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Abstract

Background There is growing evidence that substituting animal-based with plant-based foods is associated

with a lower risk of cardiovascular diseases (CVD), type 2 diabetes (T2D), and all-cause mortality. Our aim was to sum-
marize and evaluate the evidence for the substitution of any animal-based foods with plant-based foods on cardio-
metabolic health and all-cause mortality in a systematic review and meta-analysis.

Methods We systematically searched MEDLINE, Embase, and Web of Science to March 2023 for prospective stud-
ies investigating the substitution of animal-based with plant-based foods on CVD, T2D, and all-cause mortality. We
calculated summary hazard ratios (SHRs) and 95% confidence intervals (95% Cl) using random-effects meta-analyses.
We assessed the certainty of evidence (CoE) using the GRADE approach.

Results In total, 37 publications based on 24 cohorts were included. There was moderate CoE for a lower risk of CVD
when substituting processed meat with nuts [SHR (95% Cl): 0.73 (0.59, 0.91), n=8 cohorts], legumes [0.77 (0.68, 0.87),
n=8], and whole grains [0.64 (0.54, 0.75), n="7], as well as eggs with nuts [0.83 (0.78, 0.89), n=8] and butter with olive
0il [0.96 (0.95, 0.98), n=3]. Furthermore, we found moderate CoE for an inverse association with T2D incidence

when substituting red meat with whole grains/cereals [0.90 (0.84, 0.96), n=6] and red meat or processed meat

with nuts [0.92 (0.90, 0.94), n=6 or 0.78 (0.69, 0.88), n=6], as well as for replacing poultry with whole grains [0.87 (0.83,
0.90), n=2] and eggs with nuts or whole grains [0.82 (0.79, 0.86), n=2 or 0.79 (0.76, 0.83), n=2]. Moreover, replacing
red meat for nuts [0.93 (0.91, 0.95), n=9] and whole grains [0.96 (0.95, 0.98), n=3], processed meat with nuts [0.79
(0.71,0.88), n=9] and legumes [0.91 (0.85, 0.98), n=9], dairy with nuts [0.94 (0.91, 0.97), n=3], and eggs with nuts [0.85
(0.82,0.89), n=8] and legumes [0.90 (0.89, 0.91), n=7] was associated with a reduced risk of all-cause mortality.

Conclusions Our findings indicate that a shift from animal-based (e.g., red and processed meat, eggs, dairy, poultry,
butter) to plant-based (e.g., nuts, legumes, whole grains, olive oil) foods is beneficially associated with cardiometabolic
health and all-cause mortality.

*Sabrina Schlesinger and Lukas Schwingshackl contributed equally to this
work.

*Correspondence:

Sabrina Schlesinger

sabrina.schlesinger@ddz.de

Full list of author information is available at the end of the article

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0003-4244-0832
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12916-023-03093-1&domain=pdf

Neuenschwander et al. BMC Medicine (2023) 21:404

Page 2 of 16

Keywords Diet, Cardiovascular disease, Type 2 diabetes, Mortality, Substitution, Plant-based food, Animal-based food

Background

The current food system has been shown to be detri-
mental to planetary health by depleting Earth’s resources
and contributing to climate change, thus decreasing the
quality and sufficiency of food [1, 2]. Furthermore, non-
communicable diseases related to dietary choices such as
cardiovascular diseases (CVD) and type 2 diabetes (T2D)
highly contribute to deaths worldwide [3]. Therefore,
the food system and current dietary habits negatively
impact both planetary and human health [2]. Conse-
quently, one of the approaches to address these problems
is to change dietary habits [2, 4]. Plant-based diets are the
focus of recent studies suggesting that increased intake
of plant-based foods is not only beneficial for planetary
health [2, 4], but also reduces the risk of T2D, CVD, and
premature death [5, 6]. In contrast, the production and
consumption of animal-based foods, especially red and
processed meat, pose a high burden on the environment
[2] and have been linked to increased risk for CVD, T2D,
and mortality [7-9]. Such findings contribute to recom-
mendations to reduce the intake of red and processed
meat. However, to keep energy intake constant, other
foods need to be consumed instead and the association
with disease risks may depend on this substitution [10].
A promising option is the replacement of animal-based
with plant-based foods. In this context, epidemiologi-
cal studies investigated the substitution of animal-based
foods with other protein sources and indicated that such
a replacement is associated with reduced risk of CVD,
T2D, and mortality [11-14]. A recent systematic review
and meta-analysis found a lower risk for coronary heart
disease (CHD) when replacing red meat with poultry,
dairy, eggs, nuts, or legumes and a lower risk of all-cause
mortality when substituting red meat with fish/seafood,
poultry, eggs, or nuts [15]. However, the authors did not
investigate further cardiometabolic endpoints, including
CVD or T2D. Furthermore, the substitution of any ani-
mal based-foods with only plant-based foods has yet to
be investigated in a systematic review and meta-analysis.
Therefore, to clarify the strength and certainty of the
overall evidence on this topic, there is an urgent need
for a systematic review and meta-analysis examining
the association between substituting animal-based with
purely plant-based foods and cardiometabolic health
outcomes, including CVD, stroke, myocardial infarction
(MI), T2D, and mortality. Thus, it was our aim to summa-
rize and evaluate the meta-evidence on the substitution
of animal-based with plant-based foods regarding cardio-
metabolic health outcomes and all-cause mortality.

Methods

Our protocol was pre-registered at PROSPERO (https://
www.crd.york.ac.uk/prospero/display_record.php?ID=
CRD42022302982). We followed the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement 2020 [16]. All steps were conducted
by at least two investigators, independently. Disagree-
ments were solved by consensus.

Deviations from the protocol

There were no deviations in methods, but we added all-
cause mortality to our outcomes since cardiovascular
disease and type 2 diabetes highly contribute to deaths
worldwide [3].

Search strategy and selection criteria

A systematic literature search was conducted on MED-
LINE via Ovid, Embase via Ovid, and Web of Science
(Clarivate) up to December 2021 using predefined search
terms (Additional file 1: Search terms) applying no
restrictions or filters. Additionally, we screened the refer-
ence lists of relevant publications for further studies and
conducted a PubMed Similar Articles search. Moreo-
ver, an update of the literature search was performed in
March 2023.

Studies were included if (1) substitution analyses of any
animal-based foods (including red and processed meat,
poultry, fish, shellfish, eggs, dairy, and dairy products)
with any plant-based foods (including legumes, nuts,
whole and refined grains, fruit, vegetables, soy, seeds,
and oils) that specified the substitution were conducted;
(2) cardiometabolic health outcomes, including CVD
mortality; incidence of CVD, CHD, stroke, MI, and T2D;
and all-cause mortality, were investigated; (3) they were
prospective observational studies; and (4) the study was
conducted among the general healthy population. The
detailed exclusion criteria are displayed in Additional
file 2: Table S1. If multiple publications reported results
regarding the same association based on data from the
same cohort, the study with more cases and/or a longer
follow-up was included in order to avoid duplication.
Thus, each cohort is only included once in each respec-
tive meta-analysis. In addition to the single outcomes,
we investigated composite outcomes, such as total CVD,
including CVD mortality, CVD incidence, CHD inci-
dence, MI, and stroke, as well as total diabetes, including
T2D incidence and mortality.

Relevant study characteristics were extracted (Addi-
tional file 2: Table S2).
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Risk of bias and certainty of evidence assessment

A risk of bias assessment for each study was conducted
using the Risk of Bias in Non-randomized Studies of
Interventions (ROBINS-I) tool [17]. It includes seven
domains of bias due to (1) confounding, (2) selection of
participants, (3) exposure assessment, (4) misclassifica-
tion of exposure during follow-up, (5) missing data, (6)
measurement of the outcome, and (7) selective report-
ing of the results (Additional file 2: Table S3).

The certainty of evidence for each association was
evaluated using the updated Grading of Recommen-
dations, Assessment, Development, and Evaluations
(GRADE) approach [18]. In this updated approach, the
initial certainty of evidence level is “high” for obser-
vational studies. However, the certainty of evidence is
downgraded (up to three levels) unless the study design
reduces confounding, selection, and information bias,
as evaluated by ROBINS-I. Additionally, indication
for inconsistency (as measured by the similarity of the
point estimates, overlap of 95% confidence intervals,
and statistical tests, such as %), indirectness (e.g., sub-
stantial differences in population or exposure), impre-
cision (wide 95% confidence interval and/or small
number of events), and publication bias can lead to a
downgrading, while large effects (SHR<0.5 or>2.0)
and a dose-response gradient can lead to an upgrading
[18, 19]. High and moderate certainty of evidence mean
that it is very likely or probable that the true effect lies
close to the estimated effect. Our confidence in the
result is limited, if the certainty of evidence is rated as
low or very low [19].

Data analysis

For each substitution meta-analysis, we calculated sum-
mary hazard ratios (SHR) and 95% confidence intervals
(95% Cls) using a random-effects model by DerSimonian
and Laird, taking into account both within- and between-
study variability [20, 21].

To ensure comparability of the results, we converted
hazard ratios (HRs) and 95% Cls for standardized food
portions, as previously applied, for the substituted foods
[7-9]. To ensure that the adaption of the HRs and 95%
ClIs was not only correct for the substituted food but also
for the replacement, we recalculated the portion size of
the substitute according to the conversion of the replaced
food. For example, if a study substituted 100 g/day of red
meat by 30 g nuts/day, we calculated the HR and 95% CI
for a substituted portion of 50 g/day of red meat by 15 g
of nuts.

Moreover, we calculated /2 and tau? (%) as measures of
inconsistency and between-study variability, respectively,
as well as 95% prediction intervals (95% PIs), which show
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the range in which the true effect of future studies will lie
with 95% certainty [22, 23].

For some associations, single publications provided
only pooled risk estimates of multiple cohorts and did
not show risk estimates for the single studies separately.
When we did not identify further relevant studies, we
extracted the pooled risk estimates from these publica-
tions [11, 14, 24—29]. Furthermore, three studies reported
risk estimates based on changes over time rather than the
baseline consumption or a cumulative average [11, 29,
30]. Those risk estimates were not pooled and reported
separately.

We planned to conduct sensitivity analyses, by exclud-
ing studies with a high risk of bias as well as leaving out
one study at a time, and subgroup analyses by sex, region,
dietary assessment method, or level of adjustment. How-
ever, due to the low number of studies, only the sensi-
tivity analyses excluding one study at a time could be
conducted.

Publication bias and small study effects were assessed
using funnel plots and Egger’s test [31, 32], if at least ten
studies were available [33]. Potential publication bias
was indicated by the asymmetry of the funnel plot and a
p-value of <0.1 for Egger’s test [32].

All statistical analyses were conducted using the
STATA version 14.1.

Results
Of the 1216 studies identified in our search after the
removal of duplicates, 158 fulltext articles were consid-
ered for inclusion. Out of these, 126 publications were
excluded, leaving 32 studies to be included in our analy-
ses. A list of the excluded studies with reasons is provided
in Additional file 2: Table S4 [12, 34—157]. Additionally,
five relevant studies were identified via hand search.
Thus, 37 studies were included in our final meta-analy-
ses (Fig. 1). All identified publications were prospective
cohort studies. No randomized controlled trials (RCTs)
analyzed as observational studies were included.
Twenty-two publications including 12 cohorts were
conducted in the USA [11, 13, 14, 24-29, 138, 154,
158-168], ten publications including seven cohorts in
Europe [30, 156, 157, 169—175], and four studies includ-
ing three cohorts in Asia [155, 176—178]. One publication
included one US and one European cohort [179]. In all
cohorts except for three (using consecutive 24-h recalls
[173, 177, 178]), diet was assessed using validated food
frequency questionnaires. The mean follow-up duration
was 19 years. All cohorts except for five included both
men and women. One cohort (Health Professionals’ Fol-
low-up Study (HPES)) only included men [11, 13, 24-29,
138, 154, 162, 163, 166] and four cohorts (Nurses’ Health
Study (NHS), NHS II, Women’s Health Initiative (WHI),
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Fig. 1 Study selection

and Black Women’s Health Study (BWHS)) only women
[11, 24-29, 138, 154, 158, 159, 161-166, 179] (Additional
file 2: Table S2).

All publications were judged as moderate risk of bias,
except for one [169] (Additional file 3: Fig. S1), which
was judged as serious risk of bias due to insufficient
adjustment of confounders (Additional file 3: Fig. S2).
No study was judged as low risk of bias due to the pos-
sibility of residual confounding in observational studies
and the possibility of measurement error in the dietary
assessment.

Total CVD
The meta-analyses on total CVD are shown in Fig. 2 and
Additional file 3: Fig. S3.

We observed an association with a lower incidence of
total CVD for the substitution of processed meat (50 g/
day) with nuts (28-50 g/day) [SHR (95% CI): 0.73 (0.59,
0.91), >=68%, n =8], legumes (50 g/day) [SHR (95%

cohorts —
CI): 0.77 (0.68, 0.87) P=0%, n =8], or whole grains

cohorts

(30 g/day) [SHR (95% CI): 0.64 (0.54,0.75), I*=38%, n,,_
horts =7/); one egg/day with nuts (25-28 g/day) [SHR
(95% CI): 0.83 (0.78, 0.89), I2=54%, n_;...=8); and but-
ter (5 g/day) with olive oil (5 g/day) [SHR (95% CI): 0.96
(0.95, 0.98), P=0%, #yrs=3] with moderate certainty
of evidence. There was also an indication that replacing
red meat with nuts, unprocessed red meat with nuts or
legumes, poultry with nuts, and eggs with legumes was
associated with a lower risk of total CVD; however, the
certainty of evidence for these associations was low.
There were no clear associations for the other meta-anal-
yses, and the certainty of evidence was rated as low and
very low (Additional file 2: Table S5).

Single CVD outcomes

Figure 3 and Additional file 3: Figs. S4 and S5 show the

findings on CVD mortality and CHD incidence.
Regarding CVD mortality, there was moderate cer-

tainty of evidence that replacing one egg/day with nuts

(25 g/day) was associated with lower CVD mortality



Neuenschwander et al. BMC Medicine (2023) 21:404 Page 5 of 16
No of No of No of SRR Random Certainty of
Replacement cohorts participants cases effects (95% Cl) 12 evidence
Red meat replaced with
Nuts 241'995 15'758 - 0.92 (0.88,0.97) 51 Low
Legumes 4 241'995 15'758 - 0.95(0.86,1.05) 68 Verylow
Whole grains 8 147'767 13'573 * 0.93 (0.91,0.96) 56 Verylow
Processed meat replaced with
Nuts 84'979 14'404  —tp 0.73 (0.59,0.91) 68 Moderate
Legumes 8 84'979 14'404 — 0.77 (0.68,0.87) 0 Moderate
Whole grains 7 72'954 11419 =—t— 0.64 (0.54,0.75) 38 Moderate
Unprocessed red meat replaced with
Nuts 7 72'954 11'419 L, 0.95(0.92,0.99) 43 Low
Legumes 7 72'954 11'419 R 094 (090,099) 0 Low
Whole arains 7 72'954 11'419 -1 0.90 (0.80.1.02) 92 Very low
Poultry replaced with
Nuts 8 216'339 17'118 -+ 0.94 (0.90,0.99) 0 Low
Legumes 7 113'818 10125 o 0.93(0.87,1.00) 0 Low
Fish replaced with
Nuts 8 216'339 17'118 - 097 (0.93,1.01) 0 Low
Legumes 7 113'818 10125 < 098(092,1.05) 0 Low
Dairy replaced with
Nuts /legumes 5 332'342 20283 < 0.97 (0.96,0.99) 40 Low
Nuts 2 114'587 8140 -+ 0.95(0.88,1.03) 66 Low
Eggs replaced with
Nuts 8 653'323 52'703 gl 0.83 (0.78,0.89) 54 Moderate
Legumes 7 550'802 45710 - 0.88 (0.80,0.97) 56 Low
Butter replaced with
Margarine 2 590'343 42'976 == 1.03(0.95,1.12) 96 Verylow
Olive oil 3 614'098 54'578 0.96 (0.94,098) 0 Moderate
LI L
56 8 112

Fig. 2 Substitution meta-analyses replacing animal-based foods with plant-based foods regarding total CVD (including incidence of CVD, CHD, M|,
and CVD mortality). Portion sizes: red meat/(un)processed meat/poultry/fish/dairy: 50 g/day; eggs: 1 egg/day; nuts: 10-50 g/day; legumes: 13-50 g/
day; whole grains: 10-30 g/day; butter: 5 g/day; olive oil: 5 g/day; and margarine: 5 g/day

[SHR (95% CI): 0.84 (0.79, 0.90), P=61%, 1 pors=2],
as did replacing butter (5 g/day) with olive oil (5 g/day)
[SHR (95% CI): 0.96 (0.94, 0.98), I*=0%, 1pors=3]. The
other associations were rated as low and very low cer-
tainty of evidence (Additional file 2: Table S6).

There was moderate certainty of evidence that substi-
tuting processed meat (50 g/day) with nuts (28 g/day)
was associated with a lower CHD incidence [SHR (95%
CI): 0.87 (0.80, 0.95), >=4%, 1y« =2] and that replac-
ing poultry (50 g/day) with nuts (11-14 g/day), as well as
fish/seafood (50 g/day) with nuts (7 g/day) or legumes
(12.5 g/day), was not associated with CHD incidence.
There was an indication that replacing red meat with
nuts or legumes, as well as processed meat with legumes,
was associated with a lower CHD risk, but the certainty
of evidence for these associations was low (Additional
file 2: Table S7).

Type 2 diabetes

The meta-analyses regarding total T2D (incidence and
mortality combined) and T2D incidence are shown in
Fig. 4 and Additional file 3: Figs. S6 and S7.

There was moderate certainty of evidence for a lower risk
of total T2D associated with replacing butter (5 g/day) with
olive oil (5 g/day) [SHR (95% CI): 0.94 (0.91, 0.98), P=12%,
Heohorts=3] (Additional file 2: Table S8). Moreover, we
observed an association with a lower T2D incidence with
moderate certainty of evidence when substituting red meat
(50 g/day) with nuts (10 g/day) [SHR (95% CI): 0.92 (0.90,
0.94), P=25%, 1,y,1s=6] or whole grains/cereals (11-30 g/
day) [SHR (95% CI): 0.90 (0.84, 0.96), P=93%, 1 y,s=6],
as well as processed meat (50 g/day) with nuts (10-28 g/
day) [SHR (95% CI): 0.78 (0.69, 0.88), *=88%, 70 =6]
and poultry (50 g/day) with whole grains (30 g/day) [SHR
(95% CI): 0.87 (0.84, 0.91), P=0%, 1,4, =2]. Furthermore,
replacing one egg/day with nuts (10 g/day) or whole grains
(30 g/day) was also inversely associated with T2D incidence
[SHR (95% CI): 0.82 (0.79, 0.86), *=0%, #1ypors=2 OF 0.79
(0.76, 0.83), *=4%, #,}ons=2]- The remaining associations
were rated as low or very low (Additional file 2: Table S9).

All-cause mortality
The meta-analyses regarding all-cause mortality are
shown in Fig. 5 and Additional file 3: Fig. S8.
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No of No of No of SRR Random Certainty of
Replacement cohorts participants cases effects (95% Cl) 12 evidence
CVD mortality
Red and processed meat replaced with
Nuts 2 114'546 997§  =——r— 0.78(0.53,1.14) 79 Verylow
Red meat replaced with
Whole grains/ cereals 3 298'727 7265 e 0.94(0.89,0.99) 87 Low
Eggs replaced with
Nuts 2 623641 45'740 - 0.84(0.79,0.90) 61 Moderate
Butter replaced with
Olive oil 3 613'503 47'568 36(0.94,098) 0 Moderate
CHD incidence
Red meat replaced with
Nuts 3 139'474 8765 L g 0.93(0.88,0.98) 62 Low
Legumes 3 139'474 8765 + 0.92(0.88,097) 0 Low
Processed meat replaced with
Nuts 2 55'338 5603 - 0.87 (0.80,095) 4 Moderate
Legumes 2 55'338 5603 — 0.85(0.71,102) 29 Low
Poultry replaced with
Nuts 2 96'202 4309 - 0.97 (0.90,1.04) 0 Moderate
Legumes 2 96'202 4309 —4— 098(087,111) 0 Low
Fish/seafood replaced with
Nuts 2 96'202 4309 < 0.99(0.95,104) 0 Moderate
Legumes 2 96'202 4309 -+ 0.99(0.93,106) 0 Moderate
T T T T
5 6 8 112

Fig. 3 Substitution meta-analyses replacing animal-based foods with plant-based foods regarding single CVD outcomes. Portion sizes: red meat/
processed meat/poultry/fish and seafood: 50 g/day; eggs: 1 egg/day; nuts: 10-28 g/day; legumes: 12.5-50 g/day; whole grains/cereals: 15-30 g/

day; butter: 5 g/day; and olive oil: 5 g/day

We found moderate certainty of evidence for an asso-
ciation with a lower risk of all-cause mortality, when
replacing red meat (50 g/day) with nuts (10-50 g/day)
or whole grains (11-15 g/day) [SHR (95% CI): 0.93
(0.91, 0.95), P=0%, N =9 or 0.96 (0.95, 0.98),
PP=34%, N poms=3], processed meat (50 g/day) with
nuts (28-50 g/day) or legumes (50 g/day) [SHR (95%
CI): 0.79 (0.71, 0.88), >=48%, 1y, =9 or 0.91 (0.85,
0.98), *=9%, M opors=9], and unprocessed red meat
(50 g/day) with nuts (10-16 g/day) [SHR (95% CI): 0.93
(0.92, 0.94), *=0%, M ypos=8]. Furthermore, replac-
ing dairy (50 g/day) with nuts/legumes (7-50 g/day)
or nuts only (7-50 g/day) [SHR (95% CI): 0.94 (0.92,
0.97), *=65%, 1 qpons=6, or 0.94 (0.91, 0.97), *=67%,
Heohorts = 31> one egg/day with nuts (25-28 g/day) or leg-
umes (25-50 g/day) [SHR (95% CI): 0.85 (0.82, 0.89),
P=67%, Nepors=8, or 0.90 (0.89, 0.91), *=0%, n,,
horts =71, and butter (5 g/day) with olive oil (5 g/day)
[SHR (95% CI): 0.94 (0.92, 0.97), *=87%, 1 qops=3]
was also associated with a lower risk of all-cause mor-
tality. The other associations were rated as low or very
low certainty of evidence (Additional file 2: Table S10).

Single study findings

A pooled analysis (based on two cohorts, only the pooled
effect estimate was reported, and new meta-analysis was
not possible) showed that replacing processed meat,
yogurt, cheese, eggs, and butter with avocado was asso-
ciated with a lower incidence of CVD (Additional file 3:
Fig. S9) and CHD (Additional file 3: Fig. S10) [25]. Fur-
thermore, the substitution of poultry, fish, and eggs
with peanuts and peanut butter or with whole grain was
associated with a lower T2D incidence (pooled analysis,
based on three cohorts) [28]. The estimates on change
over time were pooled from three cohorts, and the find-
ings showed an inverse association with T2D when sub-
stituting red meat, as well as unprocessed and processed
red meat with nuts and legumes (Additional file 3: Fig.
S11) [11]. In addition, replacing processed meat, unpro-
cessed red meat, dairy, and eggs with whole grains was
associated with a lower risk of all-cause mortality (pooled
analysis, based on six cohorts) [14, 24]. Furthermore, the
estimates on change over time were pooled from two
cohorts and showed that replacing red meat, processed
meat, and unprocessed meat with nuts or whole grains
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No of No of No of SRR Random Certainty of
Replacement cohorts participants cases effects (95% Cl) 12 evidence
Total diabetes
Eggs replaced with
Nuts 3 664'417 20017 * 0.82(0.79,085) 0 Low
Legumes 4 667'766 20283 - 0.84 (0.76, 0.93) 44 Low
Butter replaced with
Olive ol 3 7'150'980  352'111 . 0.94 (0.91. 0.98) 12 Moderate
Type 2 diabetes incidence
Red meat replaced with
Nuts 6 373914 42'005 * 0.92 (0.90, 0.94) 25 Moderate
Legumes 3 169'757 28246 +| 0.95(0.92,099) 0 Low
Whole grains / cereals 6 375'559 43'826 -~ 0.90 (0.84, 0.96) 93 Moderate
Processed meat replaced with
Nuts 6 373914 42'005 — 0.78 (0.69, 0.88) 88 Moderate
Legumes 3 169'757 28246 —— 0.88 (0.79, 0.98) 34 Low
Whole grains / cereals 6 375'559 43'826 - 0.80 (0.74,0.87) 79 Low
Poultry replaced with
Nuts 2 143297 16'505 - 0.90 (0.83,0.97) 48 Low
Legumes 2 143297 16'505 * 0.95(0.91,099) 0 Low
Whole grains 2 143297 16'505 - 0.87 (0.84,091) 0 Moderate
Eggs replaced with
Nuts 2 143297 16'505 * 0.82(0.79,0.86) 0 Moderate
Legumes 3 146'646 16'771 —_— 0.86 (0.72, 1.03) 52 Low
Whole grains 2 143297 16'505 - 0.79(0.76,0.83) 4 Moderate
| | I
56 8 112

Fig. 4 Substitution meta-analyses replacing animal-based foods with plant-based foods regarding type 2 diabetes incidence and total diabetes
(type 2 diabetes incidence and diabetes mortality). Portion sizes: red and processed meat/red meat/processed meat: 50 g/day; nuts: 10-28 g/day;
legumes: 18-50 g/day; whole grains/cereals: 11-30 g/day; butter: 5 g/day; and olive oil: 5 g/day

was associated with a lower risk of all-cause mortality
(Additional file 3: Fig. S12) [29].

Furthermore, several substitution analyses were only con-
ducted in one single cohort. In these studies, there was an
association with a lower risk of CVD mortality when sub-
stituting butter with canola oil (Additional file 3: Fig. S13)
[167]. In addition, replacing butter with margarine was
associated with an increased incidence of CVD (Additional
file 3: Fig. S13) and CHD (Additional file 3: Fig. S14) [161].
Furthermore, there was an inverse association with T2D
incidence for the substitution of milk with coffee or tea
[172], as well as of sweetened milk-beverages with drinking
water [173]. The study estimates based on change over time
showed an inverse association with T2D for the replace-
ment of red meat with whole grains or refined grains (Addi-
tional file 3: Fig. S15). Moreover, there were associations
with a lower risk of all-cause mortality when substituting
butter with margarine, corn oil, and canola oil [167], as well
as animal cooking oil with plant oils other than peanut, soy-
bean, canola, or salad oil (Additional file 3: Fig. S16) [177].

Heterogeneity, subgroup, sensitivity and bias analysis
Pis reported in Figs. 2, 3, 4 and 5 and, together with
tau® and the 95% PIs, in the individual forest plots

in Additional file 3: Figs. S3-S8. The only 95% PI that
excluded the null value was for the association between
the substitution of red meat with nuts on T2D incidence
(95% PI. 0.85, 0.98), indicating that the true effects of
future studies are expected to point in the same direc-
tion. All the other 95% PIs were wider and indicated that
the true effect of future studies could be null or point in
the opposite direction.

Since only few publications were available for the meta-
analyses, which partly provided pooled risk estimates of
multiple cohorts, but no single estimates [11, 14, 24, 26,
28, 29, 154, 159, 162, 163, 166], no subgroup analyses or
assessment of publication bias was possible.

In sensitivity analyses leaving out one study at a time,
the results remained mainly robust. The direction of the
associations always remained the same; however, for sev-
eral associations, the risk estimate changed in magnitude
and precision. For the substitution of red and processed
meat with nuts regarding CVD mortality, the SHR (95%
CI) changed from 0.78 (0.53, 1.14) to 0.62 (0.44, 0.88)
when excluding the study by Sun et al. [165] (WHI).
Moreover, the association between the replacement of
eggs with legumes regarding T2D incidence changed
from an SHR (95% CI) of 0.86 (0.72, 1.03) to 0.63 (0.22,
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No of No of No of
Replacement  cohorts participants cases
Red meat replaced with
Nuts 9 253'545 58777
Legumes 10 295'948 62'068
Whole grains 3 174'399 31974
Cereal 2 199'182 3851
Vegetables 2 74'854 5309
Processed meat replaced with
Nuts 9 163'049 41624
Legumes 9 163'049 41624
Unprocessed red meat replaced with
Nuts 8 151'024 32'801
Legumes 8 151'024 32'801
Poultry replaced with
Nuts 7 132'203 34'851
Fish replaced with
Nuts 7 132'203 34'851
Dairy replaced with
Nuts / legumes 4 320'276 77'414
Nuts 3 225147 59204
Eggs replaced with
Nuts 8 653'323 164'179
Legumes 7 550'802 138203
Butter replaced with
Olive oil 3 613'503 166'184
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Fig.5 Substitution meta-analyses replacing animal-based foods with plant-based foods regarding all-cause mortality. Portion sizes: red meat/(un)
processed meat/poultry/fish/dairy: 50 g/day; eggs: 1 egg/day; nuts: 10-50 g/day; legumes: 13-50 g/day; whole grains: 11-30 g/day; butter: 5 g/

day; and olive oil: 5 g/day

1.84) and 0.60 (0.24, 1.55) when leaving out the study
by Li et al. [179] (WHI) and Li et al. [179] (UK Biobank
study (UKB)), respectively (data not shown).

Discussion

This is the first systematic review and meta-analysis that
summarized the associations between the substitution of
animal-based with plant-based foods with a wide range
of cardiometabolic outcomes, such as CVD mortality;
incidence of CVD, CHD, and T2D; diabetes mortality,
and all-cause mortality, and evaluated the risk of bias and
certainty of evidence of the meta-findings. Our results
indicate that replacing animal-based with plant-based
foods is beneficially associated with cardiometabolic
health. The substitution of red and processed meat with
nuts, legumes, and whole grains reduced the risk of total
CVD, CHD, and T2D and all-cause mortality with mod-
erate certainty of evidence. We also observed moderate
certainty of evidence for the association between the
replacement of eggs with nuts and a lower incidence of
total CVD and all-cause mortality. Additionally, replacing
butter with olive oil lowered the incidence of total CVD,
CVD mortality, total diabetes, and all-cause mortality
with moderate certainty of evidence.

Furthermore, we found moderate certainty of evidence
for an inverse association between the substitution of
poultry with whole grains and T2D incidence and for the
replacement of dairy products with nuts and legumes
regarding all-cause mortality. For the other associations
regarding the replacement of dairy products, poultry, or
fish/seafood with plant-based foods, the certainty of evi-
dence was low. However, our results indicated an inverse
association for the substitution of poultry with nuts or
legumes in relation to T2D incidence but no clear asso-
ciation for replacing dairy products, fish/seafood, or
poultry with nuts or legumes regarding total CVD. In
addition, no association was observed for the substitu-
tion of fish/seafood or poultry with nuts or legumes
regarding all-cause mortality.

Our results are in agreement with a previous systematic
review and meta-analysis investigating the replacement of
red meat with other protein sources on CHD and all-cause
mortality [15]. The authors observed a lower risk of CHD,
when replacing red meat, processed red meat, and unpro-
cessed red meat with nuts or legumes, and a lower risk of
all-cause mortality when substituting red meat with nuts
and processed red meat with nuts or legumes [15]. The
certainty of evidence was assessed using NutriGrade [180]
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and was also rated as moderate for these associations [15].
However, they did not investigate further cardiometa-
bolic endpoints, such as CVD mortality, CVD incidence,
or T2D. Previous meta-analyses also support our findings
that higher meat intake was associated with a risk of T2D
[8], CHD, and stroke [7], as well as all-cause mortality [9].
This also applies to the associations between olive oil and
CVD, T2D, and all-cause mortality [181, 182]. In con-
trast, a higher intake of eggs and butter was not associated
with these outcomes in previous studies [7-9]. However,
these studies included no substitution analyses. This sug-
gests that not only the amount of these foods consumed is
important but that it also plays a role what foods they are
replaced with. Furthermore, our results indicate that the
replacement of dairy products with nuts and legumes is
associated with a lower risk of CVD or all-cause mortality.
However, dairy includes a wide range of different products
(e.g., milk, yogurt, cheese) with different associations with
cardiometabolic outcomes. For example, contrary to our
results, a higher intake of yogurt was inversely associated
with risk for all-cause and CVD mortality [183]. Thus,
associations for the replacement of different subtypes of
dairy products with plant-based foods might differ, and
more research is needed on this aspect. A network meta-
analysis of randomized controlled trials comparing differ-
ent food groups and their effect on intermediate diseases
markers, such as blood lipids, blood pressure, and gly-
caemic control parameters, also found that plant-based
foods, such as nuts, legumes, and whole grains, were most
beneficial for all outcomes combined [184]. Given these
results, stronger associations for the replacement of ani-
mal-based foods with legumes might have been expected.
However, the network meta-analysis focussed on inter-
mediate endpoints and rather reflects short-term effects
due to the inclusion of RCTs with shorter follow-up times
(mainly around 8-12 weeks). Therefore, long-term effects
on hard endpoints might differ. However, the certainty of
evidence for the majority of the findings on legumes was
low or very low, limiting our confidence in the results.
Thus, future studies might provide more insight into these
associations. Moreover, in line with our results, a network
meta-analysis comparing different types of oils and solid
fats on blood lipids confirmed a more beneficial effect of
olive oil compared to butter [185].

There are different mechanisms that might explain the
observed associations. First, it is likely that persons favor-
ing plant-based foods follow a more health-conscious
lifestyle in general. However, the included studies all
adjusted for important lifestyle confounders such as total
energy intake, physical activity, alcohol intake, and smok-
ing, and the associations persisted. Nevertheless, residual
confounding cannot be ruled out.
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Furthermore, processed meat contains saturated fatty
acids, such as stearic and palmitic acid, which potentially
increase the risk of CVD and T2D [108, 116]. Moreover,
red and processed meats contain compounds promot-
ing oxidative stress and chronic low-grade inflamma-
tion, such as heme iron, sodium, nitrates, and nitrites
that might be associated with increased risk of CVD,
T2D, and mortality [54, 186]. In contrast, plant-based
foods such as nuts, legumes, and whole grains, as well
as olive oil, contain high amounts of anti-oxidant and
anti-inflammatory compounds, including fiber, phyto-
chemicals, vitamins and minerals, and polyphenols that
show beneficial associations with cardiovascular health
and, in relation to cardiovascular health, obesity [187,
188]. Thus, both the reduction of animal-based foods,
especially meat, and the increase of plant-based foods
simultaneously contribute to the observed beneficial
associations regarding cardiometabolic health.

Our findings also highlight the need for future research.
First, some of the results still show some inconsisten-
cies. For example, both the substitution of processed
and unprocessed red meat with legumes were associated
with a lower risk of total CVD, while the association for
the replacement of red meat with legumes was less clear.
This was mainly due to an imprecise estimate of the latter
association also resulting in a very low level of the cer-
tainty of evidence. Therefore, more studies on this asso-
ciation are needed in order to provide further insights
into the consistency of these associations and to improve
our confidence in the findings. In general, to increase the
certainty of evidence, well-conducted prospective obser-
vational studies on the associations with low and very
low certainty of evidence and on the associations only
investigated in single studies are needed. This includes
for example the substitution of dairy products, espe-
cially subtypes of dairy products, poultry, or fish/seafood
with plant-based products, or the replacement of ani-
mal-based foods with further plant-based foods, such as
fruit and vegetables. These studies should minimize the
risk of bias, e.g., by using models with a sufficient level
of adjustment, and use standardized portion sizes (e.g.,
50 g for meat/poultry/fish/seafood, 30 g for whole grains/
legumes, 5 g for butter/olive oil) for both the substituted
food and the replacement in order to improve the com-
parability between the results and to decrease heteroge-
neity between the studies. Furthermore, the majority of
the studies investigated a theoretical substitution. Future
studies should focus more on an observed change in food
intake, as was done in three recent studies [11, 29, 30].
Moreover, more research is needed on the substitution of
animal-based products with meat and dairy replacement
foods, which strongly gained popularity in recent years.
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Strengths and limitations

This is the first systematic review and meta-analysis
focussing on the association between the substitution of
animal-based with plant-based foods on multiple cardio-
vascular outcomes, including 37 studies on CVD, CHD,
T2D, related mortality, and all-cause mortality. We fol-
lowed the recommended procedures (pre-registered
protocol and reporting guidelines) and applied validated
tools for the risk of bias and certainty of evidence assess-
ments. Moreover, we used standardized portions for the
substituted foods, which increased the comparability of
the results.

However, our work also has several limitations. First,
only few studies were available for some of the meta-
analyses, and these findings should be interpreted with
caution and more studies on this topic are needed.
While some studies provided pooled risk estimates of
multiple cohorts, no separate estimates for these single
cohorts were available, and thus, subgroup and sensi-
tivity analyses excluding studies with a high risk of bias
or assessment of publication bias could not be con-
ducted. Second, several substitution analyses were only
investigated in one study. Therefore, no meta-analyses
were possible. More prospective studies with substitu-
tion analyses for these associations are needed in order
to further investigate this evidence. Third, while we
increased the comparability of the results, using stand-
ardized portions for the substituted foods, this was not
possible for the substitute simultaneously. We adapted
the portion sizes of the replacement according to the
conversion of the substituted foods. However, given the
varying portion sizes between studies, the portions of
the replacement still varied, leading to the comparison
of different amounts of the replacement. This was con-
sidered in the indirectness domain in GRADE, contrib-
uting to the downgrading of the certainty of evidence
for the respective associations. Fourth, due to the
observational design of the included studies, unknown
confounding cannot be ruled out. Therefore, no study
could be judged as low risk of bias in ROBINS-I, lead-
ing to a downgrade in the GRADE risk of bias domain.
Furthermore, given that the substitution models
adjusted for total energy intake while controlling for
different foods in grams per day, a residual energy
substitution was introduced [10]. However, we only
included prospective observational studies thus mini-
mizing the risk of selection or recall bias. Fifth, to date,
no study is available regarding meat and dairy replace-
ment products, which have rapidly increased in popu-
larity in recent years. Sixth, dairy products were mostly
treated as one group, and more research is needed on
the substitution of subtypes of dairy products with
plant-based foods.

Page 10 of 16

Conclusions

Our findings suggest that a shift in diet from a high
consumption of animal-based foods, especially red and
processed meat, to plant-based foods (e.g., nuts, leg-
umes, and whole grains) is associated with a lower risk
of all-cause mortality, CVD, and T2D. Thus, a change in
dietary habits towards an increment of plant-based prod-
ucts appears to be important for cardiometabolic health.
However, more research is needed in order to strengthen
the existing evidence and to investigate new associations,
especially with a focus on meat and dairy replacement
products.
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