lean body mass in old rats. Nevertheless, we did not measure
the effects of pea protein under postprandial conditions and therefore we cannot draw
conclusions on the role of the leucine content on protein anabolism in old rats. Note that a
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second mechanisms may be involved, as we did not observe any difference between the
three dietary proteins in terms of their effect on muscle protein synthesis and degradation,
although we measured the rate of muscle protein turnover in postabsorptive condition.
The changes observed for plantaris muscle protein synthesis in old rats were relatively in
line with the changes that were observed in muscle mass. Although muscle mass tended
to be higher in the whey-protein group than the pea protein group, we suggest that pea
protein intake could enhance postprandial muscle protein anabolism (although we did
not measure it) in old rats, which would translate into muscle protein accumulation and
increased skeletal muscle mass. The influence of plant-based proteins and animal-based
proteins on muscle protein synthesis has been investigated in several studies. The rate
of protein synthesis in gastrocnemius muscle was lower in young rats fed raw fava bean
intake than in young rats fed milk protein [41]. In addition, a lower muscle protein synthe-
sis rate was observed in young rats when fed beans and lentils than when fed casein [34].
However, to our knowledge, the long-term effects of plant protein intake on muscle protein
synthesis rate in old rats has never before been investigated.

Mitochondrial abnormalities have also been singled out as key factors in muscle
changes during aging. Research on the mitochondrial electron transport chain (ETC) in
skeletal muscle clearly demonstrated deficient ETC activity in muscles exhibiting the great-
est loss of muscle mass with age [42]. Here, citrate synthase activity, complex 1 activity and
HAD activity did not differ between dietary protein sources in old rats. Additionally, once
more in old rats, we previously demonstrated that maintained mitochondrial function in
skeletal muscle was associated with maintained muscle protein synthesis and muscle mass
as animals aged [13]. This previous study also demonstrated that one of the mechanisms
behind this action was the ability of protein intake to maintain protein turnover at the
mitochondrial level [13]. This makes is tempting to postulate that pea protein, like milk
proteins, could potentially help to prevent the age-related alteration of mitochondrial
functional capacities in skeletal muscle, thus helping to maintain muscle mass.

4.4. Metabolic Parameters

We also measured metabolic parameters related to aging-related changes in mus-
cle mass, in particular plasma pro-inflammatory and anti-inflammatory cytokine lev-
els [43]. The increase in blood pro-inflammatory factors and the decrease in blood anti-
inflammatory factors during aging causes inflammatory conditions conducive to muscle
protein catabolism [44]. Here too, we showed that pea protein consumption by old rats did
not modify some of the markers of the inflammatory system compared to milk proteins.
It has been reported that milk protein has anti-inflammatory properties that might be
effective in reducing the circulation of pro-inflammatory cytokines, such as interleukin-6
(IL-6) and tumor necrosis factor (TNF-α) [45]. A recent study on pea protein reported
that a tripeptide, LRW (Leu-Arg-Trp), characterized from the pea protein legumin, and its
previously studied isomer IRW (Ile-Arg-Trp) exerted strong anti-inflammatory effects by
modulating the nuclear factor-κB pathway [46]. Hence, the consumption of such proteins
could help keep inflammation at a level that prevents muscle protein catabolism in old
rats. In addition to inflammation, insulin resistance has been described as another cause of
decline in muscle protein anabolism and muscle mass in older people [47]. Here we found
no between-group differences in HOMA-IR except a trend towards a reduction in insulin
resistance in the PEA group compared to the CAS group. Recent studies have shown
that pea glycoproteins and peptides have antidiabetic activities, in particular by reducing
insulin resistance [48,49]. Therefore, it may be possible that long-term pea protein con-
sumption could improve age-related insulin resistance in old rats. However, further studies
are needed to bridge the gap between age-related inflammation and insulin resistance and
pea protein intake.
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5. Conclusions

This study, carried out in old rats, showed that, under our experimental conditions,
e.g., use of protein isolates, the body uses nitrogen with the same efficiency regardless of
whether it is provided by pea protein, casein or whey. This result is partly due to the high
digestibility of the pea protein, together with its EAA composition, which is close to that
found in milk proteins. The divergence between our results and studies using growing
rats or young rats, however, has posed unresolved questions. Here, we found evidence
that plant proteins would be more effective in very old animals than in young animals.
Further research is warranted to find out whether this is due to an increase in the metabolic
efficiency of plant proteins or a decrease in the metabolic efficiency of milk proteins with
age. In addition, clinical studies should be set up to assess the quality of plant proteins
in humans, in particular the elderly, taking into consideration their pathophysiological
situation and their nutritional status.
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