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Abstract

Purpose The high-meat, low-fibre Western diet is strongly associated with colorectal cancer risk. Mycoprotein, produced
from Fusarium venanatum, has been sold as a high-fibre alternative to meat for decades. Hitherto, the effects of mycoprotein
in the human bowel have not been well considered. Here, we explored the effects of replacing a high red and processed meat
intake with mycoprotein on markers of intestinal genotoxicity and gut health.

Methods Mycomeat (clinicaltrials.gov NCT03944421) was an investigator-blind, randomised, crossover dietary interven-
tion trial. Twenty healthy male adults were randomised to consume 240 g day~" red and processed meat for 2 weeks, with
crossover to 2 weeks 240 g day~! mycoprotein, separated by a 4-week washout period. Primary end points were faecal
genotoxicity and genotoxins, while secondary end points comprised changes in gut microbiome composition and activity.
Results The meat diet increased faecal genotoxicity and nitroso compound excretion, whereas the weight-matched consump-
tion of mycoprotein decreased faecal genotoxicity and nitroso compounds. In addition, meat intake increased the abundance
of Oscillobacter and Alistipes, whereas mycoprotein consumption increased Lactobacilli, Roseburia and Akkermansia, as
well as the excretion of short chain fatty acids.

Conclusion Replacing red and processed meat with the Fusarium-based meat alternative, mycoprotein, significantly reduces
faecal genotoxicity and genotoxin excretion and increases the abundance of microbial genera with putative health benefits
in the gut. This work demonstrates that mycoprotein may be a beneficial alternative to meat within the context of gut health
and colorectal cancer prevention.

Keywords Mycoprotein - Meat - Quorn - Genotoxicity - Microbiome - Colorectal cancer risk

Introduction production of anti-carcinogenic gut microbial metabolites
such as butyrate [7].

Epidemiological data consistently associates red and pro- This evidence is reflected in recommendations from both

cessed meat consumption with an increased risk of colo-
rectal cancer (CRC) [1-4]. Mechanistic studies reveal that
meat consumption increases both faecal water genotoxic-
ity and the excretion of faecal genotoxins, such as nitroso
compounds (NOC) [5, 6]. Further, meat may displace plant
foods, and thus fibre, from the diet, leading to a reduced

< Dominic N. Farsi
d.farsi@qub.ac.uk; dominicfarsi@gmail.com

Department of Applied Sciences, University of Northumbria,
Newcastle, UK

2 Marlow Foods, Stokesley, UK

EatLancet and IARC to reduce meat consumption [8, 9].
However, reducing meat intake is challenging due to food
preferences, social norms, and strongly held culinary tra-
ditions [10]. Meat alternatives may facilitate meat reduc-
tion without requiring drastic changes to culinary practice
[11, 12]. Mycoprotein is a meat alternative produced from
Fusarium venenatum, which is high in both protein and
fibre [13]. From a gut health perspective, the fibre fraction
is an interesting combination of 1,3/1,6 B-glucan, chitin and
lesser studied mannoproteins [14]. In mixed-culture fermen-
tations with faecal inoculate, the fibre fraction induces a
significant increase in short chain fatty acids (SCFA) [15].
When compared to myofibrillar protein, the fermentation of
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mycoprotein yields lower concentrations of ammonia [16].
Previous work has shown cardiometabolic benefits when
replacing meat with mycoprotein that may be attributable to
its fibre composition [17, 18]. However, to date, there have
been no human intervention studies of the effect of myco-
protein on CRC risk markers or other facets of gut health.

The objective of the present study (Mycomeat) was to
compare the effects of substituting a high intake of red and
processed meat with mycoprotein on biomarkers of CRC
risk and gut health, namely, faecal water genotoxicity, fae-
cal genotoxins, gut microbial composition, and the excreted
metabolome.

Methods

Procedures for this study were followed in accordance with
the Declaration of Helsinki and were approved by the North-
umbria University Ethics Committee (reference number
15274). All study participants provided written informed
consent.

Study design

Mycomeat was a single-site, investigator-blind, randomised
crossover trial (NCT03944421) among male adults ran-
domised to consume either 240 g/day (uncooked weight) of
red and processed meat (Meat) or mycoprotein, as Quorn™
products (Mycoprotein) for a 2-week period. Participants
entered a 4-week washout period before swapping over to
complete the alternative 2-week study arm (Fig. 1). The
meat dose was selected to represent high intakes in the UK
population and as a reflection of previous intervention trials

Fig.1 Mycomeat study design.
Mycomeat was an investigator-
blind randomised crossover
design comprising two study
phases (2 weeks) separated by
a washout period (4 weeks).
During the study phases, par-
ticipants supplemented habitual
diet with either 240 g/day of
red and processed meat (Meat),
or mycoprotein-based foods
(Mycoprotein)

20 Participants bl Randomisation |

Baseline 1

(wk 0)

l

assessing changes in faecal water genotoxicity in response
to meat [6, 19]. The chronic feeding period of 2 weeks was
selected based on this previous research, as well as a reflec-
tion of the average time taken to reach a new steady state
for the microbiome in models of gut fermentation following
a change in substrate [20]. A sample size of 20 to reach a
statistical power of 80% at an a-level of 0.05 was estab-
lished based on a repeated measures analysis of the primary
end point, faecal water genotoxicity. This power calcula-
tion was informed by a previous report that found 300 g/day
of red meat for 7 days increased faecal water genotoxicity
compared to participants’ habitual diets (before interven-
tion 9.6 + 13.8, after intervention 16.7 + 18.2) [21]. Partici-
pant recruitment was stopped at the completion of n=20
participants.

Participants

Participants were recruited from the North-East of England,
UK, via on-campus poster advertisement and using a data-
base of previous study participants. Inclusion criteria were:
age 18-50 yr; BMI 18-30 kg/m?; willingness to refrain from
pre- and probiotics, vitamin supplements as well as alcoholic
beverages during the study. Exclusion criteria included: gas-
trointestinal disease; use of medications that affect gastroin-
testinal motility; use of antibiotic, prebiotic, or probiotics in
the previous 3 months; use of tobacco or recreational drugs
and history of coronary artery disease, diabetes, or other
chronic disorders. We also excluded study participants who
had been enrolled in dietary trials in the previous 3 months.
All participants took part in a screening visit where they
were characterised by blood parameters within standard
clinical cutoff values to confirm study eligibility.

Phase 1
(2 weeks)

Wash out
(4 weeks)

Phase 2
(2 weeks)

Meat Meat

Phase 1 conclusion Baseline 2 Phase 2 conclusion
(wk 2) (wk 6) (wk 8)
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Intervention

At the beginning of each study phase, pre-frozen study
foods (14 % 240 g packs; equating to 240 g/day for 14 days)
were provided to participants, with instructions for appro-
priate storage, preparation, and cooking. The study foods
and instructions were packaged externally and transported
in concealed boxes. The boxes were assigned A or B,
depending on the study arm, with the participants randomly
assigned to receive either A or B in the first study phase,
followed by the alternative in the second phase. In this way,
the investigators were blinded to diet order. Randomisation
was carried out using an online sequence randomisation gen-
erator, with n =12 randomised to Mycoprotein phase first
and n =8 randomised to Meat phase first. All mycoprotein
products were supplied by Quorn™, and all meat products
were sourced from Asda supermarket chain (UK), and both
mycoprotein and meat products were distributed on-site at
the research facility.

To promote compliance, products were provided based
on a 7-day rotation and included the following: beef steak,
pork sausages, ham slices, gammon steak, bacon, beef mince
and hot dogs. For the Mycoprotein phase, the equivalent
Quorn™ products were included: peppered steak, sausages,
deli ham slices, gammon steak, bacon, mince, and hot dogs.
During intervention periods, participants were asked to
maintain their usual diet, but to avoid consuming any other
meat or mycoprotein products other than the supplied study
foods as well as additional high protein, fibre or probiotic
supplements. As stated, the study foods were matched for
weight (240 g uncooked); however, the total energy content
of meat and mycoprotein products were closely matched
to avoid introducing additional effects from energy intake
between the diets. The nutritional composition of the study
foods and differences in nutrients are included in Supple-
mentary Material, Tableli and 1ii. 1-day food records were
collected at baseline and during each study phase, from
which energy and macronutrient intake were calculated
using Nutritics nutrition analysis software (version 5.66
Education) [22].

Sample collection

At baseline and conclusion of each study phase, participants
visited the Brain, Performance and Nutrition Research Cen-
tre (BPNRC/NUTRAN, Northumbria University, Newcas-
tle, UK) having fasted overnight (Fig. 1). At each visit, a
first spot urine sample and stool sample (collected <10 h
prior to study visit) were collected from participants. Urine
samples were immediately put on ice, then aliquoted into
sterile 1.5 ml Eppendorf tubes and stored at — 80 °C until
analysis. Stool samples were put on ice at collection and
then aliquoted into sterile 2 ml tubes and stored at — 80 °C

for gut microbial analysis. The remainder of the sample was
weighed, diluted 1:1 with PBS (Sigma) and homogenised in
a stomacher (Seward Stomacher 400 Circulator) at 200 bts/
min for 2 min. The homogenates were transferred into poly-
propylene tubes and centrifuged at 65,000 xg, for 2 h, at 4 °C
using an ultra-speed centrifuge system (Thermo Scientific
Sorvall LYNX 6000 Superspeed Centrifuge). The superna-
tants were then filtered through a 0.44 um polyethersulfone
(PES) syringe filter prior to a second filtration through a
0.22 ym PES syringe filter (Fisher Scientific). The superna-
tants, representing the faecal water fraction, were aliquoted
into sterile 1.5 ml Eppendorf tubes and stored at — 80 °C for
analysis of faecal water genotoxicity and metabolites.

Faecal water genotoxicity

The human colon adenocarcinoma cell line Caco-2 was used
to test faecal water genotoxicity using a CometChip assay
(Trevigen), a high-throughput version of the standard alka-
line comet assay [23].

Caco-2 cells were purchased from the ECACC and used
between passage 10 and 22. Then they were routinely cul-
tured in Dulbecco’s modified Eagle medium (DMEM) sup-
plemented with 0.1 mM of non-essential amino acids, 100
U/mL of penicillin, 0.1 g/mL of streptomycin, and 20% foe-
tal bovine serum (FBS) (all Lonza UK). In the final passage
prior to experimental procedures, the FBS was reduced to
10% of culture medium and experiments were carried out
with this as carrier control.

The comet assay was performed using the CometChip
protocol (Trevigen, USA). To ensure adequate blinding,
an independent analyst prepared 10% (v/v) faecal extract
in carrier media, prepared by passing the previously pre-
pared faecal water through a 0.22 pm filter immediately prior
to treating cells. 10% v/v faecal extract preparations were
shown to be non-cytotoxic in a 24 h MTT assay (viability
was maintained at over 90%) and thus this concentration was
deemed appropriate for genotoxicity.

Caco-2 cells were split at 80% confluence, adjusted to
1 x 103 cells per ml and loaded on to the CometChip in
100 pl aliquots. After allowing cells to embed, excess media
was removed and 100 pl of (10% v/v) treatment added. After
30 min, the treatment media was removed, and the chip was
washed with PBS and sealed in low melting point agarose.
The comet assay was completed under alkali conditions.
Sybr Gold stained comets were visualised under fluores-
cence (LEICA DMS5000 Fluouresence Microscope) at 5X
magnification. Image acquisition was completed by a second
investigator with no knowledge of treatments.

Comet tails were assessed using the automated
CometChip software (Trevigen, USA) which counted a
minimum of 150 cell nuclei per well. Data represents a
mean of four wells per treatment. 50 pM H,0, and a carrier
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control were included as inter-assay controls. 7 test revealed
a significant difference in DNA damage between inter-assay
controls (P=0.02).

Faecal nitroso compounds

Faecal nitrates, nitrites and total NOC were determined
using chemiluminescence as described previously [24]. To
determine nitrite concentrations, 50 pl of faecal water was
injected into a purge vessel containing 8 ml glacial acetic
acid and 2 ml aqueous potassium iodide (50 mg/ml). Nitro-
gen 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, an NaOH
(1 mol/L) trap and a polypropylene filter (0.2 pm; What-
man, USA). The signal was processed using the instrument
software. After every six injections, the purge vessel was
emptied and refilled with fresh reagents. For quantification,
known standards of sodium nitrite (1 to 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, the faecal water was incubated
twofold with methanol for 30 min, followed by centrifuga-
tion at 14,000g at 4 °C for 5 min. 50 pl of the supernatant
was injected into the purge vessel containing 8 ml vanadium
(IIT) 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 a 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 to 10,000 nmol). Results are expressed as nanomoles of
total NOC.

Microbial composition analysis by 16S ribosomal
RNA amplicon sequencing

Stool aliquots were thawed prior to microbial DNA extrac-
tion using a Fast DNA Stool Mini Kit (Qiagen) according to
the manufacturer’s instructions. 16S ribosomal RNA ampli-
con sequencing (rRNA) was performed at the NU-OMICS
DNA sequencing research facility (Northumbria University).
Sequencing libraries were prepared for targeted sequencing
of the V4 region of the 16S rRNA gene from PCR ampli-
cons as per the Schloss standard operating procedure (SOP)
[25] using primers 515F and 806R [26]. Libraries were
sequenced on the Illumina MiSeq platform (CA), using V2
(2% 250), chemistry. Extraction kit and sequencing negative
controls were prepared and sequenced simultaneously with
all samples. Paired end reads were trimmed, merged, and
processed by alignment to the SILVA database, followed by
de novo clustering into operational taxonomic units (OTUs),
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and taxonomic assignment in Mothur, following the MiSeq
SOP [25].

Faecal volatile compounds

Automated headspace solid-phase microextraction (SPME)
gas chromatography mass spectrometry (GC—-MS) was con-
ducted on an Agilent 7890A gas chromatograph, coupled
to a CTC-PAL autosampler and a BencthTOF mass spec-
trometer (Markes Intl, Laitrisant, UK). Homogenised faecal
samples (100-200 mg) were accurately weighed into 10 mL
headspace vials, followed by the addition of 2 mL 26% NaCl
and 5% metaphosphoric acid prior to sonication (5 min). The
samples were then placed into the autosampler tray and incu-
bated at 60 °C for 30 min, followed by a 30 s extraction onto
a 75 pm Carboxen/ PDMS fibre (Supelco, Bellefonte, PA)
and desorption in the GC injector set at 250 °C for 8 min.
The injector was operated in the split mode at a split ratio
of 20:1, using helium as a carrier gas at a constant flow
of 1.15 mL/min. Chromatographic separation was achieved
on VF-WaxMS ((L) 60 m x (D) 0.25 mm X (FT) 0.25 pm)
capillary column (Agilent). The oven was held at 40 °C for
8 min followed by a temperature ramp at 4 °C/min to 100 °C,
then 15 °C/min to 260 °C and held for 5 min. The mass
spectrometer was operated in the total ion scan mode (m/z
30-450) with the ion source and transfer line temperatures
held at 250 °C and 245 °C, respectively. The SCFA acetate,
propionate, butyrate, valerate and hexanoate, branched chain
fatty acids (BCFA) isobutyrate and isolvalerate, as well as
cresol and phenol, were quantified using an external calibra-
tion curve.

Metabolomics

Frozen aliquots of urine were thawed prior to normalisation
through dilution with sterile distilled water to the lowest
specific gravity measured by refractometry as previously
described [27]. Following this, 225 pL of the sample was
transferred to 9 mm glass screw thread vials (Thermo Sci-
entific), followed by the addition of 75 pL acetonitrile and
stored at — 80 °C until the time of analysis.

For faecal water, frozen aliquots of sample were thawed
before centrifugation at 18,000g at 4 °C for 30 min. 225
pL of the supernatant was transferred to 9 mm glass screw
thread vials (Thermo Scientific), followed by the addition
of 75 pL acetonitrile and stored at — 80 °C until the time of
analysis.

Hydrophilic liquid interaction chromatography (HILIC)
metabolite profiling of the urine and faecal water samples
was performed on a Vanquish Liquid Chromatography
chromatographic separation system connected to an IDX
High Resolution Mass Spectrometer (Thermo Scientific).
The HILIC positive and negative data sets were processed
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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 per-
formed at MS2 level using Thermo scientific m/z cloud with
a similar index of 80% or better.

Statistical analysis

All statistical analyses and visualisations were performed in
RStudio [28]. Data were assessed for normality by visualis-
ing Q—-Q plots and performing Shapiro—Wilk tests before
statistical analysis. If data were assessed to be non-nor-
mally distributed, then non-parametric statistical tests were
performed.

Excluding the metagenomic and metabolomic data,
changes from baseline within study phases and differences
between study phases were assessed using mixed-effects
models. In all models, age, BMI, habitual alcohol intake and
diet order were included as fixed effects, with the participant
as the random effect.

For gut microbial analysis, Bray—Curtis dissimilarity
was performed to assess beta diversity and ordination plots
generated for visualisation. Differences within and between
study phases in beta diversity were compared using a per-
mutational multivariate analysis of variance. Alpha diversity
was measured using Shannon index, inverse Simpson index,
Fisher’s index and species richness (CHAO] estimates). As
microbiome sequencing data can contain a considerable
number of zeros, we applied geometric mean of pairwise
ratio (GMPR), a normalization method for zero-inflated data
[29]. Using the normalised data, abundances of taxonomic
ranks (i.e. phyla, genus) were determined. Changes in alpha
diversity metrics and bacterial taxonomic abundance within
and differences between study phases were compared using
generalised mixed-effects models with participants as a
random-effects factor. The models were adjusted for age,
BMI and habitual alcohol intake; factors which can impact
the microbiome, as well as the interaction of the randomisa-
tion order to determine any carry over effects. P values were
adjusted using the Benjamini and Hochberg false discovery
rate [30].

For metabolomics, multivariate statistical analysis was
performed using MetaboAnalyst 5.0 [31]. Partial least
squares discriminant analysis (PLS-DA) was performed to
determine changes in metabolite profiles within and differ-
ences between study phases. The variable importance in
projection (VIP) > 1.5 was taken to identify the features sig-
nificantly differentiating within and between study phases,
then the fold change ratio was obtained for each feature.
Hierarchical cluster analysis heat maps were obtained using

ward clustering algorithm and Euclidean distance calcula-
tion to further confirm the results of PLS-DA and to show
the distribution of metabolites among all individuals. Taking
the VIPs > 1.5 between diets, pathway analyses were per-
formed to reveal which pathways were enriched in the diets.
Within the metabolomic datasets, potential genotoxins of
interest were identified, including the bile acids apocholic
and 7-ketodeoxycholic in stool, and p-cresol sulphate in
urine. To assess the differences within and between study
phases in the excretion of these genotoxins, mixed-effects
models were implemented as outlined above.

For all statistical analyses, a P <0.05 was defined
significant.

Results
Participants

Participant enrolment began on 1 June 2019 and continued
through to 1 December 2019. The date of final follow-up
data collection was 29 January 2020. The Consort diagram
in Supplementary Material: Fig. 1 depicts the flow of partici-
pants through the Mycomeat Study. Baseline characteristics
of the participants who completed the study are shown in
Table 1

Diet

This intervention involved changes in the composition of the
volunteers’ diets across both study arms. During the Meat
phase, volunteers’ average daily meat consumption increased
from baseline by 18 g, and red and processed meat intake
by 160 g, whilst during the Mycoprotein phase, individuals
did not consume any meat and increased their consumption
of mycoprotein by an average 240 g per day from baseline.
Mean self-reported intake of total energy, protein, fat, satu-
rated fat and sodium were not significantly changed from
baseline by either diet. The Mycoprotein phase was associ-
ated with higher self-reported fibre intake, both from base-
line (+16.99+2.79 g/day, P <0.001) and compared to the
Meat phase (4 16.74 +3.65 g/day, P<0.001) (Supplemen-
tary Material: Table 2).

Faecal water genotoxicity

Faecal water genotoxicity significantly reduced from base-
line after the Mycoprotein phase (— 8.28 £3.60% DNA in
tail, P=0.05), while following the Meat phase, there was
a non-significant increase (+4.91 +2.65% DNA in tail,
P=0.09). The difference between these changes was also
significant (13.19+4.41% DNA in tail, P=0.01) (Fig. 2).
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Table 1 Participants’ baseline characteristics (n=20)?

Age,y 30.4+7.92
Anthropometric parameters
Weight, kg 80.6+10.90
BMI, kg/m? 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 2.294+0.88
Triglycerides, mmol/L 0.89+0.46
Glucose, mmol/L 4.86+0.45
Dietary intake
Energy, kcal/d 2515.59+754.85
Protein, g/d 126.44 +45.42
Protein, % of energy 20.10+7.22
Carbohydrate, g/d 281.20+81.41
Carbohydrate, % of energy 44.71+£12.94
Fat, g/d 98.37+46.75
Fat, % of energy 35.19+16.73
Saturated fat, g/d 35.94+21.22
Saturated fat, % of energy 12.86+7.59
Fibre, g/d 26.16+7.79
Sodium, mg/d 2853.02+1243.93
Total meat intake, g/d 221.60+176.87
Red and processed meat intake g/d 80.25+83.47
Mycoprotein intake, g/d 0+0

#Data are presented as means + SDs

Potential genotoxins

Faecal NOC increased after the Meat phase (P=0.20),
whereas there was a significant reduction following the
Mycoprotein phase (P=0.007). The difference between
the diet effects was also statistically significant (P=0.01)
(Fig. 3a). As well as NOC, other potential genotoxins were
identified in the metabolomics data: p-cresol sulphate in
urine and the bile acids apocholic and 7-ketodeoxycholic
in stool.

Following the Mycoprotein phase, there was a significant
reduction in urinary p-cresol sulphate excretion (P=0.002),
and with an increase after the Meat phase (P =0.40), the dif-
ference between diet effects was also significant (P =0.02)
(Fig. 3b). Apocholic acid increased in stool from base-
line after the Mycoprotein phase (P=0.27) and reduced
following the Meat phase (P=0.27), with the difference
between diet effects not significant (P =0.15) (Fig. 3c).

@ Springer

7-Ketodeoxycholic acid followed a similar pattern, increas-
ing after the Mycoprotein phase (P =0.82) and reducing
after the Meat phase (P =0.009), the difference between diet
effects was also not significant (P =0.17) (Fig. 3d).

Microbial composition

Neither intervention affected alpha or beta diversity (data
not shown). Bacterial phylotype analysis revealed significant
changes in the relative abundances of bacterial communities.
There were significant increases in the relative abundance
of the bacterial phyla Proteobacteria (P =0.004) and Ver-
rucomicrobia (P =0.02) following Mycoprotein, while Ver-
rucomicrobia significantly reduced after Meat (P=0.04), the
difference between diet effects on Verrucomicrobia was also
significant (P =0.03) (Fig. 4).

At the genera level, Akkermansia significantly increased
following the Mycoprotein phase (P =0.02), while there was
a reduction in abundance after the Meat phase, the differ-
ence between diets being significant (P =0.03). Mycoprotein
and Meat phases had opposing effects on Roseburia, which
increased after Mycoprotein (P <0.001) and reduced fol-
lowing Meat (P <0.001), with the difference between the
diets being highly significant (P <0.001). The diets also
had contrasting influences on Faecalibacterium, which sig-
nificantly increased after Meat (P =0.006) and reduced fol-
lowing the Mycoprotein phase, with the difference between
diets also being significant (P =0.02). Oscillibacter was
significantly increased following the Meat phase compared
to the Mycoprotein phase (P =0.004). Other notable effects
were a significant reduction in Ruminococcus following the
Meat phase (P=0.03) and a significant increase in Lacto-
bacillus after the Mycoprotein phase (P =0.05). The genera
significantly affected within the study phases are shown in
Fig. 5 and those significantly different between study phases
in Fig. 6.

In total, the analysis identified 392 OTUs in the samples.
The OTUs identified as significantly different within and
between study phases are included in the Supplementary
Material: Table 3.

Faecal volatile compounds

Total SCFA excretion increased following the Mycopro-
tein phase, with an increase in all quantified SCFA, none of
which reached statistical significance (Table 2). In contrast,
there was a non-significant reduction in total SCFA after
the Meat phase, with reductions across all SCFA quanti-
fied, none which were significant. Valerate was the only
SCFA to be significantly different between study phases
(144.31+53.76 pg/g, P=0.02). Total BCFA excretion was
reduced following both diets, with a significant reduction
after the Meat phase (— 190.15+87.24 pg/g, P=0.01).
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Table 2 Effects of 2-wk dietary interventions on faecal volatile compounds (n= 20)2°

Variable Mean change from P

baseline, meat

Mean change from base-  P¢
line, mycoprotein

Overall difference, meat ~ P¢
and mycoprotein

Short chain fatty acids

Acetate —493.25+233.32 0.76
Propionate —313.35+304.54 0.40
Butyrate —173.90+170.30 0.66
Valerate —63.24+50.68 0.12
Hexanoate —13.05+10.91 0.51
Total SCFA — 1056.79 +806.37 0.58
Branch chain fatty acids
Isobutyrate —98.10+42.65 0.01*
Isovalerate —92.05+45.06 0.02*
Total BCFA —190.15+87.24 0.01%*
Proteolytic end products
Cresol —-19.83+17.25 0.18
Phenol +1.88+1.16 0.15

+874.20+671.69 0.26 +1367.45+951.47 0.20
+637.10+£434.28 0.29 +950.45+442.45 0.09
+147.65+117.99 0.74 +321.55+316.92 0.54
+81.07+£58.72 0.39 +144.31+£53.76 0.027
+20.16+15.22 0.19 +33.21+£22.34 0.17
+1760.17 +1229.62 0.34 +2816.96+1749.88 0.17
—-13.29+9.22 0.63 +84.81+46.40 0.04+
—25.05+23.46 0.42 +67.00£41.25 0.05F
—38.34+32.04 0.52 +151.81+£86.67 0.04+
-12.79+£9.71 0.31 +7.04+£6.90 0.56
+3.52+1.72 0.40 - 1.64+0.55 0.83

SCFA short chain fatty acids, BCFA branch chain fatty acids

*Mean change significantly different from baseline

tMean change significantly different between mycoprotein and meat dietary periods

*Values are presented as least square means + SEs. Differences between variables at the beginning and end of each diet are shown. The overall
difference column shows the differences between variables at the end of the Mycoprotein phase compared with the end of the Meat phase. P val-
ues were calculated for changes within and differences between study phases using mixed-effects models

PResults are expressed in pg/g

°A P “0.05 was considered significant

§ I i * i
50
| i
0

Negative 50mM Baseline Completion Baseline Completion
Control H202 Meat Meat

Genotoxicity
(% DNA in tail)

Mycoprotein Mycoprotein

Fig.2 Effects of Meat and Mycoprotein phases on faecal genotoxic-
ity, assessed by percentage (%) DNA in tail following exposure to
faecal water. Data represent a mean of four wells per treatment. 50
uM H,0, and a carrier control were included as inter-assay con-
trols, and ¢ tests revealed a significant difference between 50 uM
H,0, and carrier control (P=0.02). Mycoprotein phase: change
from baseline, — 8.28 £3.60%, P=0.05. Meat phase: change from
baseline, +4.91 +£2.65%, P=0.09; Difference in study phase effects,
13.19+4.41%, P=0.01. Error bars represent standard deviation.
Changes within study phases and differences between study phases
assessed using mixed-effects models (P 0.05 considered significant).
*Indicates significant difference from baseline within the Myco-
protein study phase. #Indicates significant difference from base-
line within the Meat study phase. fIndicates significant difference
between the Mycoprotein and Meat study phase effects. §Indicates
significant difference between 50 uM H,0, and carrier control

The difference between diets also reached statistical sig-
nificance for BCFA quantified, as well as total BCFA
(151.81 +86.67 pg/g, P=0.04). Both diets caused reduc-
tions in faecal cresol, with increases in phenol. The effects
within and between diets did not reach significance.

Metabolomics

A total of 1214 faecal metabolites were detected within the
samples. PLS-DA between diets revealed a small distinction
by the primary and secondary components (Supplementary
Material: Fig. 2). Together, these two components accounted
for ~26.6% of the variability (9.6 and 17.8% for the first and
second components, respectively). Metabolites considered
a VIP> 1.5 between diets are included in Supplementary
Material: Table 4. Pathway analysis using the metabolites
with VIP > 1.5 revealed thiamine metabolism was enriched,
as well as pathways of fatty acid beta oxidation and car-
nitine synthesis following the Mycoprotein phase, whereas
after the Meat phase, sphingolipid metabolism and purine
metabolism were enriched (Supplementary Material: Fig. 2).

In urine, a total of 1,302 metabolites were detected
within the samples. PLS-DA revealed a distinc-
tion between the diets by the primary and secondary
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Fig.3 Effects of Meat and Mycoprotein phases on potential geno-
toxins. a Faecal nitroso compounds. Presented in nmol. Mycoprotein
phase: change from baseline, — 1044.00+377.00 nmol, P=0.02.
Meat phase: change from baseline, +609.50 +£541.00 nmol, P=0.20;
Difference in the study phase effects, 1653.50+677.00 nmol,
P=0.01. b Urinary P-cresol sulphate. Presented in inten-
sity. Mycoprotein phase: change from baseline, -3.35x10%+
9.8x 10%ntensity, P=0.002; Meat phase: change from base-
line,+1.19x 108+ 1.41 x 10®%intensity, ~P=0.40. Difference in
study phase effects, 4.54x10%+1.89x 10%ntensity, P=0.02. ¢
Faecal apocholic acid. Presented in intensity. Mycoprotein phase:
change from baseline,+2.23x 107 +2.01 x 107intensity, P=0.27.
Meat phase: change from baseline, —2.70x 107 +2.42x107int

components, however, with no defined clustering (Sup-
plementary Material: Fig. 3). Together, these two compo-
nents accounted for~15.27% of the variability (7.73 and
7.54% for the first and second components, respectively).
The metabolites considered a VIP > 1.5 are included in
Supplementary Material: Table 5. Pathway analysis using
the metabolites with VIP > 1.5 revealed thiamine metabo-
lism was enriched after the Mycoprotein phase, followed
by ammonia recycling, beta-alanine, -histidine, -glycine
and -serine metabolism. However, taurine and hypotau-
rine metabolism was enriched the greatest after the Meat
phase, followed by beta oxidation of very long chain fatty
acids, phospholipid, steroid and bile acid biosynthesis.
Both study phases led to an enrichment in the oxidation
of BCFA (Supplementary Material: Fig. 3).

@ Springer

ensity, P=0.27. Difference in study phase effects, 4.93x10"+
3.37x 107intensity, P=0.15. d Faecal 7-ketodeoxycholic acid.
Presented in intensity. Mycoprotein phase: change from base-
line, +2.86x 10" +1.89 x 107intensity, P=0.82. Meat phase: change
from baseline, —8.03x10%+2.91x 10%ntensity, P=0.009. Differ-
ence in study phase effects, 3.66x 107 +2.00 x 107intensity, P=0.17.
Error bars represent standard deviation. For all data, changes within
study phases and differences between study phases assessed using
mixed-effects models (P “0.05 considered significant). *Indicates sig-
nificant difference from baseline within the Mycoprotein study phase.
#Indicates significant difference from baseline within the Meat study
phase. fIndicates significant difference between Mycoprotein and
Meat study phase effects

Discussion

The present study investigated the impact of replacing a
high red and processed meat diet with mycoprotein on faecal
water genotoxicity and markers related to intestinal health.
We recognise faecal water genotoxicity is poorly validated
against tumour incidence in humans; however, it has been
widely used as a non-invasive surrogate risk marker in short-
term interventions exploring dietary components (notably
meat) and CRC risk [5, 32, 33]. Further, it predicts subse-
quent tumour incidence in rodent models [34] and is used on
the well-founded assumption that DNA damage is an initiat-
ing event in carcinogenesis [35], and therefore high geno-
toxic exposures may be viewed as a risk factor for neoplasia.

We observed that the Meat phase increased faecal water
genotoxicity which corroborates previous findings [5, 21].
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Fig.4 Effects of Meat and Mycoprotein phases on gut microbial
phylum composition. Gut microbial phylum composition at baseline
and completion for both Meat and Mycoprotein phases. There were
significant increases in Proteobacteria (P=0.004) and Verrucomi-
crobia (P=0.02) following the Mycoprotein phase and a significant
reduction in Verrucomicrobia (P=0.04) after the Meat phase. The
difference in diet effects on Verrucomicrobia (P=0.03) was also sig-
nificant. Changes within study phases and differences between study
phases assessed using generalised mixed-effects models (P 0.05 con-
sidered significant)

We also observed that the Mycoprotein phase significantly
reduced genotoxicity, both relative to the Meat phase and to
baseline (i.e., a standard western diet). This is a novel find-
ing which suggests consuming mycoprotein may be protec-
tive against DNA damage, either via a displacement effect
on harmful constituents of the diet, or independently via the
introduction of antigenotoxic factors in the gut. Consistent
with earlier studies, we also observed an increase in faecal

Akkermansia Alphaproteobacteria class (unclassified)
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NOC following the Meat phase, which, akin to faecal water
genotoxicity, was significantly reduced by the Mycopro-
tein phase. The close association between genotoxicity and
NOC suggests the latter as the predominant contributor to
the former.

Both diets significantly influenced the composition of the
gut microbiota. The most notable changes were increases
in the relative abundance of Lactobacilli, Roseburia, and
Akkermansia following the Mycoprotein phase. In models,
Lactobacilli consistently exert significant protection against
chemically induced tumours [36]. In vitro studies suggest
one of the mechanisms for this anticancer effect may be
via binding and chemical modification of NOC [37]. It is
also evidenced that certain Lactobacilli augment intestinal
barrier function by improving tight junction integrity [38]
and enhancing colonic mucin production [39], conferring a
further layer of defence against genotoxic insult. While this
study, to our knowledge, is the first to report increases in
Lactobacilli following mycoprotein consumption, it suggests
that the fibre fraction of mycoprotein may have prebiotic
potential [40]. The butyrate-producing Roseburia were also
increased in relative abundance following the Mycopro-
tein phase, but decreased following the Meat phase. Rose-
buria have been associated with suppression of gut inflam-
matory processes [41] and are reduced in both inflammatory
bowel disease [42] and CRC [43]. Butyrate is a potent anti-
neoplastic agent in the gut [44]. Akkermansia is an abun-
dant inhabitant of the human gut, degrading intestinal mucin
which enhances cell turnover, in addition to priming trophic

Barnesiella Faecalibacterium
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B e
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Fig.5 Effects of Meat and Mycoprotein phases on gut microbial genera. Gut microbial genera identified as significant for difference between
study phase effects. Differences between study phases assessed using generalised mixed-effects models (P “0.05 considered significant)
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Fig.6 Effects of Meat and Mycoprotein phases on gut microbial
genera. a Gut microbial genera identified as significant for change in
abundance from baseline after the Mycoprotein phase. b Gut micro-
bial genera identified as significant for change in abundance from

chains [45]. Further, propionic and acetic acids are meta-
bolic by-products from the degradation of mucins, which
can be absorbed and utilised by host tissue for energy or
leveraged by other species to produce butyrate [45].

In contrast, the Meat phase caused the enrichment of the
bile-resistant, putrefactive Alistipes and Oscillibacter. This

@ Springer

baseline after the Meat phase. Changes within study phases assessed
using generalised mixed-effects models (P “0.05 considered signifi-
cant)

might be an adaptive response to bile, or due to a greater
proclivity for digestion-resistant myofibrillar protein arriv-
ing in the gut from meat versus mycoprotein. Acute feeding
studies with mycoprotein lead to very high muscle protein
synthesis rates, suggesting a high bioavailability of myco-
protein, which may culminate in low levels of dietary protein
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reaching the colon [46]. While observational data are con-
flicting, with studies showing Alistipes to be associated with
both health and disease [47], Oscillobacter has been linked
with weight gain, metabolic dysfunction and a leaky gut
[48].

Prior to our study, gut fermentation of mycoprotein has
only been reported in an in vitro model, which found an
increase in total SCFA production [15]. We report increases
in the faecal concentrations of all quantified SCFA follow-
ing the Mycoprotein phase, which we attribute to the dif-
ference in fibre intake relative to participants’ habitual diet
(+16.99 g day™"). The increased load of SCFA coincides
with the enrichment of SCFA-producing genera following
the Mycoprotein phase. Future work may consider a myco-
protein vs non-mycoprotein diet matched for fibre intake to
elucidate if the 1,3/1,6 B-glucan/chitin present in mycopro-
tein is associated with a different SCFA response to other
functional fibres. The reduction in SCFA excretion following
the Meat phase was expected; diets rich in animal protein
and lower in fibre are characterised by lower faeccal SCFA
compared to diets higher in fibre and lower in animal pro-
tein [49]. We also report reductions in BCFA following both
diets. BCFA are considered markers of proteolytic fermen-
tation [50] and concentrations tend to rise with increased
protein intake [51]. Our observations could be due to the
reduction in participants’ self-reported protein intake from
baseline during intervention diets (— 11.41 g/day mycopro-
tein; — 8.61 g/day meat). There was also a significant differ-
ence in BCFA excretion between diets, with higher values
following the Mycoprotein phase despite lower self-reported
protein intake than the Meat phase. The difference in ani-
mal protein may not be a factor, as previous work found no
differences in BCFA between vegans and omnivores [52].
The concentrations of excreted BCFA correlate weakly with
the abundance of the largely saccharolytic genera Blautia
(isobutyrate r=0.235, P <0.05, and isovalerate r=0.229,
P <0.05), Coprococcus (isobutyrate r=0.243, P <0.05 and
isovalerate r=0.252, P <0.05) and Odoribacter (isovalerate
r=0.225 P <0.05). The higher concentrations of BCFA with
the Mycoprotein relative to the Meat phase may therefore
simply reflect higher saccharolytic microbial activity on that
arm in response to the relative availability of fibre.

Applying untargeted metabolomics, we were able to deci-
pher the predominant metabolic pathways in urine and stool.
We found an enrichment in sphingolipid metabolism after
the Meat phase. Sphingolipids are important mammalian
signalling molecules with various biological activities, and
importantly increased sphingolipid metabolism may be a
response to DNA damage [53].

The rich metabolomic datasets also enabled the identifi-
cation of other potential genotoxins as well as our targeted
NOC analysis. We identified p-cresol sulphate in urine, a
product of tyrosine fermentation in the gut [54], which is

absorbed and sulphated for excretion in urine [55]. Studies
have demonstrated p-cresol reaches genotoxic concentrations
in in vitro gut fermentation models, and notably can predict
the genotoxicity of the fermentation supernatant [56]. Like
faecal genotoxicity and NOC, urinary p-cresol sulphate was
increased by the Meat phase and significantly reduced by
the Mycoprotein phase. These findings are further indicative
of negative and positive effects of meat and mycoprotein,
respectively. We also identified the bile acids apocholic and
7-ketodeoxycholic in stool. 7a-dehydroxylating bacteria
convert and activate bile acids in the gut [57]. The trans-
formed secondary bile acids have the potential to induce
oxidative stress and DNA damage [58, 59] and are impli-
cated in tumorigenesis [60]. We observed reductions in these
bile acids after the Meat and increases following the Myco-
protein phase. Thus, we would argue they are not the main
contributors to the genotoxic load in the faecal samples. Bile
acid metabolism plays a predominant role in cholesterol
homeostasis [61], and increased bile acids in stool may be
indicative of mycoprotein’s ability to bind and sequester bile
acids [62]. This may be a mechanism underpinning observa-
tions of cholesterol reduction by mycoprotein [63-65].

The present study has several strengths. We used a ran-
domised crossover control investigator-blind study design,
thus significantly reducing bias. The meat and mycoprotein
products included are regularly consumed by the public,
and the dose is achievable in a real-world setting. We also
incorporated a variety of products in the dietary regimens to
aid participant compliance, and to reflect the variety in real-
world food exposures. It is noteworthy that once randomised
to the study, we encountered no participant dropouts, which
may be in part due to this approach. The Thermo IDX LCMS
platform uses automated data acquisition and peak annota-
tion resulting in improved metabolite profiling efficacy in
comparison to alternative platforms. This allowed the abil-
ity to obtain a greater number of identifiable metabolites,
which in turn enabled a rich dataset to determine metabolic
pathways hitherto relatively unexplored in this type of study.

Our work also has limitations. The cohort included
exclusively healthy, non-obese adult males. This cohort was
selected to control external factors, but future studies might
use larger, more diverse cohorts. We advised participants to
avoid certain foods and supplements; however, we did not
control dietary intake other than the supplied study prod-
ucts. Other dietary factors during the study phases may have
influenced our findings. 16S amplicon sequencing was used
for microbial analysis which limits the coverage to genus.
We also collected single-day faecal samples, but the stool
microbiome can show intraday variation.

In conclusion, this work demonstrates that substituting
red and processed meat for the meat alternative mycopro-
tein reduces faecal genotoxins and the genotoxic load and
increases SCFA production, as well as the abundance of
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beneficial genera in the human gut. Thus, mycoprotein may
be considered a good alternative to meat when consumed
as part of a balanced diet in the context of gut health and
long-term CRC risk.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00394-023-03088-x.
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licly and freely available without restriction at https://doi.org/10.25398/
rd.northumbria.c.6010252.
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