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Abstract: Background: Climate change is a serious threat to human wellbeing and development.
Global reduction of meat intake is key to addressing climate change and other modern sustainability
challenges. Plant-based and mycoprotein-based meat substitutes are predicted to play a key role
in the reduction of meat intake; however, their impact on human health is unclear. The main
objective of this meta-analysis was to assess the short-term effects of meat substitutes on important
cardiometabolic biomarkers (total cholesterol, TC; LDL-cholesterol, LDL-C; HDL-cholesterol, HDL-
C; triglycerides, TG; systolic blood pressure, SBP; diastolic blood pressure, DBP; fasting blood
glucose, FBG; weight) in controlled clinical trials. Methods: Embase and MEDLINE were searched to
identify controlled clinical trials with meat substitute interventions and cardiometabolic biomarker
outcomes. Standardised mean differences in TC, LDL-C, HDL-C, TG, FBG, SBP, DBP, and weight
and 95% confidence intervals were pooled using a random effects model. Risk of bias, heterogeneity,
sensitivity, and publication bias were assessed. Of the 934 records identified, 12 studies met the
inclusion criteria. In the pooled analyses, the consumption of meat substitutes was associated with
significantly lower TC (−0.50 mmol/L [95% CIs −0.70, −0.29]), LDL-C (−0.39 mmol/L [−0.57,
−0.21]), and TG (−0.15 mmol/L [−0.29, −0.01]), non-significantly lower FBG (−0.08 [−0.23, 0.08]),
SBP (−0.32 [−1.79, 1.41]), and weight (−0.12 [−1.52, 1.27]), and non-significantly higher HDL-C
(0.01 [−0.02, 0.05]) and DBP (0.49 [−0.30, 1.28]). There was evidence of publication bias, and some
heterogeneity was detected. The certainty of evidence was moderate for the TC and HDL-C results,
low for the LDL-C, TG, SBP, DBP, and weight results, and very low for the FBG results. Conclusions:
Replacement of some or all meat with plant-based or mycoprotein-based substitutes may lower TC,
LDL-C, and TG.

Keywords: plant-based diet; meat substitutes; plant-based meat; mycoprotein; planetary health;
cardiovascular disease; sustainability; chronic disease prevention

1. Introduction

The consensus that reducing meat and increasing plant consumption is a key com-
ponent of addressing current and future health and sustainability challenges is ever-
growing [1]. Switching to plant-based diets (PBDs) is estimated to reduce diet-related
land use by 76% and diet-related greenhouse gas emissions by 49%; however, a plethora
of socio-economic barriers prevent people from transitioning to such diets [2]. The largest
consumer-perceived barrier preventing people from adopting PBDs is meat appreciation [3].
Plant-based and mycoprotein-based products have been developed to resemble meat and
match the taste, structure, and nutritional value preferences of meat eaters in a bid to make
the switch less difficult. The composition of plant-based meat substitutes varies greatly, but
they are most commonly derived from soy, wheat, or pea protein isolates. Plant-based meat
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substitute products form a spectrum based on the level of similarity to meat and level of
processing. Products that closely imitate meat are often highly processed with products like
Beyond Meat’s Beyond Burgers classified as ultra-processed foods [4]. On the other hand,
there are minimally processed products, such as textured soy protein (TSP), which mimic
the texture and nutritional value of meat in terms of protein content but poorly replicate
other aspects of the eating experience, e.g., taste [5]. The development of mycoprotein
was not initially motivated by the search for a sustainable meat analogue but instead was
triggered by the idea of somehow converting waste starch from the cereal industry into
protein for populations suffering famine in Asia [6]. Surplus starch was sprayed on fields
which selected for microorganisms that could use starch as a substrate. A fungus, Fusarium
venenatum, was identified and it was later discovered that mycoprotein could be derived
from the mycelium of the fungi. The sale of mycoprotein products began in 1985 in the UK
and in 2001 the FDA recognised mycoprotein as generally safe [6].

It is unclear whether plant-based diets (PBDs) containing large quantities of meat
substitutes would have the same beneficial cardiovascular and metabolic effects as PBDs
based on unprocessed plant foods. Several clinical trials have been conducted with the
aim of assessing the impact of plant-based and mycoprotein-based meat substitutes on
cardiometabolic biomarkers; however, their results have never been subject to meta-analysis.
For the first time in the literature, we will perform a systematic review and multiple
meta-analyses on the effect of meat substitute consumption on total cholesterol (TC), LDL-
cholesterol (LDL-C), HDL-cholesterol (HDL-C), triglycerides (TG), fasting blood glucose
(FBG), systolic and diastolic BP (SBP and DBP), and weight.

2. Materials and Methods

The Preferred Reporting Items for Systematic reviews and Meta-Analyses guidelines
for randomised controlled trials were followed during the production of the present meta-
analysis [7].

2.1. Data Sources and Search Strategy

We undertook a computerised systematic search to find studies investigating the effect
of meat substitute consumption on cardiometabolic risk factors. On 12 September 2022, we
searched the following electronic databases limited to randomised controlled trials (RCTs)
or controlled trials published in the English language since the inception of each database:
Embase (1947–2021) and MEDLINE (1946–2021). We used broad ‘meat substitute’ terms
including plant-based meat, meat alternative, mycoprotein, and textured vegetable protein,
to maximise discovery. The electronic search strategy is presented in the supplement
(Supplementary Table S1).

2.2. Study Selection

For inclusion, a study had to fulfil the following criteria: first, it must be an original
published article; second, the age of the participants must be at least 18 years; third, they
must have meat substitution as the intervention, i.e., partial or complete replacement of
calories derived from meat with calories from plant-based or mycoprotein based meat
alternatives; fourth, they must have cardiometabolic risk factors, e.g., BP, plasma lipids,
or FBG, as outcomes; fifth, collection of sufficient data to calculate mean differences in
outcomes between participants consuming meat substitutes and those consuming an
omnivorous control diet; sixth, they must follow RCT or controlled trial study design.

Studies were excluded if multiple interventions were used, for example, meat substi-
tute consumption in conjunction with exercise; study samples overlapped; an inappropriate
control was used, for example, a meatless control diet, or uncontrolled; only meeting ab-
stracts or only unpublished material available. There were no restrictions regarding sex,
race, sample size, sample health status, or publication date. In instances where multiple
papers were published on data from the same study, we only included the one with the
most up-to-date information regarding the relevant outcome.
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2.3. Data Extraction and Risk of Bias Assessment

Two reviewers (J.G. and G.L.) independently extracted the data. Disagreements about
the inclusion of studies were resolved by arbitration between co-authors. From a total of
934 records, 559 studies were identified after duplicates had been removed (Figure 1). Title
and abstract screenings were facilitated by Covidence software. A total of 523 studies were
excluded as a result of the screening process. Full-text assessment of 36 studies revealed 15
studies suitable for meta-analysis. Relevant data included data regarding TC concentration,
LDL-C concentration, HDL-C concentration, TG concentration, FBG concentration, BP,
body weight, and associated variance measures; first authors’ surname, publication year,
and country of origin; sample size, design, and duration of study; baseline characteristics
of sample including mean age, sex, and BMI; and type of intervention and control diet.
Mean values were calculated for baseline participant characteristics. We evaluated the risk
of bias coupled with the method of random sequence generation, allocation concealment,
blinding, selective reporting, loss to follow up, and completeness of reported outcome data.
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2.4. Intervention

Meat substitutes were defined as plant-based or mycoprotein-based products that aim
to replicate the texture, taste, appearance, or chemical characteristics of an animal-derived
meat. The interventions under investigation involved replacing some or all calories derived
from animal meat with calories from meat substitutes. This study includes data from
studies using meat substitutes derived from mycoprotein (known commercially as Quorn),
pea protein (in the form of Beyond Meat), gluten, soy, and peanut protein.

2.5. Outcomes

After searching the literature, eight cardiometabolic risk factors were identified as
suitable for meta-analysis. These included TC, LDL-C, HDL-C, TG, FBG, SBP, DBP, and
weight. The outcomes of interest were the differences in these biomarkers between a meat
substitute group and an animal meat control group after a period of intervention.

2.6. Data Synthesis and Analysis

The mean differences in the eight identified cardiometabolic risk factors between
groups consuming meat substitutes or animal meat were calculated, along with the standard
errors (SEs) which were determined algebraically from the reported 95% confidence interval
(95% CI) or standard deviation (SD) values. Using a random effects model, the mean
differences were pooled. Each study was weighted by the inverse of its variance, and
the overall effect sizes and 95% CIs of the change in biomarker levels associated with the
consumption of meat substitutes were calculated. The heterogeneity between studies was
assessed using the I2-statistic. An I2 ≥ 50% was considered as evidence of substantial
heterogeneity. Sensitivity analyses were performed to evaluate the influence of each study
on the combined effects. This was achieved by omitting one study at a time from the
meta-analyses and recalculating the summary effect estimates. The meta-analyses and one-
study-removed analyses were conducted in Review Manager 5 (RevMan5). Random effects
meta-regression was performed to determine whether age, sex, baseline body mass index
(BMI), study duration, and study sample size were sources of heterogeneity. Publication
bias was assessed by visual inspection of contour-enhanced funnel plots and formal testing
with Begg’s and Egger’s regression tests (significance at p < 0.10) [8]. If there was evidence of
publication bias, we adjusted for funnel plot asymmetry using the Duval and Tweedie trim-
and-fill method [9]. The meta-regression and publication bias assessment were conducted
using Stata software, version 17 (StataCorp, College Station, TX, USA).

2.7. Certainty of Evidence

The certainty of the meta-analysis findings was assessed using the Grading of Recom-
mendations, Assessment, Development, and Evaluation (GRADE) approach. The evidence
was graded as high, moderate, low, or very low certainty. All the findings were initially
graded as high certainty by default due to the exclusive inclusion of controlled trials in the
analyses. The certainty was then downgraded based on pre-specified criteria including risk
of bias, inconsistency, indirectness, imprecision, and publication bias.

3. Results
3.1. Study Selection Process

The search strategy retrieved 934 papers. After discarding duplicates, title and abstract
screening detected 36 articles (Figure 1). Twenty-one papers were excluded from the meta-
analysis as a result of full text assessment. The remaining 15 papers met the inclusion
criteria and were suitable for meta-analysis. Two of the papers were discovered through
hand searching. The 15 papers were derived from 12 studies.
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3.2. Study Characteristics and Risk of Bias

The 12 studies included in the meta-analyses were published between 1977 and 2022
(Table 1). All the studies were controlled and only one study was not randomised [10]. Three
of the RCTs utilised a crossover design whilst the rest used a parallel design [11–13]. One of
the parallel trials was blinded [14]. Three of the studies had mycoprotein (Quorn) products
as the intervention [10,14,15], eight studies had plant-based meat substitute interventions,
and one study had a mixture of both types of substitutes [16]. Of the included studies,
92% used random sequence generation methods with low risk of selection bias. 66% of
the studies used allocation concealment methods with unclear risk of selection bias. All
studies had a high risk of performance bias due to the impossibility of blinding participants
to dietary interventions. 50% of the studies had a high risk of detection bias because of
the absence of outcome assessor blinding. 92% of the studies showed low risk of attrition
bias. 42% had a low risk of reporting bias; however, the remainder had an unclear risk
as no pre-study protocols were published. Finally, 33% of the studies had a high risk of
funding bias.
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Table 1. Study designs and participant characteristics.

Author Country Year Design Duration
(Weeks) N

Mean Age
or Age
Range
(Years)

Men (%) Intervention Control Quantity of Substitute
Per Day Population

Sirtori [17] Italy 1977 RCT, O, P 6 20 40–68 50 Plant-based Omnivorous Textured soy protein in
place of animal protein

Type-II hyper-
lipoproteinemia

Margetts [18] Aus 1985 RCT, O, P 12 39 49.9 71.8 Plant-based Omnivorous
LOV diet with substitutes

derived from wheat gluten,
soy, and peanut protein

Mild hypertension

Kestin [12] Aus 1989 RCT, O, C 6 17 44 100 Plant-based Omnivorous
LOV diet with substitutes

derived from wheat gluten,
soy, and peanut protein

Healthy

Turnbull [15] UK 1990 RCT, O, P 3 17 19–48 29.4 Mycoprotein Omnivorous 191 g wet weight, 40 g
dry weight TC > 5.2 mmol/L

Turnbull [14] UK 1992 RCT, B, P 8 21 21–61 66.7 Mycoprotein Omnivorous
diet

130 g wet weight, 26.9 g
dry weight TC > 5.2 mmol/L

Azadbakht [13] Iran 2007 RCT, O, C 8 42 NR 0 Plant-based Omnivorous
diet 30 g textured soy protein Postmenopausal

women

Azadbakht [19] Iran 2008 RCT, O, P 208 41 62.1 43.9 Plant-based Omnivorous 15.5 g textured soy protein Type 2 diabetics
with nephropathy

Ruxton [10] UK 2010 CT, O, P 6 15 39.2 NR Mycoprotein Omnivorous
diet

88 g wet weight, 21 g
dry weight TC > 4.19 mmol/L

Bakhtiary [20] Iran 2012 RCT, O, P 12 50 64.4 0 Plant-based Omnivorous 35 g textured soy protein Elderly women
with MetS

Crimarco [11] US 2020 RCT, O, C 8 36 50 33 Plant-based Omnivorous ≥2 servings of Beyond
Meat Healthy

Bianchi [16] UK 2021 RCT, O, P 4 114 35 33 Mycoprotein
+ plant-based Omnivorous

Participants were provided
with a range of substitutes

every fortnight
Healthy

Ta [21] Vietnam 2022 RCT, O, P 4 47 60.9 38.3 Plant-based Omnivorous 40 g textured soy protein Type 2 diabetics

C, crossover; CT, controlled trial; LOV, lacto-ovo vegetarian; MetS, metabolic syndrome; NR, not reported; O, open label; P, parallel; RCT, randomized controlled trial; B, blinded; TC,
total cholesterol.
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3.3. Pooled Effects of Meat Substitutes on Cardiometabolic Risk Factors
3.3.1. Total Cholesterol Concentration

A total of 10 studies were included in this meta-analysis. The total sample size was
384 (225 in the intervention groups and 159 in the control groups; median sample size 31;
range 15–114) and the mean age of the participants was 50.9 years. The median duration
of the studies was 6 weeks (range 3–208 weeks). In the trials, replacement of meat with
mycoprotein or plant-based meat substitutes was associated with a highly significant re-
duction in TC concentration (−0.50 mmol/L; 95% CI, −0.70 to −0.29; p < 0.00001; I2 = 66%;
p = 0.002 for heterogeneity) compared with the consumption of comparator diets (Figure 2).
In the one-study-removed sensitivity analysis, TC concentration findings had some diver-
sity, with differences between the intervention and control groups ranging from −0.40 to
−0.61 mmol/L (Supplementary Table S2). The removal of three studies [10,15,16] reduced
the TC effect heterogeneity from 66 to 0% and changed the mean reduction in TC to −0.32
(−0.38 to −0.26) (Supplementary Table S3). The certainty of this evidence is moderate
(Table 2).

3.3.2. LDL Cholesterol Concentration

Eleven clinical trials were included in this meta-analysis. The total sample size was
420 (261 in the intervention groups and 159 in the control groups; median sample size 36;
range 15–114) and the mean age of the participants was 50.8 years. The median duration
of the studies was 6 weeks (range 3–208 weeks). In the trials, replacement of meat with
mycoprotein or plant-based meat substitutes was associated with a highly significant
reduction in LDL-C concentration (−0.39 mmol/L; 95% CI, −0.57 to −0.21; p < 0.0001;
I2 = 67%; p = 0.0007 for heterogeneity) compared with the consumption of comparator diets
(Figure 3). In the one-study-removed sensitivity analysis, LDL-C concentration findings had
some diversity, with differences between the intervention and control groups ranging from
−0.33 to −0.45 mmol/L (Supplementary Table S2). The removal of three studies [11,13,16]
reduced the LDL-C effect heterogeneity from 67 to 0% and changed the mean reduction in
LDL-C to −0.60 (−0.76 to −0.43) (Supplementary Table S3). The certainty of this evidence
is low (Table 2).
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Table 2. GRADE summary of findings.

GRADE

Outcomes Effect (95% CI) N (No. Studies)
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Certainty of
Evidence

Total Cholesterol
(mmol/L)

SMD 0.50 lower
(0.70 lower to 0.29
lower)

384 (10) ⊕⊕⊕#
MODERATE

LDL Cholesterol
(mmol/L)

SMD 0.39 lower
(0.57 lower to 0.21
lower)

420 (11) ⊕⊕## LOW

HDL Cholesterol
(mmol/L)

SMD 0.01 higher
(0.02 lower to 0.05
higher)

400 (10) ⊕⊕⊕#
MODERATE

Triglycerides
(mmol/L)

SMD 0.15 lower
(0.29 lower to 0.01
lower)

420 (11) ⊕⊕## LOW

Fasting Blood
Glucose
(mmol/L)

SMD 0.08 lower
(0.23 lower to 0.08
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231 (6) ⊕### VERY
LOW

Systolic Blood
Pressure
(mmHg)

SMD 0.32 lower
(1.79 lower to 1.14
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339 (7) ⊕⊕## LOW

Diastolic Blood
Pressure
(mmHg)

SMD 0.49 higher
(0.30 lower to 1.28
higher)

339 (7) ⊕⊕## LOW

Weight (Kg)
SMD 0.12 lower
(1.52 lower to 1.27
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294 (5) ⊕⊕## LOW

Shading indicates presence of GRADE criteria.
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3.3.3. HDL Cholesterol Concentration

A total of ten clinical trials were included in this meta-analysis. The total sample size
was 400 (251 in the intervention groups and 149 in the control groups; median sample
size 38.5; range 15–114) and the mean age of the participants was 50.8 years. The median
duration of the studies was 7 weeks (range 3–208 weeks). In the trials, replacement
of meat with mycoprotein or plant-based meat substitutes was not associated with a
significant change in HDL-C concentration (0.01 mmol/L; 95% CI, −0.02 to 0.05; p = 0.44;
I2 = 18%; p < 0.28 for heterogeneity) compared with the consumption of comparator diets
(Figure 4). In the one-study-removed sensitivity analysis, HDL-C concentration findings
were unaffected, with differences between the intervention and control groups ranging
from 0.00 to 0.02 mmol/L (Supplementary Table S2). The removal of one study [12] reduced
the HDL-C effect heterogeneity from 18 to 0% and changed the mean reduction in HDL-C
to 0.02 (−0.01 to 0.05) (Supplementary Table S3). The certainty of this evidence is moderate
(Table 2).

3.3.4. Triglyceride Concentration

Eleven clinical trials were included in this meta-analysis. The total sample size was
420 (261 in the intervention groups and 159 in the control groups; median sample size 36;
range 15–114) and the mean age of the participants was 50.8 years. The median duration
of the studies was 6 weeks (range 3–208 weeks). In the trials, replacement of meat with
mycoprotein or plant-based meat substitutes was associated with a small reduction in
TG concentration (−0.15 mmol/L; 95% CI, −0.29 to −0.01; p = 0.04; I2 = 79%; p < 0.00001
for heterogeneity) compared with the consumption of comparator diets (Figure 5). In the
one-study-removed sensitivity analysis, TG concentration findings were slightly affected,
with differences between the intervention and control groups ranging from −0.20 to −0.05
mmol/L (Supplementary Table S2). The removal of three studies [10,12,17] reduced the TG
effect heterogeneity from 79 to 0% and changed the mean reduction in TG to −0.05 (−0.08
to −0.01) (Supplementary Table S3). The certainty of this evidence is low (Table 2).
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3.3.5. Fasting Blood Glucose Concentration

Eleven clinical trials were included in this meta-analysis. The total sample size was
420 (261 in the intervention groups and 159 in the control groups; median sample size 36;
range 15–114) and the mean age of the participants was 50.8 years. The median duration
of the studies was 6 weeks (range 3–208 weeks). In the trials, replacement of meat with
mycoprotein or plant-based meat substitutes was associated with a small reduction in
TG concentration (−0.15 mmol/L; 95% CI, −0.29 to −0.01; p = 0.04; I2 = 79%; p < 0.00001
for heterogeneity) compared with the consumption of comparator diets (Figure 6). In the
one-study-removed sensitivity analysis, TG concentration findings were slightly affected,
with differences between the intervention and control groups ranging from −0.20 to −0.05
mmol/L (Supplementary Table S2). The removal of three studies [10,12,17] reduced the TG
effect heterogeneity from 79 to 0% and changed the mean reduction in TG to −0.05 (−0.08
to −0.01) (Supplementary Table S3). The certainty of this evidence is very low (Table 2).
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3.3.6. Systolic and Diastolic Blood Pressure

A total of seven studies were included in these meta-analyses. The total sample size
was 339 (217 in the intervention groups and 122 in the control groups; median sample size
41; range 17–114) and the mean age of the participants was 50.9 years. The median duration
of the studies was 8 weeks (range 4–208 weeks). In the trials, replacement of meat with
mycoprotein or plant-based meat substitutes was not associated with a significant change
in SBP (−0.32 mmHg; 95% CI, −1.79 to 1.14; p = 0.67; I2 = 18%; p = 0.29 for heterogeneity)
or DBP (0.49 mmHg; 95% CI, −0.30 to 1.28; p = 0.23; I2 = 0%; p = 0.63 for heterogeneity)
compared with the consumption of comparator diets (Figure 7). In the one-study-removed
sensitivity analysis, SBP findings were diverse, with differences between the intervention
and control groups ranging from −0.80 to 0.22 mmHg (Supplementary Table S2). The DBP
results were similarly diverse with a range of −0.30 to 0.57 mmHg (Supplementary Table
S2). The removal of one study [18] reduced the SBP effect heterogeneity from 18 to 0% and
changed the mean change in SBP to 0.01 (−1.25 to 1.28) (Supplementary Table S3). There
was no overall heterogeneity between the included studies for DBP. The certainty of this
evidence is low (Table 2).
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Figure 7. The effect of meat substitutes on blood pressure (mmHg). (a) Systolic blood pres-
sure; (b) Diastolic blood pressure. Results are expressed as mean difference (95% confidence
interval) [11–13,16,18–20]. Arrows indicate that the confidence interval exceeds the scale on the
x-axis, red squares indicate the mean difference for individual studies, black diamond represents the
aggregated mean difference and confidence interval.

3.3.7. Weight

Five studies were included in this meta-analysis. The total sample size was 294 (168 in
the intervention groups and 126 in the control groups; median sample size 47; range 41–114)
and the mean age of the participants was 55.6 years. The median duration of the studies
was 8 weeks (range 4–208 weeks). In the trials, replacement of meat with mycoprotein
or plant-based meat substitutes was not associated with a significant change in weight
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(−0.12 Kg; 95% CI, −1.52 to 1.27; p = 0.86; I2 = 0%; p = 0.93 for heterogeneity) compared
with the consumption of comparator diets (Figure 8). In the one-study-removed sensitivity
analysis, weight findings had some diversity, with differences between the intervention
and control groups ranging from −0.58 to 0.31 Kg (Supplementary Table S2). There was no
overall heterogeneity between the included studies. The certainty of this evidence is low
(Table 2).
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3.4. Meta-Regression

The meta-regression model identified study sample size as a potential source of
heterogeneity for TC (β coefficient, 0.0072; p = 0.010) and LDL-C analyses (β coefficient,
0.0066; p = 0.012) (Supplementary Table S4). Intervention duration, age, baseline BMI,
and sex (proportion of men) were not statistically significant sources of heterogeneity
(Supplementary Table S4).

3.5. Publication Bias

Supplemental Table S5 and Figures S1–S7 present the publication bias and trim-and-fill
(where applicable) assessments for all outcomes where there were ≥10 trials available.
There was no evidence of funnel plot asymmetry in the analysis of HDL-C. However,
there was evidence of funnel plot asymmetry in the TC (Egger’s test, p = 0.066; Begg’s
test, p = 0.089), LDL-C (Egger’s test, p = 0.044), and TG (Begg’s test, p = 0.059) analyses.
Adjustment for funnel plot asymmetry with the imputation of three missing studies slightly
reduced the TC effect magnitude (imputed mean difference: −0.398 [−0.693, −0.104]) but
did not alter the direction or statistical significance of the effect. Adjustment for funnel plot
asymmetry with the imputation of five studies did not alter the direction of the LDL-C
effect but reduced the effect magnitude and eliminated the statistical significance (−0.213
[−0.431, 0.005]). Similarly, the imputation of two studies did not alter the direction of
the TG effect but reduced the effect magnitude and eliminated the statistical significance
(−0.073 [−0.327, 0.180]).

4. Discussion

This collection of meta-analyses shows that the consumption of meat substitutes is
associated with reduced TC, LDL-C, and TG when compared with the consumption of
omnivorous diets. Consumption of meat substitutes was associated with a 0.50 mmol/L
reduction in TC, which statistically was a highly significant result. In comparison, the
most up-to-date meta-analysis on the effect of PBDs on plasma lipids found a 0.69 mmol/L
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reduction in TC [22]. Our analyses also showed that the consumption of meat substitutes
was associated with a highly significant 0.39 mmol/L reduction in LDL-C. For comparison,
the consumption of PBDs has been shown to be associated with a 0.68 mmol/L reduction in
LDL-C [22]. The effects of PBDs and meat substitutes on HDL-C seem to differ. The present
analyses showed that meat substitutes had a null effect on HDL-C, whereas PBDs have
been associated with reduced HDL-C in clinical trials [22]. Additionally, our study showed
that the consumption of meat substitutes was associated with a statistically significant
0.15 mmol/L reduction in TG, which is interesting as the consumption of PBDs has not been
shown to be associated with significant changes in TG [22]. The accordance between the
effects of meat substitutes and PBDs on plasma lipids is of great importance as it highlights
that individuals may be able to acquire the cardioprotective benefits of PBDs by eating
foods that mimic the eating experience of meat and better align with their preferences
than vegetables. However, the results of the present analyses should be interpreted with
caution. Due to the presence of trial design limitations such as lack of assessor blinding,
potential funding bias, and publication bias, these findings only have a moderate to low
certainty, meaning that the true effect of meat substitutes on the plasma lipids may differ
in magnitude and/or direction to what has been shown here. This especially applies to
our findings for FBG, SBP, DBP, and weight which showed null effects but with low or
very low certainty. PBDs have shown significant reductions in SBP, DBP, and body weight
compared to omnivorous diets in previous meta-analyses [23,24]. Lastly, our FBG findings
are in accordance with a meta-analysis showing no association between PBD consumption
and changes in FBG [25]. More high-quality RCTs are required to better establish the true
effects of meat substitutes on cardiometabolic risk factors.

4.1. Strengths and Limitations

The present meta-analysis has several key strengths. First, it is the first meta-analysis
conducted on meat substitutes and has a comprehensive inclusion of cardiometabolic
outcomes. Second, 92% of studies included in the analyses were RCTs, which promotes
confidence in the results. Third, we adjusted our findings for publication bias using the
trim-and-fill method where applicable. Fourth, sources of heterogeneity were determined,
and the results were mostly unaffected by their exclusion. Fifth, sensitivity analyses showed
that the pooled effect estimates were robust to the removal of individual studies. Sixth,
there was a low level of dropouts in the included studies, meaning that there is a low
chance of attrition bias.

The analysis also has several noteworthy limitations. First, the included trials have
inherent design limitations which were carried forward by the meta-analyses. Small
sample sizes were a general limitation but particularly affected FBG, SBP, DBP, and weight
outcomes. One study was not randomised, meaning it was highly susceptible to bias,
which is concerning as the study found the largest effect size for FBG and the second-
largest for TC [10]. Many of the included studies did not blind study personnel or outcome
assessors, putting their results at high risk of performance bias and detection bias. Many of
the included studies were funded by meat substitute manufacturers with financial stakes
and obvious conflicting interests, meaning the results may be subject to funding bias [26].
Some of the studies also did not adjust for confounding factors, for example, exercise or
alcohol intake. None of the trials were double-blinded, meaning they were all subject
to performance bias. Going forward, as meat substitutes become more resembling of
actual meat, we may reach a point where the two are indistinguishable. If this is achieved,
double-blind trial design may be possible. Second, the findings for LDL-C and HDL-C may
be affected by an error induced by changes in assessment methodologies that occurred
between 1977–2022 for LDL-C and 1989–2022 for HDL-C. During these periods, LDL-C
and HDL-C assessment shifted from utilising calculation methods to direct methods. The
measurements obtained from different direct methods vary significantly depending on
the producer of the kits. In an evaluation of 8 LDL-C and 8 HDL-C direct methods from
seven manufacturers, Miller et al. found that the total error in diseased groups ranged
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from −19.8% to 36.3% for HDL-C and from −26.6% to 31.9% for LDL-C [27]. Third, study
availability was limited particularly for weight, SBP, DBP, and weight outcomes. No studies
were available with data on the effects of mycoprotein consumption on BP and weight. New
RCTs are needed to close this gap. Fourth, the results only show the short-term health effects
of meat alternative consumption. Long-duration RCTs and prospective cohort studies are
required to determine the long-term effects of meat substitute consumption on human
health outcomes. Fifth, there may have been other differences in dietary composition
other than meat substitute intake that could have influenced the results. Sixth, some of the
studied products are not representative of current meat substitutes on the market, meaning
the results may not accurately depict the effect meat substitutes are having and would have
on public health. More RCTs need to be conducted on the effect of modern ultra-processed
meat analogues on important health markers. Finally, the changes observed in TC and TG
may be attributed to within-subject biological variation rather than dietary changes.

4.2. Potential Mechanisms

The nutritional composition differences between meat substitutes and traditional meat
products may be responsible for the effects observed in the present analyses. Unlike meat
from animal sources, meat substitutes made from plant protein or mycoprotein contain di-
etary fiber, and do not contain trans fats or dietary cholesterol [4,28]. Excluding the Beyond
Meat products investigated by Crimarco et al. [11], all of the meat substitutes included
in the present analyses were also low in saturated fat compared with traditional meat
products [29]. In contrast, modern meat substitutes, such as Beyond Meat products, differ
in this aspect due to the inclusion of coconut oil in their ingredients. Beyond Meat products
actually contain comparable quantities of saturated fat to traditional meat products [29].
There is high-certainty evidence that trans fats, saturated fats, and to a lesser extent, dietary
cholesterol raise blood TC and LDL-C concentrations [30–32]. The reduced intake of trans
fats, saturated fats, and cholesterol associated with regular consumption of meat substi-
tutes may lead to less absorption of the aforementioned nutrients in the gut and therefore
reduced conversion to blood cholesterol [33]. Fiber lowers blood cholesterol concentration
via multiple mechanisms. Soluble fiber binds bile acids and cholesterol, resulting in a
reduction of liver cell cholesterol content. This leads to the up-regulation of LDL receptors
which is associated with increased clearance of LDL-C [34]. Short chain fatty acids (SCFAs),
such as propionate, acetate, and butyrate, are products of fiber fermentation. SCFAs may
inhibit hepatic cholesterol synthesis, resulting in reduced blood cholesterol levels [28,35].
Substitutes derived from soy protein may have additional cholesterol-lowering effects
facilitated by the ability of phytoestrogens (isoflavones) to inhibit cholesterol synthesis [36].
Isoflavones may also increase the resistance of LDL-C to oxidation and inhibit thrombus
formation, thus leading to better cardiovascular outcomes [37,38].

4.3. Implications
4.3.1. Public Health

High blood cholesterol is a leading risk factor for Ischaemic Heart Disease (IHD) and
stroke, accounting for approximately 3.9 million deaths worldwide every year [39,40]. A
meta-analysis on the effect of statins on IHD and stroke risk found that a 0.5 mmol/L
reduction in LDL-C was associated with a 20% reduction in IHD events [41]. Another study
estimated that a 0.5 mmol/L reduction in LDL-C would be expected to reduce the risk
of Coronary Heart Disease (CHD) by 25% over two years [42]. Our analyses showed a
reduction in LDL-C of a similar magnitude (0.39 [−0.57, −0.21]), meaning the consumption
of meat substitutes could have a meaningful impact on cardiovascular disease (CVD) risk.
Whilst switching to meat substitutes may not be as powerful as statins, which on average
reduce LDL-C by 1.8 mmol/L, the two interventions are not mutually exclusive [41]. They
could be used in combination to achieve reductions in IHD and stroke risk not possible
with statin treatment alone. Switching to meat substitutes also has the intrinsic advantage
of not causing any known severe side effects.
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As meat substitute products move in the direction of becoming more and more like
traditional meat, their ingredients are continually evolving. There are safety concerns
surrounding some of these new, innovative ingredients. Soy leghaemoglobin is a haem
iron-containing molecule found in the root nodules of soy plants. Impossible Foods have
utilised leghaemoglobin in their plant-based substitutes to enhance the meaty flavour and
aroma. No long-term human studies have ever been conducted on the effects of high haem
intake from plant-based sources on human health; however, there is reason to believe it may
be associated with the same disease risks as haem iron from animal sources. Impossible
Foods have reported that the level of haem iron in its beef substitute is similar to that found
in beef sourced from cattle [43]. They have also reported that their haem is molecularly
identical (once cooked and digested) to haem sourced from animals. High haem iron
intakes from animal-based sources have been associated with increased risk of developing
numerous non-communicable diseases including type 2 diabetes, CVD, colorectal cancer,
and lung cancer [43–46].

An additional additive of concern is carrageenan. Carrageenan is a structural in-
gredient used for thickening, gelling, or stabilising [43]. Carrageenan consumption has
been observed to provoke gastrointestinal inflammation and alter intestinal microflora [47].
Carrageenan consumption has also been linked to the development of irritable bowel
syndrome and colon cancer [43]. Since carrageenan is derived from seaweed, it has the
potential to bioaccumulate heavy metal pollutants found in the sea [48]. Exposure to heavy
metal contaminants via carrageenan consumption is yet to be characterised in the literature.

Meat substitutes also contain some better characterised ingredients of concern. First,
modern substitutes contain alarmingly high amounts of sodium [29]. Sodium is the leading
dietary factor in terms of the global burden of disease due to its role in the causation of
hypertension and CVD. Approximately four million people die every year as a result of
consuming too much salt [49]. The second ingredient of concern is coconut oil. Coconut oil
is high in saturated fatty acids which raise LDL-C and increase risk of CVD [50]. As the
demand for meat substitutes increases, it is important that products are reformulated to
contain less sodium and less saturated fat. It is also vital that novel ingredients are heavily
researched to minimise adverse effects.

4.3.2. Food Safety

The main food safety hazard associated with plant-based and mycoprotein-based
meat substitutes is allergens. A few case reports have been published describing adverse
reactions to mycoprotein in individuals with a history of mould allergy; however, the
incidence of such reactions appears to be low [51]. Consumer complaints have been tracked
worldwide since the sale of mycoprotein began in the UK in 1985. Between 2003 and 2017,
the frequency of reported illnesses was one per 1.85 million servings and the frequency of
possible allergic reactions was one per 24.3 million servings [52]. It is well established that
some of the common ingredients in plant-based meat substitutes, such as soy, legumes, and
wheat, contain allergens [53,54]. Going forward, it is imperative that adverse reactions to
meat alternatives are monitored and tracked, and that product packaging clearly highlights
known allergens.

4.3.3. Planetary Health

The livestock sector is a significant contributor to overall anthropogenic GHG emis-
sions. It is accountable for approximately 18% of global GHG emissions [55]. A recent
review found that the median GHG footprint of plant-based meat substitutes was 34, 43, 63,
72, 87, and 93% smaller than those of farmed fish, poultry meat, pork, farmed crustaceans,
beef from dairy herds, and beef from beef herds, respectively, per 100 g of protein [43].
This review also found that tofu, pulses, and peas were 1.6, 4.6, and 7.0 times less GHG-
intensive than plant-based meats, respectively. Mycoprotein-based substitutes have also
demonstrated better carbon footprints than conventional meat. The Carbon Trust reported
that the carbon footprint of Quorn mince was at least 10 times smaller than that of beef and
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the carbon footprint of Quorn pieces was at least four times smaller than that of chicken [6].
Since most of the GHG emissions associated with meat substitutes come from the energy
needed to process and manufacture the products, future decarbonisation of the energy grid
may reduce the carbon footprint of these products further.

We must limit the expansion of agricultural land to 15% of global ice-free land (cur-
rently at 12%) in order to prevent seriously threatening biodiversity and destabilising the
climate system and hydrological cycle. It is estimated that the livestock sector is responsible
for 80% of agricultural land use, whilst only supplying 18% of calories [56,57]. A previous
review found that the median land use required for the production of plant-based meat
substitutes was 41, 77, 82, 89, and 98% less than that of farmed fish, poultry meat, pork,
beef from dairy herds, and beef from beef herds, respectively, per 100 g of protein [43]. The
Carbon Trust found that the land used for the production of mycoprotein-based Quorn
pieces was at least two times lower than for chicken [6]. Therefore, switching to meat
substitutes could free up land which could be returned to its natural habitat (reforested),
promoting biodiversity and carbon sequestration.

Agriculture accounts for 70% of humanity’s freshwater footprint [58]. Of this total
agricultural water use, it is estimated that 41% is utilised for the production of livestock
feed [59]. A recent review found that the blue water (water in our surface and groundwater
reservoirs) footprint of plant-based meat substitutes was 89% smaller than those of farmed
poultry meat, beef, and pork per 100 g of protein [43]. The same review also found that
the blue water footprint of meat substitutes is two orders of magnitude lower than that of
aquatic animals reared in ponds, e.g., farmed shrimp. The water footprint for mycoprotein-
based Quorn mince is estimated to be 10 times less than that of beef and the footprint of
Quorn pieces is estimated to be three times less than that of chicken [6]. Meat substitutes
could therefore play an important role in alleviating pressures on our freshwater resources,
resulting in its preservation and the associated ecological benefits.

5. Conclusions

With the rise of chronic diseases, climate change, and biodiversity loss threatening
human wellbeing and development, it is imperative that we adopt a health-promoting
sustainable food system [2]. The livestock sector intersects with most of the sustainability
and health issues facing humanity, highlighting it as an important area of focus for research
and development. Meat substitutes derived from plant protein and mycoprotein have
been shown to have smaller carbon, land, and water footprints than conventional meat
products [43]. For the first time in the literature, this collection of meta-analyses has shown
that the consumption of meat substitutes is associated with lower TC, LDL-C, and TG
than the consumption of omnivorous diets with meat as the predominant protein source.
This improvement in cardiometabolic biomarkers would translate to a lower burden of
CVD and CVD mortality at the population level, supporting the pledge to switch to meat
substitutes for environmental sustainability.
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