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ABSTRACT

Background: Plant-based meat alternatives (PBMAs) are emerging in global markets. However, the effects of substituting meat for PBMAs on car-

diometabolic health are uncertain.

Objectives: This study aimed to determine the effects of replacing meat consumption by PBMAs on cardiometabolic parameters in adults.

Methods: Five databases were systematically explored from inception to July 2024, searching for RCTs assessing the effects of replacing meat con-
sumption by PBMAS on cardiometabolic parameters in adults without cardiovascular diseases. Meta-analyses were conducted when >4 studies addressed
the same outcome (i.e. blood lipids, blood pressure, fasting glucose, and body weight). Pooled raw mean differences (MDs) with their 95% CIs were
estimated using a random-effects method. Sensitivity analyses were conducted to assess the robustness of our estimates.

Results: Eight publications from 7 RCTs comprising 369 adults (60% females; mean age range: 24—61 y) were included. The substitution of PBMAs for
meat was associated with significant reductions in LDL-cholesterol: —0.25 mmol/L (95% CI: —0.42, —0.08 mmol/L; P= 65.8%; n = 7), total cholesterol
(TC): —0.29 mmol/L (95% CI: —0.52, —0.06 mmol/L; = 64.8.%; n = 6), and body weight: —0.72 kg (95% CI: —1.02, —0.42 kg; P= 0%; n =5). No
significant changes were shown in HDL-cholesterol, triglycerides, blood pressure, or fasting glucose concentrations. Sensitivity analyses considering
mycoprotein-based alternatives showed a significant reduction in LDL-cholesterol (MD: —0.37 mmol/L; 95% CI: —0.61, —0.13 mmol/L; P= 52.5%; n
= 4), and TC (MD: —0.39 mmol/L; 95% CI. —0.56, —0.21 mmol/L; P = 0%; n = 4).

Conclusions: Our findings suggest substituting PBMAs for meat for <8 wk lowered TC (6%), LDL-cholesterol (12%), and body weight (1%) in adults
without cardiovascular diseases. PBMAs may facilitate the transition to a plant-based diet, but long-term studies are needed to evaluate their car-

diometabolic effects.
This trial was registered at PROSPERO as CRD42024556191.

Keywords: plant-based meat food, meat substitutes, cardiovascular disease, diet, planetary health

Introduction

Planetary health concerns play a pivotal role in current dietary
guidelines [1,2] and international reports [3,4], promoting a reduction
in animal-based foods, especially red and processed meat whereas
increasing plant-based food intake [5]. High consumption of red and
processed meat has been linked to increased risk of different chronic

noncommunicable diseases [6], including cardiovascular diseases
(CVDs) and diabetes, as well as overall increased risk of all-cause
mortality [7]. Added to the lower environmental impact [8,9], a
recent microsimulation study estimated that reducing or replacing meat
consumption with plant-based foods could result in lower risk or
prevalence of noncommunicable chronic diseases [6], including CVDs
[6], metabolic disorders [10,11], and cancer [6].

Abbreviations: CRP, C-reactive protein; CVD, cardiovascular disease; PBMA, plant-based meat alternative; TC, total cholesterol; TG, triglyceride; UPF, ultraprocessed food.
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Despite recommendations aimed at reducing meat consumption, a
range of factors hinder the implementation of these dietary guidelines,
with sensory aspects related to meat representing a great challenge [12,
13]. Traditional plant-based, minimally processed meat replacements
such as tofu, tempeh, or textured soy/pea protein present great nutri-
tional value but do not replace organoleptic characteristics and other
eating experiences of meat [14]. On the contrary, plant-based meat
alternatives (PBMAs) (i.e. burger patties, minced plant-based meat,
sausages, or meatballs) [15] are designed to mimic the appearance,
aroma, flavor, texture, and other eating experiences of meat and meat
products. We used the term alternative as an umbrella term that en-
compasses the most common terms in this topic [i.e. substitute (for
culinary purpose), replacement (for nutritional properties), and analog
(for both culinary and nutritional attributes)] [16]. These novel PBMAs
have emerged to keep up with consumer and market demands and the
growing population’s reduced meat intake [14]. The global market for
PBMAs expansion trend is expected to increase to ~$30 billion by
2025 and $85 billion by 2030, according to the Union Bank of
Switzerland estimates [17,18].

The currently available PBMAs exhibit variability in terms of
their ingredients, processing grade, and nutritional value [19].
Although PBMAs are derived from traditional, healthy plant-based
protein sources such as soy, legumes, grains, and nuts [20], during
their processing, less desirable nutrients may be introduced, such as
saturated fat, sodium, and sugar [21], potentially turning these pro-
cessed products into unhealthy options [22]. Indeed, PBMAs are
classified as ultraprocessed foods (UPFs) according to NOVA clas-
sification because they are “formulated mostly or entirely from
substances extracted from foods or derived from food constituents”
(e.g. pea protein isolate, soy protein isolate and concentrate,
fungi-based foods, and cereals-based foods) [23]. A recent analysis
concluded that the Nutri-Score front-of-pack label effectively differ-
entiated PBMAs with poor nutritional quality; however, according to
NOVA criteria, 73% of PBMAs were considered UPFs (compared
with 92% of the meat products) [24].

Recently, a literature review pointed out that PBMAs might have a
cardioprotective effect when replacing meat consumption, mostly owing
to PBMAs having lower saturated fatty acid content and more fiber [25],
which could reduce LDL-cholesterol concentrations. A previous sys-
tematic review and meta-analysis explored the impact of PBMAs and
mycoprotein-based meat alternatives on cardiometabolic biomarkers,
showing reduced total cholesterol (TC), LDL-cholesterol, and tri-
glycerides (TGs) when participants replaced meat with PBMAs [26].
However, they included minimally processed PBMAs such as textured
vegetable protein in 5 of 12 studies [26]. In addition, non-RCTs were
included, which reduced the reliability of the causal relationship due to
potential biases such as selection bias. Therefore, a systematic review
and meta-analysis specifically analyzing the evidence from RCTs on the
role of novel PBMAs in risk factors for cardiometabolic disease is still
lacking. Therefore, our review aimed to determine the effects of novel
PBMAs compared with those of meat consumption (habitual diet) on
cardiometabolic parameters (i.e. blood lipid profile, blood pressure,
fasting blood glucose, and body weight) in people without CVDs.

Methods

The Cochrane Collaboration Handbook [27] guideline and the
PRISMA [28] statement were followed. The systematic review pro-
tocol was registered in the PROSPERO database (reference number:
CRD42024556191).
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Data sources and search strategy

Two independent reviewers (GB and ARR) systematically exam-
ined Medline, Cochrane CENTRAL, Embase, Scopus, Web of Science,
and GreenFILE from inception to 9 July, 2024. The search strategy was
based on the patient, intervention, comparison, outcome, and study
design (PICOs) approach. A third reviewer (MLM) supervised the
accuracy of the searches. Search strategies for each database are pro-
vided in Supplemental Table 1.

Eligibility criteria

The PICO(s) framework for study selection was as follows: /)
participants: adults (aged 18 y or older) without diagnosed CVDs; 2)
intervention: different protocols with PBMAs [e.g. plant-based
burger, plant-based sausages, plant-based mince, mycoprotein-based
(grounds, nuggets, and patties)]; 3) comparator: animal-based/meat
consumption (chicken, beef, fish, processed meat, and red meat)
and following the habitual diet; 4) outcomes: parameters related to
cardiometabolic health (i.e. blood lipid profile, blood pressure, fasting
blood glucose, body weight, body fat percentage, insulin, and in-
flammatory markers such as C-reactive protein (CRP)]; and 5) study
design: RCTs. There were no restrictions for any specific language, as
recommended by international criteria [28]. We did not consider those
RCTs that used traditional PBMAs, which were not designed to
resemble meat (e.g. tofu, tempeh, or seitan); insect-based meat al-
ternatives; or cultured meat. Before the screening by title and abstract,
duplicate records were removed using the automated Endnote tool
v.20.6. After this, title and abstract screening was conducted by 2
reviewers (GB and ARR) supervised by a third coauthor (MLM).
Finally, each report was assessed against the eligibility criteria by the
2 independent reviewers, and a third coauthor (RFR) was contacted to
solve conflicts between initial reviewers about eligibility criteria. The
reasons for the exclusion of studies after a full-text review are detailed
in Supplemental Table 2.

Data collection

Two reviewers (GB and ARR) independently extracted the
following information from each article: /) first author name and year
of publication; 2) type of RCT (parallel or crossover); 3) funder; 4)
population characteristics; 5) sample size and proportion of female
participants; 6) BMI; 7) baseline meat consumption (grams per day); &)
tools used to assess adherence to dietary guidelines; 9) type of PBMAs
used; /0) study duration; //) comparator (nonintervention, dietary
advice, habitual diet, and animal-based and/or meat consumption); /2)
outcomes analyzed and main results obtained for parameters related to
cardiometabolic health. A third coauthor (RFR) independently assessed
the accuracy of the extracted data.

Risk of bias

Each study was evaluated independently by 2 authors (MGM and
VDG) in each of the domains of bias contained in the Cochrane risk-of-
bias tool for randomized trials (RoB 2.0) [29]. Disagreements between
initial authors were solved by a third coauthor (RFR). The validity of
studies was judged for 5 potential bias domains: /) randomization
process, 2) deviations from intended interventions, 3) missing outcome
data, 4) measurement of the outcome, and ) selection of the reported
result. The overall risk of bias for each study was scored as follows: /)
low risk of bias when a low risk of bias was determined for all domains;
2) some concerns when >1 domain was assessed as raising some
concerns but not at high risk of bias for any single domain; or 3) high
risk of bias when high risk of bias was reached for >1 domain or some
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concerns in multiple domains [29], which affects the validity of the
results. The risk-of-bias visualization (robvis) web application was
used to develop the figures for the risk-of-bias assessments [30].

Data synthesis

A meta-analysis was conducted when >4 studies addressed the
same outcome [31]. When a quantitative synthesis was not possible, the
cardiometabolic outcomes of the included studies were synthesized
narratively. As important between-study heterogeneity was anticipated,
a random-effects method was used to pool the raw mean differences
(MDs) in cardiometabolic outcomes between the PBMA and control
groups. The method by DerSimonian and Laird method was applied to
estimate the heterogeneity variance [32]. Heterogeneity across the
included studies was assessed using the P metric, which was classified
as not important (0%—40%), moderate (30%—60%), substantial (50%—
90%), or considerable (75%—-100%) [27]. The corresponding P values
were also considered [27].

For each study, pre—post means [33-36] and their SDs or SEs within
PBMA interventions and control conditions were extracted to calculate
the between-group MDs and their 95% CIs. Three RCTs reported the
MDs with their 95% Cls or SEs between PBMA interventions and
control conditions [37-39]. One study specified the MDs within
intervention and control groups [34]. Additionally, according to the
Cochrane recommendations [27], the paired MDs between the inter-
vention and control groups in crossover RCTs were entered into the
meta-analysis with parallel RCTs under the generic inverse variance. In
the absence of pre—post correlation data in parallel RCTs, the pre—post
correlation coefficients reported by Pavis et al. [34] were applied.
Where studies reported pre—post changes in cardiometabolic outcomes
as medians and IQRs [35], the method by McGrath et al. [40] was
applied to estimate the means and SDs. In those cases where RCTs
reported effect estimates with their SEs [33,34], SDs for meta-analysis
were calculated using the following formula: SD = \/ n SE [27]. To
facilitate interpretation and comparison between studies, in 1 RCT [38]
the results of glucose and lipid concentrations in milligrams per deci-
liter were transformed into millimoles per liter using online calculators
[41,42]. In those studies reporting postinterventional follow-up results,
the longest period was selected [37]. Finally, the raw difference in
means between PBMA interventions and control conditions was used
because all studies measured cardiometabolic outcomes on the same
scale (i.e. millimoles per liter for glucose, HDL-cholesterol,
LDL-cholesterol, triglycerides, and TC; millimeters of mercury for
systolic and diastolic blood pressure; and kilograms for body weight).
Negative MD values indicate that PBMA interventions reduced
pre—post cardiometabolic outcomes compared with control conditions
following trial interventions.

Sensitivity analyses were carried out to assess the robustness of the
summary estimates by maintaining the predominant PBMA protocol
(i.e. mycoprotein-based interventions) [33,34,36,39] and health status.
In case of studies that reported adjusted MDs, we considered these in
our analyses; thus, 3 studies reported adjusted MDs [37-39] based on
order and phase [38] and randomly assigned group, visit, interaction
between visit and randomly assigned group, baseline meat consump-
tion and sex [37]; and age, BMI, and habitual alcohol intake [39].

All analyses were conducted using the Comprehensive Meta-
Analysis software (version 4; Biostat) and R software (version 4.2.3;
R Foundation for Statistical Computing, Vienna) with the metafor
package [43].
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Results

Literature search

We considered 1833 studies for title and abstract review after
removing duplicates. A total of 22 studies were fully assessed ac-
cording to the eligibility criteria, 14 of which were excluded (1 of them
was identified by citation searching) for the reasons described in
Supplemental Table 2. Finally, 8 publications reporting results from 7
RCTs were included in this systematic review and meta-analysis
(Figure 1). Among them, 44 comparisons (7 for HDL-cholesterol
and LDL-cholesterol, 6 for TG and TC, 5 for glucose and body
weight, and 4 for systolic and diastolic blood pressure) between PBMA
interventions and control conditions were included in the meta-
analysis.

Study characteristics

Table 1 summarizes the main characteristics of the included studies.
The RCT designs applied were parallel in 5 studies [33-37] and
crossover in 2 studies (3 articles) [38,39,44]. Studies were conducted
between 1990 and 2024 in 3 different countries (i.e. the United
Kingdom, the United States, and Singapore).

The included studies comprised 369 adults (60.2% females; njy =
184; ncon = 185), with a mean age ranging from 24.0 to 60.8 y. The
majority of RCTs included healthy individuals [33,37-39,44], except 3
that targeted participants with specific conditions, including elevated
risk of diabetes [35], hypercholesterolemia [36], and overweight [34].
The mean BMI ranged from 23.1 to 32.1 kg/m2 in the PBMA groups
and from 21.9 to 33.1 kg/m2 in the control groups.

The mean length of the interventions ranged from 1 to 8 wk.
Intervention groups were defined as dietary instructions to substitute
animal-based meats with PBMAs (maintaining the intake of other di-
etary components). Interventions included different marketed options
of PBMASs (Beyond Meat, The Vegetarian Butcher, Impossible foods,
Omnifoods, The Meatless farm) [35,37,38,44] and
mycoprotein-based interventions (Quorn food products) [33,34,36,39].
Most studies were funded by different plant-based companies: Marlow
Foods, Ltd [33,34,36,39], Pinduoduo, Inc [35], and Beyond Meat, Inc
[38,44], except for the study by Bianchi et al. [37], which was funded
by a global charitable foundation (Wellcome) [37]. Table 1 shows the
details of interventions in terms of duration, frequency of consumption,
and type of PBMAs.

The control conditions applied by the RCTs were to follow habitual
[36,37] or animal-based meat [33-35,38,44,45] diets. Of the RCTs that
applied dietary instructions to consume the plant-based foods instead of
animal-based meats (maintaining the intake of other dietary compo-
nents), 3 included processed, red, and white meats [35,38,44]; 2
included fish, processed, red, and white meats [33,34]; and 1 included
processed and red meats [39].

Seven publications evaluated HDL-cholesterol and LDL-
cholesterol [33-39]; 6 each analyzed TGs [34-39] and TC [33-37,
39]; 5 each assessed glucose [33-35,38,39] and body weight [33,35,
37-39]; 4 estimated blood pressure [35,37,38,45]; 3 examined serum
insulin [33,35,38]; 2 each evaluated body fat percentage [37,39],
HOMA-IR [33,35], IL-6 [33,44], and trimethylamine-N-oxide [38,39];
and 1 publication each analyzed blood C-peptide [34], CRP [35],
fructosamine [33], HOMA for $-cell function [35], insulin-like growth
factor 1 [38], IL-10 [44], IL-12p [44], IL-18 [44], neurotrophin-3 [44],
transforming growth factor-p [44], and TNF [44].

or
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FIGURE 1. Flow diagram of the study selection (PRISMA 2020).

Risk of bias

The risk-of-bias assessment with the RoB 2.0 Cochrane tool is
shown in Supplemental Figure 1. The studies selected for the review
showed variability in the different quality assessment domains. Only 1
RCT obtained a low risk-of-bias score in all domains analyzed. Four
publications of 8 (50%) were judged with some concerns and 3 pub-
lications (37.5%) with high risk of bias owing to deviations from the
intended intervention, bias in the measurement of the outcome, and
bias in the reported results domains. The bias identified in the different
studies was mainly because double blinding was unfeasible owing to
the nature of the dietary intervention.

Meta-analysis

Supplemental Table 3 shows the primary data related to car-
diometabolic outcomes reported from included RCTs in the meta-
analyses. The significant MDs of PBMA interventions compared
with control conditions on cardiometabolic outcomes were as follows:
1) —0.25 mmol/L (95% CI: —0.42, —0.08 mmol/L; P =658%;n= 7)
for LDL-cholesterol (njy = 174; neon = 175); 2) —0.29 mmol/L (95%
CI: —0.52, —0.06 mmol/L; P= 64.8.%; n = 6) for TC (njnt = 159; ncon
= 163); and 3) —0.72 kg (95% CI: —1.02, —0.42 kg; P =0%;n=>5)
for body weight (njy = 136; neon = 134 (Figure 2 and Supplemental
Figure 2). In addition, no statistically significant MDs were observed in
other cardiometabolic outcomes after trial intervention periods. Spe-
cifically, the pooled MDs of PBMA interventions compared with
control conditions were as follows: /) —0.04 mmol/L (95% CI: —0.15,
0.07 mmol/L; P= 10.3%; n = 5) for glucose (njn = 112; neon = 116);
2) —0.01 mmol/L (95% CI: —0.06, 0.04 mmol/L; P= 24.1;n=17) for
HDL-cholesterol (njnt = 177; neon = 180); 3) 0.05 mmol/L (95% CI:
—0.10, 0.21 mmol/L; PP = 48.4%; n = 6) for TGs (nijny = 167; neon =
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171); (iv) —0.21 mm Hg (95% CI: —2.52,2.11 mm Hg; P =344%;n
= 4) for systolic blood pressure (njy = 126; ncon = 124); and 5) —0.06
mm Hg (95% CI: —1.63, 1.51 mm Hg; P= 31.8%; n = 4) for diastolic
blood pressure (njyy = 126; neon = 124) (Figure 2 and Supplemental
Figure 2).

The results of the sensitivity analyses are detailed in Supplemental
Table 4. MDs between PBMA intervention and control groups for
cardiometabolic outcomes were consistent with our main findings and
remained statistically significant for LDL-cholesterol, TC, and body
weight. Specifically, the sensitivity analysis conducted including only
mycoprotein interventions reported a significant beneficial effect on
LDL-~cholesterol (MD: —0.37 mmol/L; 95% CI: —0.61, —0.13 mmol/
L; P= 52.5%; n = 4) and TC (MD: —0.39 mmol/L; 95% CI: —0.56,
—0.21 mmol/L; P = 0%; n = 4), whereas those in healthy population
were significant on lowering LDL-cholesterol (MD: —0.18 mmol/L;
95% CI: —0.36, —0.001 mmol/L; P = 63.7%; n = 4) and body weight
(MD: —0.73 kg, 95% CI: —1.05, —0.41 kg; > = 0%; n = 4).

Comparisons not included in the meta-analysis

The MDs for specific cardiometabolic changes between PBMA
interventions and control conditions were not meta-analyzed when the
number of RCTs was limited (n < 4). Table 1 summarizes the main
results of the included studies in the systematic review only. In sum-
mary, significant beneficial effects on blood C-peptide [34], IL-7 [44],
and neurotrophin 3 [44] concentrations were observed in favor of
PBMA intervention groups compared with those in control groups. In
turn, there were no statistically significant differences in body fat
percentage [37,39], fructosamine [35], HOMA B-cell function [35],
HOMA-IR [33,35], insulin-like growth factor 1 [38], inflammatory
biomarkers (i.e. CRP, IL-6, IL-10, IL-12B, IL-18, transforming growth
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TABLE 1

Characteristics of the included studies.

Author (year) Design Country Funder Population n (% female) Age (y), mean £ BMI (kg/m”) or Baseline meat Adherence PBMAs Length Comparator Outcomes Outcomes not
characteristics SD weight (kg) consumption (g/d) (wk) included in meta-
analyses
Bianchi et al. [37], RCT; UK Wellcome Trust, Healthy adults 115 (65.5) 1G: 58; 1G: 33 £ 11; CG: 1G: 25.5 + 5.6; 1G: 130; CG: 134 7-d food diaries Mycoprotein- 4 (8-wk No intervention or ~ Weight, body fat No statistically
2021 Parallel Our Planet Our CG: 57 37+£12 CG:252+£5 based, vegetable- follow-up)  additional dietary ~ percentage, blood  significant
(RE-MAP) Health program based, and pulse- advice pressure, and differences in body
[Livestock, based meat blood lipid fat percentage
Environment, and substitutes (self-
People (LEAP)] selected)
Coelho et al. [33], RCT; UK Marlow Foods, Ltd  Healthy adults 20 (60) 1G:24 £ 11 1G: 23 + 1 (SEM); — Document and Mycoprotein- 1 Meat/fish at lunch  Glucose, serum No statistically
2021 Parallel (BTW as grant (SEM); CG: 24 + CG: 23 + 1 (SEM) diary to track based, twice daily and dinner insulin, blood significant
holder) 1 (SEM) compliance, log (Quorn Foods) lipid, IL-6, and uric ~ differences in
meal times, and acid serum insulin, IL-
provide recipe 6, and uric acid
information concentrations
Crimarco et al. RCT; USA Beyond Meat, Inc  Healthy adults 36 (66.7) plant- Plant-animal: 49.3  Plant-animal: 27.4 — Cronometer data PBMAs (Beyond 8 (no >2 servings of Weight, glucose, JTMAO; no
[38], 2020 crossover animal: 18; animal- =+ 11.7; animal- + 5.2; animal- and weekly Meat) washout) meat products per insulin, blood statistically
(SWAP-MEAT) plant: 18 plant: 51.1 £16.0  plant: 28.3 £ 5.3 portioning survey day pressure, blood significant
lipids, TMAO, and  differences in
IGF-1 insulin and IGF-1
Crimarco et al. RCT; USA Beyond Meat, Inc  Healthy adults 36 (66.7) plant- Plant-animal: 49.3  Plant-animal: 27.4 — Cronometer data PBMAs (Beyond 8 (no >2 servings of Inflammatory JIL-7 and NT-3;
[44], 2022 crossover animal: 18; animal- =+ 11.7; animal- + 5.2; animal- and weekly Meat) ‘washout) meat products per  biomarkers (IL-6, no statistically
(SWAP-MEAT) plant: 18 plant: 51.1 = 16.0  Plant: 28.3 +5.3 portioning survey day IL-7, IL-18, TNF-  significant in IL-6,
o, IL-12p, IL-10, IL-18, TNF-a, IL-
TGF-p, NT-3) 128, TL-10, TGF-p
Farsi et al. [45], RCT; UK Partly funded by Healthy adults 20 (0) 304 £7.92 24.0 +2.87 221.60 £ 176.87 — Mycoprotein 2 (4-wk 240; red and Weight, body fat No statistically
2023 crossover Marlow Foods Ltd (meat); 80.25 + (Quorn) washout) p d meat p 3 i in body
(Mycomeat) 83.47 (red and glucose, blood fat percentage and
processed meat) lipids, blood TMAO
pressure, and
TMAO
Pavis et al. [34], RCT; UK Marlow Foods, Ltd ~ Adults with 72 (63); 1G: 33; 1G:41 £3;CG:46 1G: 32+ 1 (SEM); — Multiple-pass 24-h  Mycoprotein- 4 Meat (chicken, Glucose, blood 1C-peptide
2024 parallel overweight CG: 39 + 2 (SEM) CG: 33 + 1 (SEM) dietary recalls based (Quorn) beef, fish, dairy) lipids, and C-
peptide
Toh et al. [35], RCT; Singapore Pinduoduo, Inc Adults with elevated 89 (60.7) IG: 44; 1G: 60 £8;CG: 59 1G:23.2 +£2.4; Animal-based 3-d food records PBMAs diet fixed 8 Animal based (2.5  Weight, glucose, No statistically
2024 parallel (HongKong risk of diabetes CG: 45 +8 CG:219£25 protein: IG: 2.3 =  were collected 4 quantities (Beyond servings/d) insulin, blood significant
Walnut Street, Ltd) 0.6; CG: 2.4 0.6 times across the Meat, Impossible lipids, blood differences in
intervention period  Foods, pressure, CRP, insulin, CRP,
OmniFoods, The HOMA-IR, HOMA-IR,
Vegetarian HOMA p-cell HOMA p-cell
Butcher) function, and function, and
fructosamine fructosamine
concentrations
Turnbull etal. [36], RCT UK Marlow Foods, Adults with 17 (70.6) IG: 9; 19-48 16.9-32.1 — Intake in the 191 mycoprotein 3 Isocaloric amounts ~ Blood lipids No statistically
1990 parallel UK hypercholesterolemia ~ CG: 8 metabolic unit (Quorn) of meat significant
under supervision differences in
APO-A1 and
APO-B
concentrations

APO, apolipoprotein; CG, control group; CRP, C-reactive protein; IG, intervention group; IGF, insulin-like growth factor; IS, insulin sensitivity; NT, neurotrophin; PBMA, plant-based meat alternative; TC, total
cholesterol; TGF, transforming growth factor; TMAO, trimethylamine N-oxide.
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N inmicon Mean Difference MD  (95% Cl) N studies P (%), p-value
Glucose (mmol/L) 112/116 é -0.04 (-0.15,0.07) 5 10.3 0.347
High-density lipoprotein (mmol/L) 1771180 = -0.01 (-0.06, 0.04) 7 241 0.246
Low-density lipoprotein (mmol/L) 174 /175 = -0.25 (-0.42,-0.08) 7 65.8 0.007
Triglycerides (mmol/L) 167 /171 — 0.05 (-0.10,0.21) 6 484  0.088
Total cholesterol (mmol/L) 159/163 B -0.29 (-0.52,-0.06) 6 64.8 0.014
Systolic blood pressure (mmHg) 126 /124 = -0.21 (-2.52,2.11) 4 344  0.206
Diastolic blood pressure (mmHg) 126/ 124 — -0.06 (-1.63,1.51) 4 318 0221
Body weight (kg) 136 / 134 - 072 (-1.02,-0.42) 5 0 0.664
T T T 1
-2 -1 0 1 2

FIGURE 2. Pooled MDs for the effect of plant-based meat alternatives compared with control groups on cardiometabolic health outcomes in adults. The values
are derived from meta-analyses of unstandardized between-group MDs, using the method by DerSimonian and Laird to estimate the heterogeneity variance. Blue
square means significant MDs (P < 0.05) and light blue square nonsignificant MDs. CON, control group; INT, intervention group; MD, mean difference.

factor P, and TNF) [33,35,44], serum insulin [33], and apolipoproteins
Al and B [36] after comparing PBMA interventions and control con-
ditions. For trimethylamine-N-oxide, 1 study [38] showed beneficial
effects in favor of PBMA intervention groups compared with those of
control groups, whereas another study did not show significant dif-
ferences [39].

Discussion

Our systematic review and meta-analysis suggest that replacing meat
consumption for PBMAs for 1-8 wk diminishes TC, LDL-cholesterol,
and body weight in people without CVDs. No significant reductions in
HDL-cholesterol, TG, blood pressure, and fasting blood glucose were
detected. Our sensitivity analyses considering only mycoprotein-based
substitutes consistently showed significant reductions in TC and LDL-
cholesterol as well as in body weight in healthy participants. Given
the short duration of the studies, these significant reductions in TC
(6.6%), LDL-cholesterol (12.1%) and body weight in favor of PBMAs
might be considered although, in the case of body weight, it was not a
clinically significant weight loss reduction (1%).

Our findings indicated that, compared with meat consumption, the
intake of PBMAs significantly reduced TC (—0.29 mmol/L) and LDL-
cholesterol (—0.25 mmol/L). Additionally, a reduction in body weight
(—0.72 kg) was found when replacing meat consumption for PBMAs.
These results align with a previous meta-analysis [26] in which RCTs
were included that considered both traditional meat substitutes
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(textured vegetable protein) and novel PBMAs that significantly differ
in nutritional composition. Current evidence has demonstrated the
beneficial effects of whole or minimally processed plant-based dietary
patterns on cardiovascular health [46,47]. PBMAs, unlike traditional
meat substitutes, are classified as UPFs, the fourth group according to
the NOVA classification system [48]. A recent analysis of a large UK
Biobank cohort study concluded that a higher dietary intake of
plant-sourced non-UPFs was associated with reduced risk of cardio-
vascular events, whereas a higher intake of plant-sourced UPFs was
linked to increased risk of CVDs [49]. These findings indicate that
substituting plant-sourced UPFs with plant-sourced non-UPFs is
associated with a reduction of 7% and 15% in CVDs incidence and
CVD-related mortality, respectively. These values are comparable with
those observed when plant-sourced non-UPFs was replaced with
animal-sourced UPFs. Nevertheless, the consumption of meat alter-
natives represented 0.2% of the total energy intake, rendering it diffi-
cult to ascertain their impact. Previous studies have reported that
replacing meat with whole plant foods, such as legumes, induces sig-
nificant changes in cardiometabolic parameters such as TC and
LDL-cholesterol, which are greater than those observed with PBMAs
[50,51]. In addition, the cardiometabolic effect of PBMAs might
depend on the type of meat they replace, with increased benefits when
red and processed meats are substituted. This highlights that PBMAs
should not replace whole plant foods but serve as a transition from meat
consumption to higher plant food intake.

Our meta-analysis revealed no statistically significant differences
when PBMAs were compared with meat consumption concerning



R. Fernandez-Rodriguez et al.

blood pressure and fasting blood glucose. Although the energy content
of PBMAs is typically lower than that of meat [25], it exhibits
considerable variability depending on the type of PBMA. For instance,
some PBMAs can exceed the energy density of certain meat sources
(Supplemental Table 5). Furthermore, the impact of replacing meat
with PBMAs on body weight might vary across different study pop-
ulations. The 2 RCTs included in our meta-analysis that demonstrated
reductions in body weight with PBMAs intake were conducted on
overweight individuals (BMI > 25 kg/m?) [37,38], whereas no dif-
ferences in body weight were observed in RCTs conducted on in-
dividuals with a normal weight according to BMI [33,35,39].
Concerning blood pressure, it is well established that a high con-
sumption of sodium in the diet is a major contributing factor to the
development of hypertension [52]. Although PBMAs tend to have a
higher sodium content than meat [53], this potential negative effect
could be counterbalanced by the presence of other beneficial dietary
components in these products, such as dietary fiber [54]. This may
partially explain the lack of change observed in blood pressure levels
when meat intake was replaced with PBMAs. Finally, no difference has
been identified in postprandial plasma glucose concentrations in
response to a PBMA intake compared with those to meat products [55].
Epidemiologic studies have demonstrated that substituting red meat
with plant-based alternatives is associated with enhanced insulin
sensitivity, as assessed by fasting glucose and insulin concentrations
[56]. These effects appear inferior to those reported with the replace-
ment of whole plant foods, such as legumes, nuts, or whole grains [56].
The processing of PBMAs has been demonstrated to result in an
increased glycemic index, which could potentially attenuate the
beneficial effects on glucose metabolism observed in whole
plant-based foods [57]. Accordingly, the limited duration of the RCTs
included in our meta-analysis may have been inadequate to discern
differences in plasma glucose concentrations, underscoring the neces-
sity for longer-term studies.

Although there are considerable differences in the nutritional
composition of different PBMAs, they tend to exhibit a more favorable
nutritional profile than do meat products [53,58]. In particular, PBMAs
are typically characterized by a reduced proportion of saturated fats and
dietary cholesterol, but an increased content of carbohydrates, fiber,
and polyunsaturated fats (Supplemental Table 5) [25]. Therefore, the
cardiovascular impact of consuming PBMAs may be attributed to the
nutrients they contain, as well as the reduced intake of meat products.
For instance, the results of multiple regression analyses of RCTs
indicate that replacing saturated fat intake with an equivalent energy
amount of PUFA, MUFA, or carbohydrates results in a reduction in
LDL-cholesterol and TC concentrations [59]. Similarly, there is a
documented correlation between dietary cholesterol and elevated
plasma LDL-cholesterol [60]. Consequently, some of the benefits
observed in TC and LDL-cholesterol concentrations associated with
the consumption of PBMAs in comparison with meat products may be
attributed to a reduction in saturated fat and cholesterol intake added to
the replacement of these with unsaturated fats and carbohydrates.
Another dietary component that may be associated with the benefits of
PBMAs on the lipid profile is dietary fiber. Despite the reduced fiber
content of these products in comparison with whole plant foods, it is
still higher than that found in meat products (Supplemental Table 5)
[61]. A higher intake of dietary fiber has been shown in numerous
studies to be associated with a reduction in TC and LDL-cholesterol
concentrations [61,62]. It has been suggested that dietary fiber may
diminish the absorption of cholesterol in the small intestine [63]. The
fermentation of dietary fiber by the gut microbiota results in the release
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of short-chain fatty acids, which have been demonstrated to inhibit
hepatic cholesterol synthesis and, thereby, contribute to a reduction in
LDL-cholesterol concentrations [64]. In this sense, previous research
has suggested that replacing meat with PBMAs may have health
benefits for the gut microbiota [45,65]. Nevertheless, PBMA products
differ in their nutrient composition and we cannot assume that all will
have the same impact on cardiovascular parameters. Therefore,
adequately powered RCTs assessing disease risk factors and long-term
observational studies evaluating disease outcomes are needed.

In the sensitivity analysis, a reduction in TC and LDL-cholesterol
was observed in studies considering only mycoprotein-based foods
such as PBMAs. Mycoprotein is a dietary ingredient derived from fungi,
comprising 25% fiber by dry weight and 6% by wet weight [66]. The
dietary fiber content of mycoprotein products is typically higher than that
of other PBMAs, which may be a contributing factor to the favorable
effects observed on cardiovascular disease risk [66]. Similarly, the
saturated fat content (0.7 g/100 g), which is lower than that of other
PBMAs (3.2 g/100 g), and the higher unsaturated fat content (2.3 g/100
g) may also be associated with the reductions in TC and LDL-cholesterol
in interventions with mycoproteins (Supplemental Table 5) [66]. Finally,
these findings suggest that the cardioprotective effect of PBMA con-
sumption, compared with that of meat products, may be due to the
replacement of saturated fats with unsaturated fats and fiber, which
might be further enhanced in the case of mycoprotein-based options.

Our meta-analyses were calculated using raw MD data, which
provide information in clinical units for our findings despite the het-
erogeneity among the intervention and comparison groups. However,
potential limitations of our review should be mentioned. First, few
RCTs (n = 7) assessed PBMAs with small sample sizes in each arm
trial (from 8 to 58 participants). Second, the short-term length of the
intervention (1-8 wk) delays us from determining chronic effects on
cardiometabolic disease risk factors when PBMAs replace meat intake.
Therefore, it could be considered that studies could be not adequately
powered to detect statistically significant differences
diometabolic disease risk factors. Moreover, the limited number of
studies included in the meta-analyses of each cardiometabolic outcome
(n < 10), no meta-regression or publication bias analyses were con-
ducted [27,67]. Third, heterogeneity among nutrient profiles of current
PBMAs should be noted. Fourth, 7 of 8 publications were funded by
the manufacturers of these PBMAs, which could potentially bias the
results obtained. Owing to the limited number of studies, it was not
possible to perform a sensitivity analysis based on conflicts of interest.
Finally, the scarcity of studies and assessments of other car-
diometabolic disease risk factors such as inflammatory biomarkers or
insulin made it impossible for us to conduct meta-analyses on these
variables and draw more solid conclusions. Although some of them
(e.g. blood C-peptide and IL-7) showed beneficial effects favoring
PBMAs, most did not change after comparing PBMA interventions and
control conditions. However, with the increasing trend of people
consuming plant-based diets [68], further trials are expected to address
these gaps in knowledge.

In conclusion, overall, our study suggests that substituting meat
consumption by PBMAs could lower TC (—6.6%), LDL-cholesterol
(12.1%), and body weight in people without CVDs but not modi-
fying significantly other cardiometabolic risk factors such as TG, blood
pressure, or blood glucose. A reduction in body weight of 1% was
observed in favor of PBMAs although this was not considered to be
clinically significant (5%). It should be noted that the duration of the
trials was relatively short. The use of meat alternatives could be rec-
ommended to facilitate the transition from meat consumption to a

in car-



R. Fernandez-Rodriguez et al.

higher intake of plant-based foods, because not only they provide a
meat-eating experience, but also they do not have adverse car-
diometabolic health effects compared with meat and have a lower
environmental impact. However, further larger RCTs with longer
follow-up periods assessing the effects of novel PBMAs are needed, as
well as prospective cohort studies, to unravel the long-term effects of
PBMA consumption on risk of cardiometabolic diseases. Finally, in the
coming years, the growing global market is expected to develop newly
formulated PBMAs that need to be assessed in future trials.
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