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Abstract
Purpose Mycoprotein is a relatively novel food source produced from the biomass of Fusarium venenatum. It has previously 
been shown to improve CVD risk markers in intervention trials when it is compared against total meat. It has not hitherto 
been assessed specifically for benefits relative to red and processed meat.
Methods We leveraged samples from Mycomeat, an investigator-blind randomised crossover controlled trial in metaboli-
cally healthy male adults (n = 20), randomised to consume 240 g/day of red and processed meat for 14 days followed by 
mycoprotein, or vice versa. Blood biochemical indices were a priori defined secondary endpoints.
Results Mycoprotein consumption led to a 6.74% reduction in total cholesterol (P = 0.02) and 12.3% reduction in 
LDL cholesterol (P = 0.02) from baseline values. Change in fasted triglycerides was not significantly different between 
diets (+ 0.19 ± 0.11 mmol/l with mycoprotein, P = 0.09). There was a small but significant reduction in waist circum-
ference for mycoprotein relative to meat (− 0.95 ± 0.42 cm, P = 0.04). Following the mycoprotein diet, mean systolic 
(− 2.41 ± 1.89 mmHg, P = 0.23) and diastolic blood pressure (− 0.80 ± 1.23 mmHg, P = 0.43) were reduced from baseline. 
There were no statistically significant effects of the intervention on urinary sodium, nitrite or TMAO; while urinary potas-
sium (+ 126.12 ± 50.30 mmol/l, P = 0.02) and nitrate (+ 2.12 ± 0.90 mmol/l, P = 0.04) were both significantly higher with 
mycoprotein relative to meat. The study population comprised metabolically healthy adults, therefore, changes in plasma 
lipids had little effect on cardiovascular risk scores (− 0.34% FRS for mycoprotein P = 0.24).
Conclusions These results confirm potential cardiovascular benefits when displacing red and processed meat with myco-
protein in the diet. Longer trials in higher risk study populations are needed to fully elucidate suggested benefits for blood 
pressure and body composition.
ClinicalTrials.gov Identifier: NCT03944421.
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Introduction

Observational studies suggest that red and processed meat 
consumption is associated with an increased risk of cardi-
ovascular disease (CVD) [1–5]. In contrast, adherence to 
plant-based dietary patterns appears to confer a cardiopro-
tective effect [6, 7]. Notably, findings from one prospec-
tive cohort study suggest a 10% increase in energy intake 
from animal protein translates into an 8% increased risk of 
CVD mortality, while a 3% increase in energy from plant 
protein reduces risk by 12% [8]. These observations are 
reciprocated by findings from randomised controlled trials 
that report favourable effects in CVD risk markers when 
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meat consumption is curtailed [9–12], including lower low-
density lipoprotein (LDL) cholesterol and apolipoprotein B 
levels [13]; as well as reduced urinary excretion of microbi-
ally produced trimethylamine N-oxide (TMAO) [14].

Public health approaches have had limited success in 
inducing meaningful population level transitions to plant-
based eating, due to culinary traditions, taste preferences, 
and social and cultural norms [15–18]. Meat alternatives—
i.e., vegetarian and/or vegan foods designed to mimic 
meat, yet devoid of animal meat (vegetarian) or any animal 
derivative (vegan)—offer an effective approach to curtail 
meat consumption without drastically altering meal patterns 
and dietary habits [19, 20]. Mycoprotein is a sustainable 
protein derived from the continuous cultivation of Fusarium 
venanatum, which is high in protein and fibre, while low in 
fat [21–23]. With processing, it can resemble the texture and 
flavour of meats.

Previous randomised controlled trials have found 
replacing total meat with mycoprotein based foods elicits 
reductions in total and LDL cholesterol. These trials report 
different responses in high density lipoprotein (HDL), 
and this may be due to differences in the study population 
demographics and baseline cardiometabolic disease risk 
status [24–26]. It is important therefore to better characterise 
the effect of displacing meat with mycoprotein on CVD 
risk markers in wider study populations. In addition, the 
comparative influence on CVD markers of mycoprotein with 
that of red and processed meat have not been investigated. 
Given that epidemiological evidence suggests a greater 
risk of CVD from red and processed meat versus other 
animal protein sources [27], such investigations would be 
informative to nutritional science and public health.

Here, we present an analysis of secondary endpoints 
from the Mycomeat study. Mycomeat was a randomised 
crossover controlled dietary intervention trial comprising 
metabolically healthy males with faecal genotoxicity as the 
primary endpoint; a surrogate marker of colorectal cancer 
risk by evaluating the DNA damaging potential of foodstuff 
and dietary patterns within the colon [28]. The participants 
consumed a variety of red and processed meat products or 
the weight equivalent of mycoprotein based products over 
2 week diet phases. Blood biochemical parameters related 
to CVD risk were included as a priori defined secondary 
endpoints.

Methods

Study setting and participants

Mycomeat has been described in detail elsewhere [28] 
(ClinicalTrials.gov Identifier: NCT03944421). Procedures 
were followed in accordance with the declaration of 

Helsinki and the study was approved by the Northumbria 
University Ethics Committee (reference number 15274). 
The participants involved in the study provided written 
informed consent.

Study participants were metabolically healthy 
male adults recruited from the North East of England, 
UK, via poster advertisement and using a database of 
previous study participants. Inclusion criteria were: 
age 18–50  year; BMI 18–30  kg/m2; fasting blood 
HbA1c < 48 mmol/mol (< 6.5%) and not diagnosed with 
diabetes; fasting total blood cholesterol < 7.8  mmol/l; 
fasting blood triglycerides < 2.3  mmol/l; normal liver 
function (assessed via blood liver enzyme measurement); 
blood pressure < 140/90 mmHg; willingness to refrain 
from pre- and probiotics, vitamin supplements as well as 
alcoholic beverages during the study. Exclusion criteria 
were gastrointestinal disease; use of medications that 
affect gastrointestinal motility; use of antibiotic, prebiotic, 
or probiotics in previous 3 months; use of tobacco or 
recreational drugs and history of coronary artery disease, 
diabetes, or other chronic disorders. Individuals who had 
been enrolled in dietary trials in the previous 3 months 
were also excluded. Participants took part in a screening 
visit where a fasting blood sample, blood pressure and 
anthropometric measurements were taken to confirm study 
eligibility based on the above inclusion criteria.

Study design and interventions

Mycomeat was an investigator blind, randomised crossover 
controlled study consisting of 2 × 2-week feeding blocks 
separated by a 4  week washout, where participants 
returned to their usual dietary habits [28]. During 
study phases, participants were provided with 240  g/
day (uncooked weight) of either red and processed meat 
products or the weight equivalent of mycoprotein-based 
products. The food products were also selected to match 
for similar energy content. The diets were built around a 
seven-day rotation of food products, in line with real world 
exposures. Details of the study diets have been outlined in 
detail previously [28].

Participants were asked to avoid additional high-protein, 
fibre, or probiotic supplements, and to refrain from alcohol 
consumption for the duration of the trial, but to otherwise 
maintain their usual diet. During each phase of the study, 
participants were provided and asked to complete a 
compliance document which outlined the amount of study 
foods they consumed each day. In addition, participants 
completed a 1-day food record, from which energy and 
macronutrient intake was estimated using Nutritics nutrition 
analysis software (version 5.66 Education) [29].
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Sample collection and anthropometric 
measurements

At baseline and the conclusion of each intervention period, 
participants visited the Brain, Performance and Nutrition 
Research Centre (BPNRC, Northumbria University, 
Newcastle, UK) in an overnight fasted state. Anthropometric 
measurements of body weight, body mass index (BMI), hip 
and waist circumference, systolic blood pressure (SBP), 
diastolic blood pressure (DBP) and body fat percentage by 
bioimpedance scale (Tanita BC-418) were taken. Venous 
blood samples were collected in serum SST and fluoride 
oxalate tubes for analysis of blood lipids and glucose, and 
EDTA tubes for the analysis of lipoprotein particle sub 
fractions (Fisher Scientific). In addition, at each visit, a 
morning spot urine sample was collected and stored on 
ice during the study visit before the sample was aliquoted 
into sterile 1.5-ml tubes and stored at − 80 °C until further 
analysis.

Blood biochemical measurements

Blood collected in serum SST and fluoride oxalate tubes was 
analysed on the same day for fasting serum triglycerides, 
total cholesterol, and plasma glucose via routine automated 
clinical biochemistry at the Blood Sciences Department 
of The Royal Victoria Infirmary Hospital, Newcastle, UK. 
Blood that was collected in EDTA tubes was kept at 4 °C 
prior to centrifugation at 1900 g at 4 °C for 10 min, and the 
plasma collected was stored in aliquots (0.5 ml) at − 80 °C 
until analysis. Plasma HDL cholesterol was measured by 
enzymatic endpoint analysis using enzyme reagent kits on a 
clinical chemistry analyser (Randox Daytona Series). LDL 
cholesterol was estimated using the Friedewald equation 
[30].

LC–MS quantification of TMAO

Urine samples were specific gravity normalised and prepared 
as previously described [28].

Trimethylamine N-oxide (TMAO) was then quantified 
by Hydrophilic Liquid Interaction Chromatography 
(HILIC) in positive mode, performed on a Vanquish liquid 
chromatography chromatographic separation system 
connected to an IDX High Resolution Mass Spectrometer 
(Thermo Scientific). The HILIC positive data set was 
processed via Compound Discoverer 3.2 according to the 
following settings: untargeted metabolomic workflow with 
online database: mass tolerance 10 ppm, maximum shift 
0.3 min, alignment model adaptive curve, minimum intensity 
500 K, S/N threshold 3, compound consolidation, mass 
tolerance 10 ppm, RT tolerance 0.3 min. Database matching 
was performed at MS2 level using Thermo scientific m/z 

cloud with a similar index of 80% or better. TMAO intensity 
was then identified in the overall metabolite dataset and log 
transformed for statistical analysis.

Urinary sodium and potassium

Gravity normalised urine samples were thawed prior to 
dilution to 1:100 with distilled water. Sodium and potassium 
concentrations were determined with a flame photometer 
(PFP-7, Jenway, UK). Standards of sodium (2–8 ppm) and 
potassium (5–40 ppm) were used to quantify levels prior to 
transforming into concentrations. Results are expressed in 
micromoles.

Urinary nitrates and nitrites

Urinary nitrates and nitrites were determined using 
chemiluminescence as described previously [31]. Gravity 
normalised urine samples were thawed prior to dilution to 
1:50 with distilled water. To determine nitrite concentrations, 
50 μl of urine was injected into a purge vessel containing 
8 ml glacial acetic acid and 2 ml aqueous potassium iodide 
(50  mg/ml). Nitrogen was bubbled through a glass frit 
to mix the sample and transfer released nitric oxide to a 
Sievers NOA 280 analyser (Sievers, Boulder, CO, USA) via 
a condenser, a NaOH (1 mol/l) trap and a polypropylene 
filter (0.2 μm; Whatman, USA). The signal was processed 
using the instrument software. After every 6 injections, the 
purge vessel was emptied and refilled with fresh reagents. 
For quantification, known standards of sodium nitrite 
(1–10,000 nmol) were injected into the purge vessel filled 
with 8 ml glacial acetic acid and 2 ml aqueous potassium 
iodide (50 mg/ml).

For nitrate determination, 50 μl of urine was injected into 
the purge vessel containing 8 ml vanadium (III) chloride 
solution (~ 0.4 g vanadium (III) chloride in 50 ml 1 M 
hydrochloric acid). The purge vessel was fitted with a water 
jacket to allow heating of the reagent to 96 °C and cold-
water condenser (6 °C), using a circulating bath. Thereafter, 
the purge vessel was replenished with reagents as described 
above. The samples were quantified by comparing the 
area to the area of known standards of sodium nitrate 
(1–10,000 nmol). Results are expressed as millimoles and 
micromoles of nitrates and nitrites respectively.

Assessment of CVD risk

While our study population was young and metabolically 
healthy, we derived a panel of CVD risk scores to determine 
if the study diets would impact putative CVD risk. These 
included the Framingham Risk Score (FRS), based on 
age, gender, systolic blood pressure, smoking habit, total 
cholesterol, HDL cholesterol and presented as % risk of CVD 
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in the next 10 years [32]. The QRESEARCH risk estimator 
version 3 (QRISK3), based on age, gender, ethnicity, total 
cholesterol to HDL cholesterol ratio, systolic blood pressure, 
height, weight, smoking habits, diabetes status, and other 
clinical information related to medication, treatment and 
chronic disease [33]. QRISK3 also provides a 10 year % 
CVD risk estimate. We also applied the atherosclerotic 
cardiovascular disease (ASCVD) risk score, based on age, 
gender, ethnicity, total cholesterol, HDL cholesterol, systolic 
blood pressure, height, smoking habits and diabetes status 
[34]. The ACSVD provides both a 10 year and lifetime risk 
score.

Statistical analysis

This study was powered according to the primary endpoint, 
change in faecal genotoxicity, described previously [28]. 
Recruitment was continuous until completion of the study 
at n = 20.

Data was assessed for normality by visualising Q-Q plots 
and performing Shapiro-Wilks tests before statistical analy-
sis was performed. Data assessed to be non-normally distrib-
uted was analysed with non-parametric tests. Changes from 
baseline within study phases and differences between study 
phases in all measures was assessed using mixed effects 
models. In all models, age, BMI and habitual alcohol intake 
were included as fixed effects, with the participant as the 
random effect. For measures related to BMI (body weight, 
body fat, trunk fat, and BMI itself), BMI was excluded from 
the model to avoid collinearity. The interaction of the order 
at which the participants received the diets was also included 
to capture the impact of diet order on study outcomes.

Gut microbiome data for Mycomeat has been reported in 
detail elsewhere [28] and supporting meta data is available 
online (https:// doi. org/ 10. 25398/ rd. north umbria. c. 60102 52). 
Here, in an exploratory sub analysis, we investigated whether 
the gut microbiota at baseline was associated with the 
influence of the study diets on LDL cholesterol. To address 
this question, orthogonal projections to latent structure 
(OPLS) was constructed on the abundance of microbial 
genera at baseline of responders (participants whose 
blood LDL was lower and/or reduced greater following 
the mycoprotein phase compared to the meat phase) and 
non-responders (participants whose blood LDL was lower 
and/or reduced greater after the meat phase compared to 
the mycoprotein phase). We then applied random forest 
modelling [35] to identify any microbial phyla which could 
discriminate responders from non-responders at baseline.

A P value of ≤ 0.05 was considered significant. All 
statistical analyses and visualisations were performed in 
RStudio [36].

Results

Participants

Twenty participants completed the study, the mean age 
at baseline was 30.4 years, and the average BMI was 24. 
Participant enrolment began on 1 June 2019 and the date 
of final data collection was 29 January 2020. Participant 
baseline characteristics are reported in Table 1 and the study 
CONSORT diagram can be found elsewhere [28].

Effect of intervention on nutritional intake

Overall, there was a good level of compliance to the inter-
vention, as well as no adverse reactions or symptoms 
reported by participants. Self-reported fibre intake was sig-
nificantly higher during the mycoprotein phase compared 

Table 1  Participants’ baseline characteristics (n = 20)

Data are presented as means ± SDs

Age, years 30.4 ± 7.92
Anthropometric parameters
 Weight, kg 80.6 ± 10.90
 BMI, kg/m2 24.0 ± 2.87
 Waist circumference, cm 86.9 ± 8.16
 Body fat, % 15.5 ± 5.56
 Trunk fat, % 16.3 ± 6.90
 Systolic blood pressure, mmHg 126 ± 12.2
 Diastolic blood pressure, mmHg 71.5 ± 9.27

Blood parameters
 Total cholesterol, mmol/l 4.32 ± 0.83
 HDL Cholesterol, mmol/l 1.57 ± 0.43
 LDL Cholesterol, mmol/l 2.29 ± 0.88
 Triglycerides, mmol/l 0.89 ± 0.46
 Glucose, mmol/l 4.86 ± 0.45

Dietary intake
 Energy, kcal/day 2515.59 ± 754.85
 Protein, g/day 126.44 ± 45.42
 Protein, % of energy 20.10 ± 7.22
 Carbohydrate, g/day 281.20 ± 81.41
 Carbohydrate, % of energy 44.71 ± 12.94
 Fat, g/day 98.37 ± 46.75
 Fat, % of energy 35.19 ± 16.73
 Saturated fat, g/day 35.94 ± 21.22
 Saturated fat, % of energy 12.86 ± 7.59
 Fibre, g/day 26.16 ± 7.79
 Sodium, mg/day 2853.02 ± 1243.93
 Total meat intake, g/day 221.60 ± 176.87
 Red and processed meat intake g/day 80.25 ± 83.47
 Mycoprotein intake, g/day 0 ± 0

https://doi.org/10.25398/rd.northumbria.c.6010252


3353European Journal of Nutrition (2023) 62:3349–3359 

1 3

to the meat phase (+ 16.74 ± 2.92 g/day, P < 0.001). Total 
energy (+ 212.26 ± 242.63  kcal/day, P = 0.47), carbo-
hydrate (+ 4.07 ± 2.32% energy, P = 0.07) and sodium 
(+ 514.87 ± 424.95 mg/day, P = 0.32) were also higher dur-
ing the mycoprotein phase, whereas protein (+ 2.07 ± 1.28% 
energy, P = 0.13), fat (+ 2.74 ± 2.65% energy, P = 0.27) and 
saturated fat (+ 1.46 ± 1.32% energy, P = 0.21) were higher 
during the meat phase. Apart from the difference in fibre, 
there were no significant differences between study phases 
(Table 2).

Blood biochemistry

Following the mycoprotein diet, both total cholesterol 
(-0.33 ± 0.13  mmol/l, P = 0.02) and LDL cholesterol 
(−  0.32 ± 0.10  mmol/l, P = 0.005) were significantly 
reduced from baseline, with the difference between 
the study phase effects also significant (difference total 
cholesterol, 0.37 ± 0.14 mmol/l, P = 0.02: difference LDL, 
0.34 ± 0.13 mmol/l, P = 0.01). There was no statistically 
significant difference in triglycerides between study phases 
(+ 0.19 ± 0.11 mmol/L, P = 0.09 for mycoprotein relative 
to meat). HDL cholesterol and plasma glucose were not 
significantly affected by the intervention (Table 3).

Blood pressure

There was no statistically significant change from base-
line in SBP   or DBP   after the meat phase (SBP, +  
1.70 ± 1.40 mmHg; P = 0.27, DBP, + 1.77 ± 1.23 mmHg; 
P = 0.23), nor were there statistically significant changes 
from baseline following the mycoprotein phase (SBP, 
− 2.41 ± 1.89 mmHg; P = 0.23, DBP, − 0.80 ± 1.23 mmHg; 
P = 0.43). The difference between study phases (SBP 
− 4.11 ± 2.47 mmHg DBP − 2.57 ± 1.73 mmHg mycopro-
tein relative to meat) was also not statistically significant 
(SBP P = 0.11, DBP P = 0.16) (Table 3).

Anthropometry

Over the course of the study, there were no significant 
effects on body weight (meat, + 0.26 ± 0.22  kg; 
P = 0.33; mycoprotein, −  0.17 ± 0.27  kg; P = 0.58), 
B M I  ( m e a t ,  +  0 . 0 9  ±  0 . 0 6   kg / m 2;  P  =  0 . 2 2 ; 
mycoprotein,  −  0.04 ± 0.08  kg/m2;  P  = 0.63), 
or  body fa t  (meat ,  + 0 .33 ± 0 .25%;  P  = 0 .42; 
mycoprotein, + 0.18 ± 0.39%; P = 0.82). Following the meat 
phase, waist circumference increased (+ 0.80 ± 0.39 cm) 
while there was a reduction after the mycoprotein phase 
(−  0.15 ± 0.31  cm). Following mycoprotein, waist 
circumference was 0.95 cm lower than after the meat phase 
(P = 0.04) (Table 3).

Urinary markers

Urinary excretion of sodium was not significantly different 
from baseline following either arm of the intervention (meat, 
P = 0.58; mycoprotein, P = 0.25), the difference between 
study phases was also not significant (P = 0.71). Potassium 
excretion did not differ markedly from baseline after the 
mycoprotein phase (P = 0.32) but was significantly reduced 
following the meat phase (P = 0.007), the difference between 
study phases was also significant (P = 0.02) (Table 3).

Urinary nitrates were significantly reduced following the 
meat phase (− 1.72 ± 0.68 mmol, P = 0.04),  but were unaf-
fected following the mycoprotein phase (+ 0.39 ± 0.60 mmol, 
P = 0.44), the difference between study phases was also sig-
nificant (2.12 ± 0.90 mmol, P = 0.04). The diets had negligi-
ble effects on the excretion of urinary nitrites, with a small 
reduction from baseline values following both (Table 3). 
Urinary TMAO excretion was not significantly affected 
within or between study phases (Table 3).

Table 2  Difference in self-
reported nutritional intake 
between diets, including 
provided study food

Values are presented as means ± SDs. Nutrient intake calculated from 1 day food records using Nutritics 
nutritional analysis software
a Differences between nutrient intake during Mycoprotein compared to Meat presented as least square 
means ± SEs
b P values were calculated for differences between study phases using mixed effects models. A P ˂ 0.05 was 
considered significant

Nutrient Meat Mycoprotein Differencea Pb

Energy, kcal/day 2355.18 ± 553.32 2567.44 ± 796.97  + 212.26 ± 242.63 0.47
Protein, % of energy 20.28 ± 3.85 18.21 ± 3.38 − 2.07 ± 1.28 0.13
Carbohydrate, % of energy 42.23 ± 6.24 46.30 ± 6.85  + 4.07 ± 2.32 0.07
Fat, % of energy 37.27 ± 7.31 34.53 ± 7.70 − 2.74 ± 2.65 0.27
Saturated fat, % of energy 13.95 ± 3.78 12.49 ± 3.81 − 1.46 ± 1.32 0.21
Fibre, g/day 26.52 ± 8.40 43.26 ± 8.69  + 16.74 ± 2.92  < 0.001
Sodium, mg/day 2714.25 ± 979.59 3229.12 ± 1405.28  + 514.87 ± 424.95 0.32
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CVD risk assessment

There were no statistically significant effects on the panel of 
CVD risk scores. As expected, the derived scores were low 
for the participants at all time points. The mycoprotein phase 
led to marginal reductions across the risk scores, whereas the 
risk scores were either unaffected or increased following the 
meat phase (Table 4).

Discussion

Here, we report the effects of replacing red and processed 
meat with the weight equivalent of mycoprotein based 
foods over two weeks, on markers of CVD risk in meta-
bolically healthy male adults. We note that these observa-
tions are of a priori defined secondary endpoints in a study 
designed to evaluate measures of gut health, thus we cau-
tion the potential for type 1 error. Nevertheless, our obser-
vation that mycoprotein consumption elicits reductions in 

total (− 6.74%) and LDL cholesterol (− 12.3%) in meta-
bolically healthy and relatively young British men are of 
value; these findings reinforce similar observations from 
a limited number of other relatively small intervention tri-
als in different study populations. Notably, in two paral-
lel feeding studies, using mycoprotein based test foods 
purposefully designed for the intervention, Turnbull 
et al. noted that, (1) 191 g daily mycoprotein for 3 weeks 
reduced both total (− 13%) and LDL cholesterol (− 9%) in 
9 subjects with slightly elevated baseline cholesterol status 
[26]; and (2) that 130 g/day over 8 weeks reduced total 
(− 8%) and LDL cholesterol (− 13%) in a similar study 
population (n = 11) [25]. Using commercially available 
products, Ruxton and McMillan [37] recorded no change 
in total and LDL cholesterol in 21 British adults consum-
ing, by product preference, the equivalent of 88 g myco-
protein daily, however this was a lightly controlled open 
label trial in a free-living population, and they did note 
evidence of an effect with higher levels of compliance, 
and a reduction in cholesterol in those with higher baseline 

Table 3  Effects of 2 week diet phases on anthropometric, blood and urinary markers

Differences between variables at the beginning and end of each diet are shown along with % change. The difference column shows the 
differences between variables at the end of the mycoprotein phase compared with the end of the meat phase. P values were calculated for 
changes within and differences between study phases using mixed effects models. Values are presented as least square means ± SEs for changes 
within and differences between study phases. % change are presented as least square means
a For measures related to BMI (body weight, body fat, trunk fat, and BMI itself), BMI was excluded from the model to avoid collinearity
b A P < 0.05 was considered significant.*Mean change significantly different from baseline.† Mean change significantly different between 
Mycoprotein and Meat dietary periods

Variable Δ Meat Δ Meat (%) Pb Δ Mycoprotein Δ Mycoprotein (%) Pb Difference Pb

Anthropometric  parametersa

 Weight, kg  + 0.26 ± 0.22  + 0.28 0.33 − 0.17 ± 0.27 − 0.18 0.58 − 0.43 ± 0.33 0.23
 BMI, kg/ma  + 0.09 ± 0.06  + 0.34 0.22 − 0.04 ± 0.08 − 0.15 0.63 − 0.13 ± 0.10 0.24
 Body fat, %  + 0.33 ± 0.25  + 1.96 0.42  + 0.18 ± 0.39  + 0.66 0.82 − 0.15 ± 0.48 0.76
 Trunk fat, %  + 0.62 ± 0.39  + 5.77 0.09  + 0.41 ± 0.51  + 1.63 0.82 − 0.21 ± 0.65 0.76
 Waist circumference, cm  + 0.80 ± 0.39  + 0.92 0.05 − 0.15 ± 0.31 − 0.15 0.67 − 0.95 ± 0.42 0.04†
 Systolic blood pressure, 

mmHg
 + 1.70 ± 1.40  + 1.47 0.27 − 2.41 ± 1.89 − 1.65 0.23 − 4.11 ± 2.47 0.11

 Diastolic blood pressure, 
mmHg

 + 1.77 ± 1.23  + 2.53 0.23 − 0.80 ± 1.23 − 1.17 0.43 − 2.57 ± 1.73 0.16

Blood parameters
 Total cholesterol, mmol/l  + 0.04 ± 0.09  + 1.34 0.66 − 0.33 ± 0.13 − 6.74 0.02* − 0.37 ± 0.14 0.02†
 HDL Cholesterol, mmol/l  + 0.05 ± 0.05  + 4.67 0.34 − 0.04 ± 0.05 − 1.52 0.42 − 0.09 ± 0.07 0.21
 LDL Cholesterol, mmol/l  + 0.02 ± 0.08  + 1.43 0.95 − 0.32 ± 0.10 − 12.30 0.005* − 0.34 ± 0.13 0.01†
 Triglycerides, mmol/l − 0.06 ± 0.08 − 0.32 0.42  + 0.13 ± 0.09  + 28.89 0.09  + 0.19 ± 0.11 0.09
 Glucose, mmol/l  + 0.13 ± 0.13  + 4.01 0.29  + 0.15 ± 0.14  + 3.23 0.48  + 0.02 ± 0.20 0.92

Urinary parameters
 TMAO, log intensity -0.06 ± 0.05 − 0.76 0.50  + 0.08 ± 0.04  + 1.16 0.09  + 0.14 ± 0.07 0.06
 Sodium, μmol  + 10.30 ± 25.50  + 19.66 0.58  + 27.25 ± 22.10  + 14.34 0.25  + 16.95 ± 11.80 0.71
 Potassium, μmol − 168.38 ± 58.60 − 24.10 0.006* − 42.26 ± 41.30 − 2.45 0.32  + 126.12 ± 50.30 0.02†
 Nitrates, mmol − 1.72 ± 0.68 − 13.23 0.04  + 0.39 ± 0.60  + 25.88 0.44  + 2.12 ± 0.90 0.04†
 Nitrites, μmol − 0.77 ± 0.47 − 2.54 0.35 − 0.37 ± 0.39 − 1.20 0.29  + 0.40 ± 0.63 0.97
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values. More recently, Coelho et al. [24] reported a reduc-
tion in total (− 14.3%) and LDL (− 19.33%) cholesterol 
in metabolically healthy young adults (n = 20) consuming 
the equivalent of 181 g wet weight mycoprotein per day 
for 1 week. The magnitude of change in LDL (− 12.3%) 
that we observed with mycoprotein exceeds that achievable 
through consuming 2.4 g/day of plant sterols and stanols, 
which is deemed clinically meaningful by the European 
Food Standards Agency [38]. However, probably due to 
the nature of our healthy study population (with baseline 
total cholesterol < 5 mmol/l), the intervention did not have 
a significant effect on a panel of CVD risk scores [39], 
and we recommend that future studies target higher risk 
groups.

Overall, there is now consistent evidence across 
several, albeit small, intervention studies demonstrating 
that displacement of meat with mycoprotein decreases 
cholesterol [40, 41]. Whether or not mycoprotein is uniquely 
cholesterol lowering in the context of a high-fibre low-
meat diet is uncertain, for example, SWAP-MEAT was 
an 8-week randomised controlled trial with no washout in 
which healthy volunteers consumed ≥ 2 portions per day of 
a variety of meat or meat substitutes, none of which were 
mycoprotein based [42]. In that study, volunteers on the 
meat substitute arm reported consuming an additional ~ 6 g 
of fibre per day and showed a difference of 0.27 mmol/l LDL 
between study arms. In Mycomeat, our volunteers consumed 
a significantly higher amount of total fibre (+ 16.74 g/day) 
on the mycoprotein arm, leading to a greater net reduction 
in LDL compared to the meat arm (0.34 mmol/l) than the 
reduction observed in SWAP-MEAT. A study comparing 
meat alternatives with different protein constituents, whilst 
controlling total fibre intake would further the understanding 
about their unique beneficial properties.

Whilst a definitive intervention study demonstrating that 
mycoprotein, independently of meat displacement, lowers 
cholesterol is still needed, there are several mechanisms that 
might explain the observed effect. (1) In a previous health 
claim assessment, an EFSA panel concluded that the hypo-
cholesteroleamic properties of mycoprotein were simply a 
reflection of its β-glucan content [43]. We do note however 
that the β-glucan (β1-3, β1-6) in mycoprotein has a different 
bonding arrangement to β-glucan found in oats and barley 
(β1-3, β1-4). It also has different sugar chain lengths and 
a different degree of branching which affect its viscosity 
[44, 45]. The hypocholesterolaemic effects of oat β-glucan is 
considered a function of its viscosity, and subsequent ability 
to bind bile and cholesterol. In support of such a mechanism 
for mycoprotein, Colosimo et al. [46] observed that myco-
protein may both inhibit intestinal lipases and sequester bile 
in an in vitro model. However, the authors argue that the 
bile sequester is a function of the fungal hyphae and the 
food matrix as opposed to its β-glucan content. Notably, we 
were not able to identify any increase in faecal cholestenone 
or bile acids in our metabolomic analysis that would sug-
gest increased cholesterol clearance (Supplementary mate-
rial, Fig. S1). (2) The intestinal microbiota also influences 
enterohepatic circulation, through its bile and cholesterol 
hydrolase activity [47]. We have previously described the 
effects of this intervention on the composition of the micro-
biome where we did note an increase in the abundance of 
Lactobacilli which are known to be bile and cholesterol 
hydrolase capable [47, 48]. Further, in support of this 
potential explanation, in an exploratory sub-analysis of the 
microbiome data, we noted differences in baseline microbi-
ome between those we classified as ‘LDL responders’ ver-
sus ‘non-responders’ to the mycoprotein diet (Supplemen-
tary material, Figs. S2–4). (3) Microbially produced short 
chain fatty acids (SCFA) influence endogenous cholesterol 

Table 4  Effects of 2 week diet phases on CVD risk

Results presented as % CVD risk. The difference in diet effects column shows the Mycoprotein phase effects compared with at the Meat phase 
effects. P values were calculated using mixed effects models
a Framingham Risk Score (FRS) based on the following risk factors, age, gender, systolic blood pressure, smoking habit, total cholesterol and 
HDL cholesterol
b QRISK3 score based on following risk factors, age, gender, ethnicity, total cholesterol to HDL cholesterol ratio, systolic blood pressure, height, 
weight, smoking status, diabetes status, and other clinical information related to medication, treatment and chronic disease
c Atherosclerotic cardiovascular disease (ASCVD) 10 year and lifetime risk score based on following risk factors, age, gender, ethnicity, total 
cholesterol, HDL cholesterol, systolic blood pressure, height, smoking status and diabetes status
d A P < 0.05 was considered significant

Mycoprotein 
baseline

Mycoprotein 
completion

Change Pd Meat baseline Meat completion Change Pd Difference in 
diet  effectsc

Pd

FRSa 2.03 1.74 − 0.29 0.19 1.86 1.91  + 0.05 0.99 − 0.34 0.24
QRISK3b 0.58 0.50 − 0.08 0.35 0.54 0.54  + 0.00 0.77 − 0.08 0.44
ASCVD 10  yearc 0.78 0.68 − 0.10 0.27 0.78 0.78  + 0.00 0.46 − 0.10 0.51
ASCVD lifetime 31.80 31.30 − 0.50 0.68 31.80 33.85  + 2.05 0.99 − 2.55 0.72
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synthesis [49]. The principal SCFA, acetate, is a substrate 
for both lipid and cholesterol synthesis, however, its incor-
poration into cholesterol may be inhibited by the presence of 
propionate [50], and the overall balance of acetate relative to 
propionate has been suggested as a predictor of cholesterol 
status [51]. Propionate and butyrate are also putative inhibi-
tors of hepatic cholesterol synthesis through disruption of 
sterol regulatory element-binding protein (SREBP) signal-
ling and down regulation of key enzymes of the β-hydroxy 
β-methylglutaryl-CoA (HMG-CoA) pathway [49, 52, 53]. 
In support of this potential mechanism, we have previously 
described the effect of this intervention on SCFA excretion 
and note higher propionate production with mycoprotein. 
Thus, future studies should seek to explore these potential 
mechanisms in respect to mycoprotein and cholesterol status.

TMAO is considered a marker of CVD risk [54] and has 
been selected as the primary endpoint in recent randomised 
controlled trials, including SWAP-MEAT [14, 42]. We did 
not however observe statistically meaningful differences in 
TMAO in this intervention. Future work could consider a 
dedicated study design with a primary focus on mycoprotein 
consumption and TMAO production.

Thus far, three acute feeding studies have reported 
on the effect of consuming mycoprotein on glycaemic 
response in healthy volunteers. In particular, Turnbull et al. 
[55] noted that 75 g of mycoprotein suppresses glycaemic 
response following a carbohydrate challenge relative to a 
protein matched soya-based control in healthy volunteers. 
Bottin et al. [56] observed no influence on post-test-meal 
glucose but a lower insulinemic response to mycoprotein 
relative to an iso-energetically matched serving of chicken 
in overweight but otherwise metabolically healthy 
volunteers. Most recently, Dunlop et al. [57] demonstrated 
a more controlled insulinemic response to a mass matched 
serving of liquefied mycoprotein relative to milk. To our 
knowledge, only one prior study has considered insulin 
sensitivity and glucose control over a longer duration. 
In that study by Coelho et al. [24], 2 servings a day of 
mycoprotein had no effect on glycaemia after a 1 week 
intervention. These null observations mirror our own 
in relation to fasted glucose, however we caution that 
both studies were carried out in metabolically healthy 
volunteers, with glucose being measured as secondary 
endpoints. Mechanistically, Colosimo et al. [58] showed 
that the cell wall fraction of Fusarium venanatum may 
entrap α-amylase and thereby reduce starch hydrolysis. 
Supplementary oat β-glucan consistently lowers the 
glucose and insulin response to high carbohydrate meals 
[59], and National Diet and Nutrition Survey data suggest 
that regular consumers of mycoprotein have lower glycated 
HbA1c [60]. In the context of metabolic health, we also 
noted, in our 2-week high-dose intervention, a small but 
statistically significant difference in waist circumference. 

This may be consistent with a handful of acute feeding 
studies noting increased satiation and desire to eat relative 
to control [61, 62]. However longer interventions in higher 
metabolic risk groups are needed to fully determine 
any potential influence of mycoprotein in adiposity and 
metabolic health.

We observed non-statistically significant, but potentially 
clinically meaningful trends towards reduced systolic and 
diastolic blood pressure with mycoprotein (− 4.11 mmHg 
and − 2.71 mmHg relative to the meat diet). The effects 
of mycoprotein on blood pressure has not been reported 
previously. However, a reduction in blood pressure may 
be consistent with a diet high in fibre, alongside the small 
observed reduction in waist circumference, and greater 
excretion of potassium and urinary nitrates relative to the 
meat arm.

Strengths of this work include the use of a randomised 
controlled crossover study design, whereby the 
participants acted as their own control. A parallel design 
would have required much larger numbers and matching 
of characteristics to produce equivalent statistical 
robustness. The investigators were also blinded to the 
intervention, removing any chance of bias from the 
analysis. The mycoprotein and meat products included 
were not exclusively produced for the study and are 
readily available and consumed amongst the population, 
The intervention was based on a high but not unrealistic 
intake of meat amongst the target group, healthy young 
UK based men, thus the findings may be translatable and 
of particular relevance to those consuming high meat diets.

Limitations of this work include that this was an 
analysis of a priori defined secondary endpoints in a 
study designed to assess gut health. Further, our study 
population was relatively young and comprised only 
healthy, male adults. Compliance was only assessed using 
a 1-day food record, this was primarily due to concerns 
over participant burden and was balanced against the fact 
that nutritional status was not a primary outcome, a more 
thorough interrogation of compliance might have helped 
explain why some volunteers responded better than others 
to the intervention.

In conclusion, this work is timely in the context of 
the explosion of interest in meat substitutes and the push 
towards meat reduction for ecological and health purposes. 
It demonstrates in a real-world setting that substituting 
mycoprotein for meat improves biochemical markers of 
cardiovascular disease risk. Further work is needed to 
evaluate dose response as part of normal dietary patterns 
and to elucidate mechanisms behind the observed responses.
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tary material available at https:// doi. org/ 10. 1007/ s00394- 023- 03238-1.

https://doi.org/10.1007/s00394-023-03238-1


3357European Journal of Nutrition (2023) 62:3349–3359 

1 3

Acknowledgements We would like to thank all participants who vol-
unteered to take part in the study. We are also appreciative of the Blood 
Sciences Department at  Newcastle Royal Victoria Infirmary Hospital, 
who assisted in performing some of the blood biochemical work for 
the study.

Author contributions DNF, DMC and JMM formulated the research 
question and designed the study. DNF conducted the dietary 
intervention. DNF, JLG, WC and DMC carried out laboratory analysis. 
TJAF organised study blinding and provided logistical support. DNF 
analysed the data. DNF and DMC interpreted the findings and wrote 
the article. All authors contributed to revising and approving the final 
manuscript.

Data availability Data described in the manuscript will be made 
publicly and freely available without restriction at https:// doi. org/ 10. 
25398/ rd. north umbria. c. 60102 52.

Declarations 

Conflict of interest This work was part funded by Marlow foods Ltd. 
TJAF is a consultant to Marlow Foods; DNF, JLG, WC, JMM and 
DMC are employees of Northumbria University. TJAF contributed to 
the project through regular discussion and by providing logistical sup-
port enabling effective study blinding. The research team at Northum-
bria University was responsible for the research design, data collec-
tion and analysis, and preparation of the manuscript. Aside from those 
mentioned above, the authors report no conflicts of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, 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/.

References

 1. Abete I, Romaguera D, Vieira AR, Lopez de Munain A, Norat T 
(2014) Association between total, processed, red and white meat 
consumption and all-cause, CVD and IHD mortality: a meta-
analysis of cohort studies. Br J Nutr 112(5):762–775. https:// doi. 
org/ 10. 1017/ s0007 11451 40012 4x

 2. Alshahrani SM, Fraser GE, Sabate J, Knutsen R, Shavlik D, Mash-
chak A et al (2019) Red and processed meat and mortality in a low 
meat intake population. Nutrients 11:3. https:// doi. org/ 10. 3390/ 
nu110 30622

 3. Micha R, Michas G, Mozaffarian D (2012) Unprocessed red and 
processed meats and risk of coronary artery disease and type 2 
diabetes—an updated review of the evidence. Curr Atheroscler 
Rep 14(6):515–524. https:// doi. org/ 10. 1007/ s11883- 012- 0282-8

 4. van den Brandt PA (2019) Red meat, processed meat, and other 
dietary protein sources and risk of overall and cause-specific 
mortality in The Netherlands Cohort Study. Eur J Epidemiol 
34(4):351–369. https:// doi. org/ 10. 1007/ s10654- 019- 00483-9

 5. Zhong VW, Van Horn L, Greenland P, Carnethon MR, Ning H, 
Wilkins JT et al (2020) Associations of processed meat, unpro-
cessed red meat, poultry, or fish intake with incident cardiovas-
cular disease and all-cause mortality. JAMA Intern Med. https:// 
doi. org/ 10. 1001/ jamai ntern med. 2019. 6969

 6. Glenn AJ, Viguiliouk E, Seider M, Boucher BA, Khan TA, Blanco 
Mejia S et al (2019) Relation of vegetarian dietary patterns with 
major cardiovascular outcomes: a systematic review and meta-
analysis of prospective cohort studies. Front Nutr 6:80. https:// 
doi. org/ 10. 3389/ fnut. 2019. 00080

 7. Tharrey M, Mariotti F, Mashchak A, Barbillon P, Delattre M, 
Fraser GE (2018) Patterns of plant and animal protein intake are 
strongly associated with cardiovascular mortality: the Adventist 
Health Study-2 cohort. Int J Epidemiol 47(5):1603–1612. https:// 
doi. org/ 10. 1093/ ije/ dyy030

 8. Song M, Fung TT, Hu FB, Willett WC, Longo VD, Chan AT 
et  al (2016) Association of animal and plant protein intake 
with all-cause and cause-specific mortality. JAMA Intern Med 
176(10):1453–1463. https:// doi. org/ 10. 1001/ jamai ntern med. 2016. 
4182

 9. Guasch-Ferre M, Satija A, Blondin SA, Janiszewski M, Emlen 
E, O’Connor LE et al (2019) Meta-analysis of randomized con-
trolled trials of red meat consumption in comparison with vari-
ous comparison diets on cardiovascular risk factors. Circulation 
139(15):1828–1845. https:// doi. org/ 10. 1161/ circu latio naha. 118. 
035225

 10. Haub MD, Wells AM, Campbell WW (2005) Beef and soy-based 
food supplements differentially affect serum lipoprotein-lipid pro-
files because of changes in carbohydrate intake and novel nutri-
ent intake ratios in older men who resistive-train. Metabolism 
54(6):769–774. https:// doi. org/ 10. 1016/j. metab ol. 2005. 01. 019

 11. Li SS, Blanco-Mejia S, Lytvyn L, Stewart SE, Viguiliouk E, Ha 
V et al (2017) Effect of plant protein on blood lipids: a systematic 
review and meta-analysis of randomized controlled trials. J Am 
Heart Assoc 6:12. https:// doi. org/ 10. 1161/ jaha. 117. 006659

 12. Wiebe SL, Bruce VM, McDonald BE (1984) A comparison of the 
effect of diets containing beef protein and plant proteins on blood 
lipids of healthy young men. Am J Clin Nutr 40(5):982–989. 
https:// doi. org/ 10. 1093/ ajcn/ 40.5. 982

 13. Bergeron N, Chiu S, Williams PT, King MS, Krauss RM (2019) 
Effects of red meat, white meat, and nonmeat protein sources on 
atherogenic lipoprotein measures in the context of low compared 
with high saturated fat intake: a randomized controlled trial. Am 
J Clin Nutr 110(1):24–33. https:// doi. org/ 10. 1093/ ajcn/ nqz035

 14. Wang Z, Bergeron N, Levison BS, Li XS, Chiu S, Jia X et al 
(2019) Impact of chronic dietary red meat, white meat, or non-
meat protein on trimethylamine N-oxide metabolism and renal 
excretion in healthy men and women. Eur Heart J 40(7):583–594. 
https:// doi. org/ 10. 1093/ eurhe artj/ ehy799

 15. Cheah I, Sadat Shimul A, Liang J, Phau I (2020) Drivers and bar-
riers toward reducing meat consumption. Appetite 149:104636. 
https:// doi. org/ 10. 1016/j. appet. 2020. 104636

 16. Graca J, Oliveira A, Calheiros MM (2015) Meat, beyond the plate. 
Data-driven hypotheses for understanding consumer willingness 
to adopt a more plant-based diet. Appetite 90:80–90. https:// doi. 
org/ 10. 1016/j. appet. 2015. 02. 037

 17. Malek L, Umberger WJ, Goddard E (2019) Committed vs. uncom-
mitted meat eaters: understanding willingness to change protein 
consumption. Appetite 138:115–126. https:// doi. org/ 10. 1016/j. 
appet. 2019. 03. 024

 18. Sanchez-Sabate R, Sabaté J (2019) Consumer attitudes towards 
environmental concerns of meat consumption: a systematic 
review. Int J Environ Res Public Health 16(7):1220

 19. Kumar P, Chatli MK, Mehta N, Singh P, Malav OP, Verma 
AK (2017) Meat analogues: health promising sustainable meat 

https://doi.org/10.25398/rd.northumbria.c.6010252
https://doi.org/10.25398/rd.northumbria.c.6010252
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1017/s000711451400124x
https://doi.org/10.1017/s000711451400124x
https://doi.org/10.3390/nu11030622
https://doi.org/10.3390/nu11030622
https://doi.org/10.1007/s11883-012-0282-8
https://doi.org/10.1007/s10654-019-00483-9
https://doi.org/10.1001/jamainternmed.2019.6969
https://doi.org/10.1001/jamainternmed.2019.6969
https://doi.org/10.3389/fnut.2019.00080
https://doi.org/10.3389/fnut.2019.00080
https://doi.org/10.1093/ije/dyy030
https://doi.org/10.1093/ije/dyy030
https://doi.org/10.1001/jamainternmed.2016.4182
https://doi.org/10.1001/jamainternmed.2016.4182
https://doi.org/10.1161/circulationaha.118.035225
https://doi.org/10.1161/circulationaha.118.035225
https://doi.org/10.1016/j.metabol.2005.01.019
https://doi.org/10.1161/jaha.117.006659
https://doi.org/10.1093/ajcn/40.5.982
https://doi.org/10.1093/ajcn/nqz035
https://doi.org/10.1093/eurheartj/ehy799
https://doi.org/10.1016/j.appet.2020.104636
https://doi.org/10.1016/j.appet.2015.02.037
https://doi.org/10.1016/j.appet.2015.02.037
https://doi.org/10.1016/j.appet.2019.03.024
https://doi.org/10.1016/j.appet.2019.03.024


3358 European Journal of Nutrition (2023) 62:3349–3359

1 3

substitutes. Crit Rev Food Sci Nutr 57(5):923–932. https:// doi. 
org/ 10. 1080/ 10408 398. 2014. 939739

 20. Hu FB, Otis BO, McCarthy G (2019) Can plant-based meat 
alternatives be part of a healthy and sustainable diet? JAMA 
322(16):1547–1548. https:// doi. org/ 10. 1001/ jama. 2019. 13187

 21. Finnigan TJA, Wall BT, Wilde PJ, Stephens FB, Taylor SL, Freed-
man MR (2019) Mycoprotein: the future of nutritious nonmeat 
protein, a symposium review. Curr Dev Nutr 3(6):nzz021. https:// 
doi. org/ 10. 1093/ cdn/ nzz021

 22. Souza-Filho PF, Andersson D, Ferreira JA, Taherzadeh MJ (2019) 
Mycoprotein: environmental impact and health aspects. World 
J Microbiol Biotechnol 35(10):147. https:// doi. org/ 10. 1007/ 
s11274- 019- 2723-9

 23. Farsi DN, Uthumange D, Munoz Munoz J, Commane DM (2022) 
The nutritional impact of replacing dietary meat with meat alter-
natives in the UK: a modelling analysis using nationally repre-
sentative data. Br J Nutr 127(11):1731–1741. https:// doi. org/ 10. 
1017/ s0007 11452 10027 50

 24. Coelho MOC, Monteyne AJ, Dirks ML, Finnigan TJA, Stephens 
FB, Wall BT (2020) Daily mycoprotein consumption for one week 
does not affect insulin sensitivity or glycaemic control but modu-
lates the plasma lipidome in healthy adults: a randomised con-
trolled trial. Br J Nutr 2020:1–38. https:// doi. org/ 10. 1017/ S0007 
11452 00025 24

 25. Turnbull WH, Leeds AR, Edwards DG (1992) Mycoprotein 
reduces blood lipids in free-living subjects. Am J Clin Nutr 
55(2):415–419. https:// doi. org/ 10. 1093/ ajcn/ 55.2. 415

 26. Turnbull WH, Leeds AR, Edwards GD (1990) Effect of mycopro-
tein on blood lipids. Am J Clin Nutr 52(4):646–650. https:// doi. 
org/ 10. 1093/ ajcn/ 52.4. 646

 27. Papier K, Knuppel A, Syam N, Jebb SA, Key TJ (2021) Meat con-
sumption and risk of ischemic heart disease: a systematic review 
and meta-analysis. Crit Rev Food Sci Nutr 2021:1–12. https:// doi. 
org/ 10. 1080/ 10408 398. 2021. 19495 75

 28. Farsi DN, Gallegos JL, Koutsidis G, Nelson A, Finnigan TJA, 
Cheung W et al (2023) Substituting meat for mycoprotein reduces 
genotoxicity and increases the abundance of beneficial microbes 
in the gut: Mycomeat, a randomised crossover control trial. Eur J 
Nutr. https:// doi. org/ 10. 1007/ s00394- 023- 03088-x

 29. Nutritics (2021). *Education edition, v566, Dublin, Nutritics
 30. Friedewald WT, Levy RI, Fredrickson DS (1972) Estimation 

of the concentration of low-density lipoprotein cholesterol in 
plasma, without use of the preparative ultracentrifuge. Clin Chem 
18(6):499–502

 31. Kuhnle GGC, Story GW, Reda T, Mani AR, Moore KP, Lunn JC 
et al (2007) Diet-induced endogenous formation of nitroso com-
pounds in the GI tract. Free Radical Biol Med 43(7):1040–1047. 
https:// doi. org/ 10. 1016/j. freer adbio med. 2007. 03. 011

 32. D’Agostino RB Sr, Vasan RS, Pencina MJ, Wolf PA, Cobain M, 
Massaro JM et al (2008) General cardiovascular risk profile for 
use in primary care: the Framingham Heart Study. Circulation 
117(6):743–753. https:// doi. org/ 10. 1161/ circu latio naha. 107. 
699579

 33. Hippisley-Cox J, Coupland C, Brindle P (2017) Development 
and validation of QRISK3 risk prediction algorithms to estimate 
future risk of cardiovascular disease: prospective cohort study. 
BMJ 357:j2099. https:// doi. org/ 10. 1136/ bmj. j2099

 34. Lloyd-Jones DM, Braun LT, Ndumele CE, Smith SC, Sperling 
LS, Virani SS et al (2019) Use of risk assessment tools to guide 
decision-making in the primary prevention of atherosclerotic car-
diovascular disease: a special report from the American Heart 
Association and American College of Cardiology. Circulation 
139(25):e1162–e1177. https:// doi. org/ 10. 1161/ CIR. 00000 00000 
000638

 35. Shi L, Westerhuis JA, Rosén J, Landberg R, Brunius C (2018) 
Variable selection and validation in multivariate modelling. 

Bioinformatics 35(6):972–980. https:// doi. org/ 10. 1093/ bioin 
forma tics/ bty710

 36. R Core Team (2020) R: A language and environment for statistical 
computing. R Foundation for Statistical Computing

 37. Ruxton CHSaM B (2010) The impact of mycoprotein on blood 
cholesterol levels: a pilot study. Br Food J 112(10):1092–1101. 
https:// doi. org/ 10. 1108/ 00070 70101 10802 21

 38. Laitinen K, Gylling H (2012) Dose-dependent LDL-cholesterol 
lowering effect by plant stanol ester consumption: clinical evi-
dence. Lipids Health Dis 11(1):140. https:// doi. org/ 10. 1186/ 
1476- 511X- 11- 140

 39. Cruz Rodriguez JB, Mohammad KO, Alkhateeb H (2022) Con-
temporary review of risk scores in prediction of coronary and 
cardiovascular deaths. Curr Cardiol Rep. https:// doi. org/ 10. 
1007/ s11886- 021- 01620-1

 40. Gibbs J, Leung G-K (2023) The effect of plant-based and myco-
protein-based meat substitute consumption on cardiometabolic 
risk factors: a systematic review and meta-analysis of controlled 
intervention trials. Dietetics 2(1):104–122

 41. Shahid M, Gaines A, Coyle D, Alessandrini R, Finnigan T, Frost 
G et al (2022) The effect of mycoprotein intake on biomarkers 
of human health: a systematic review and meta-analysis. Am 
J Clin Nutr 118(1):141–150. https:// doi. org/ 10. 1016/j. ajcnut. 
2023. 03. 019

 42. Crimarco A, Springfield S, Petlura C, Streaty T, Cunanan K, 
Lee J et al (2020) A randomized crossover trial on the effect 
of plant-based compared with animal-based meat on trimeth-
ylamine-N-oxide and cardiovascular disease risk factors in 
generally healthy adults: Study With Appetizing Plantfood-
Meat Eating Alternative Trial (SWAP-MEAT). Am J Clin Nutr 
112(5):1188–1199. https:// doi. org/ 10. 1093/ ajcn/ nqaa2 03

 43. European Food Safety Authority (2011) Scientific Opinion 
on the substantiation of health claims related to beta-glucans 
from oats and barley and maintenance of normal blood LDL-
cholesterol concentrations (ID 1236, 1299), increase in satiety 
leading to a reduction in energy intake (ID 851, 852), reduction 
of post-prandial glycaemic responses (ID 821, 824), and “diges-
tive function” (ID 850)pursuant to Article 13(1) of Regulation 
(EC) No 1924/20061. Parma, Italy

 44. Camilli G, Tabouret G, Quintin J (2018) The complexity of 
fungal β-glucan in health and disease: effects on the mononu-
clear phagocyte system. Front Immunol 9:673. https:// doi. org/ 
10. 3389/ fimmu. 2018. 00673

 45. Rop O, Mlcek J, Jurikova T (2009) Beta-glucans in higher fungi 
and their health effects. Nutr Rev 67(11):624–631. https:// doi. 
org/ 10. 1111/j. 1753- 4887. 2009. 00230.x

 46. Colosimo R, Mulet-Cabero A-I, Warren FJ, Edwards CH, Finni-
gan TJA, Wilde PJ (2020) Mycoprotein ingredient structure 
reduces lipolysis and binds bile salts during simulated gastro-
intestinal digestion. Food Funct 11(12):10896–10906. https:// 
doi. org/ 10. 1039/ D0FO0 2002H

 47. O’Flaherty S, Briner Crawley A, Theriot CM, Barrangou R 
(2018) The lactobacillus bile salt hydrolase repertoire reveals 
niche-specific adaptation. mSphere 3:3. https:// doi. org/ 10. 1128/ 
mSphe re. 00140- 18

 48. Costabile A, Buttarazzi I, Kolida S, Quercia S, Baldini J, Swann 
JR et al (2017) An in vivo assessment of the cholesterol-low-
ering efficacy of Lactobacillus plantarum ECGC 13110402 in 
normal to mildly hypercholesterolaemic adults. PLoS ONE 
12(12):e0187964. https:// doi. org/ 10. 1371/ journ al. pone. 01879 
64

 49. Alvaro A, Solà R, Rosales R, Ribalta J, Anguera A, Masana L et al 
(2008) Gene expression analysis of a human enterocyte cell line 
reveals downregulation of cholesterol biosynthesis in response to 
short-chain fatty acids. IUBMB Life 60(11):757–764. https:// doi. 
org/ 10. 1002/ iub. 110

https://doi.org/10.1080/10408398.2014.939739
https://doi.org/10.1080/10408398.2014.939739
https://doi.org/10.1001/jama.2019.13187
https://doi.org/10.1093/cdn/nzz021
https://doi.org/10.1093/cdn/nzz021
https://doi.org/10.1007/s11274-019-2723-9
https://doi.org/10.1007/s11274-019-2723-9
https://doi.org/10.1017/s0007114521002750
https://doi.org/10.1017/s0007114521002750
https://doi.org/10.1017/S0007114520002524
https://doi.org/10.1017/S0007114520002524
https://doi.org/10.1093/ajcn/55.2.415
https://doi.org/10.1093/ajcn/52.4.646
https://doi.org/10.1093/ajcn/52.4.646
https://doi.org/10.1080/10408398.2021.1949575
https://doi.org/10.1080/10408398.2021.1949575
https://doi.org/10.1007/s00394-023-03088-x
https://doi.org/10.1016/j.freeradbiomed.2007.03.011
https://doi.org/10.1161/circulationaha.107.699579
https://doi.org/10.1161/circulationaha.107.699579
https://doi.org/10.1136/bmj.j2099
https://doi.org/10.1161/CIR.0000000000000638
https://doi.org/10.1161/CIR.0000000000000638
https://doi.org/10.1093/bioinformatics/bty710
https://doi.org/10.1093/bioinformatics/bty710
https://doi.org/10.1108/00070701011080221
https://doi.org/10.1186/1476-511X-11-140
https://doi.org/10.1186/1476-511X-11-140
https://doi.org/10.1007/s11886-021-01620-1
https://doi.org/10.1007/s11886-021-01620-1
https://doi.org/10.1016/j.ajcnut.2023.03.019
https://doi.org/10.1016/j.ajcnut.2023.03.019
https://doi.org/10.1093/ajcn/nqaa203
https://doi.org/10.3389/fimmu.2018.00673
https://doi.org/10.3389/fimmu.2018.00673
https://doi.org/10.1111/j.1753-4887.2009.00230.x
https://doi.org/10.1111/j.1753-4887.2009.00230.x
https://doi.org/10.1039/D0FO02002H
https://doi.org/10.1039/D0FO02002H
https://doi.org/10.1128/mSphere.00140-18
https://doi.org/10.1128/mSphere.00140-18
https://doi.org/10.1371/journal.pone.0187964
https://doi.org/10.1371/journal.pone.0187964
https://doi.org/10.1002/iub.110
https://doi.org/10.1002/iub.110


3359European Journal of Nutrition (2023) 62:3349–3359 

1 3

 50. Demigné C, Morand C, Levrat MA, Besson C, Moundras C, 
Rémésy C (1995) Effect of propionate on fatty acid and choles-
terol synthesis and on acetate metabolism in isolated rat hepato-
cytes. Br J Nutr 74(2):209–219. https:// doi. org/ 10. 1079/ bjn19 
950124

 51. Wolever TM, Fernandes J, Rao AV (1996) Serum 
acetate:propionate ratio is related to serum cholesterol in men but 
not women. J Nutr 126(11):2790–2797. https:// doi. org/ 10. 1093/ 
jn/ 126. 11. 2790

 52. Higashimura Y, Naito Y, Takagi T, Uchiyama K, Mizushima K, 
Yoshikawa T (2015) Propionate promotes fatty acid oxidation 
through the up-regulation of peroxisome proliferator-activated 
receptor α in intestinal epithelial cells. J Nutr Sci Vitaminol 
(Tokyo) 61(6):511–515. https:// doi. org/ 10. 3177/ jnsv. 61. 511

 53. Sun B, Jia Y, Hong J, Sun Q, Gao S, Hu Y et al (2018) Sodium 
butyrate ameliorates high-fat-diet-induced non-alcoholic fatty 
liver disease through peroxisome proliferator-activated receptor 
α-mediated activation of β oxidation and suppression of inflam-
mation. J Agric Food Chem 66(29):7633–7642. https:// doi. org/ 
10. 1021/ acs. jafc. 8b011 89

 54. Roncal C, Martínez-Aguilar E, Orbe J, Ravassa S, Fernandez-
Montero A, Saenz-Pipaon G et al (2019) Trimethylamine-N-
Oxide (TMAO) predicts cardiovascular mortality in peripheral 
artery disease. Sci Rep 9(1):15580. https:// doi. org/ 10. 1038/ 
s41598- 019- 52082-z

 55. Turnbull WH, Ward T (1995) Mycoprotein reduces glycemia and 
insulinemia when taken with an oral-glucose-tolerance test. Am 
J Clin Nutr 61(1):135–140. https:// doi. org/ 10. 1093/ ajcn/ 61.1. 135

 56. Bottin JH, Swann JR, Cropp E, Chambers ES, Ford HE, Ghatei 
MA et al (2016) Mycoprotein reduces energy intake and post-
prandial insulin release without altering glucagon-like peptide-1 
and peptide tyrosine-tyrosine concentrations in healthy over-
weight and obese adults: a randomised-controlled trial. Br J Nutr 
116(2):360–374. https:// doi. org/ 10. 1017/ S0007 11451 60018 72

 57. Dunlop MV, Kilroe SP, Bowtell JL, Finnigan TJA, Salmon DL, 
Wall BT (2017) Mycoprotein represents a bioavailable and insu-
linotropic non-animal-derived dietary protein source: a dose-
response study. Br J Nutr 118(9):673–685. https:// doi. org/ 10. 
1017/ s0007 11451 70024 09

 58. Colosimo R, Warren FJ, Edwards CH, Finnigan TJA, Wilde PJ 
(2020) The interaction of α-amylase with mycoprotein: diffusion 
through the fungal cell wall, enzyme entrapment, and potential 
physiological implications. Food Hydrocolloids 108:106018. 
https:// doi. org/ 10. 1016/j. foodh yd. 2020. 106018

 59. Zurbau A, Noronha JC, Khan TA, Sievenpiper JL, Wolever TMS 
(2021) The effect of oat β-glucan on postprandial blood glucose 
and insulin responses: a systematic review and meta-analysis. 
Eur J Clin Nutr 75(11):1540–1554. https:// doi. org/ 10. 1038/ 
s41430- 021- 00875-9

 60. Cherta-Murillo A, Frost GS (2022) The association of mycopro-
tein-based food consumption with diet quality, energy intake and 
non-communicable diseases’ risk in the UK adult population using 
the National Diet and Nutrition Survey (NDNS) years 2008/2009-
2016/2017: a cross-sectional study. Br J Nutr 127(11):1685–1694. 
https:// doi. org/ 10. 1017/ s0007 11452 10021 8x

 61. Burley VJ, Paul AW, Blundell JE (1993) Influence of a high-
fibre food (myco-protein) on appetite: effects on satiation 
(within meals) and satiety (following meals). Eur J Clin Nutr 
47(6):409–418

 62. Cherta-Murillo A, Lett AM, Frampton J, Chambers ES, Finnigan 
TJA, Frost GS (2020) Effects of mycoprotein on glycaemic con-
trol and energy intake in humans: a systematic review. Br J Nutr 
123(12):1321–1332. https:// doi. org/ 10. 1017/ S0007 11452 00007 
56

https://doi.org/10.1079/bjn19950124
https://doi.org/10.1079/bjn19950124
https://doi.org/10.1093/jn/126.11.2790
https://doi.org/10.1093/jn/126.11.2790
https://doi.org/10.3177/jnsv.61.511
https://doi.org/10.1021/acs.jafc.8b01189
https://doi.org/10.1021/acs.jafc.8b01189
https://doi.org/10.1038/s41598-019-52082-z
https://doi.org/10.1038/s41598-019-52082-z
https://doi.org/10.1093/ajcn/61.1.135
https://doi.org/10.1017/S0007114516001872
https://doi.org/10.1017/s0007114517002409
https://doi.org/10.1017/s0007114517002409
https://doi.org/10.1016/j.foodhyd.2020.106018
https://doi.org/10.1038/s41430-021-00875-9
https://doi.org/10.1038/s41430-021-00875-9
https://doi.org/10.1017/s000711452100218x
https://doi.org/10.1017/S0007114520000756
https://doi.org/10.1017/S0007114520000756

	The effects of substituting red and processed meat for mycoprotein on biomarkers of cardiovascular risk in healthy volunteers: an analysis of secondary endpoints from Mycomeat
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Study setting and participants
	Study design and interventions
	Sample collection and anthropometric measurements
	Blood biochemical measurements
	LC–MS quantification of TMAO
	Urinary sodium and potassium
	Urinary nitrates and nitrites
	Assessment of CVD risk
	Statistical analysis

	Results
	Participants
	Effect of intervention on nutritional intake
	Blood biochemistry
	Blood pressure
	Anthropometry
	Urinary markers
	CVD risk assessment

	Discussion
	Anchor 27
	Acknowledgements 
	References




