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ABSTRACT
Background: Despite the rising popularity of plant-based alternative
meats, there is limited evidence of the health effects of these
products.
Objectives: We aimed to compare the effect of consuming plantbased alternative meat (Plant) as opposed to animal meat (Animal) on health factors. The primary outcome was fasting serum
trimethylamine-N-oxide (TMAO). Secondary outcomes included
fasting insulin-like growth factor 1, lipids, glucose, insulin, blood
pressure, and weight.
Methods: SWAP-MEAT (The Study With Appetizing Plantfood—
Meat Eating Alternatives Trial) was a single-site, randomized
crossover trial with no washout period. Participants received
Plant and Animal products, dietary counseling, lab assessments,
microbiome assessments (16S), and anthropometric measurements.
Participants were instructed to consume ≥2 servings/d of Plant
compared with Animal for 8 wk each, while keeping all other foods
and beverages as similar as possible between the 2 phases.
Results: The 36 participants who provided complete data for both
crossover phases included 67% women, were 69% Caucasian, had a
mean ± SD age 50 ± 14 y, and BMI 28 ± 5 kg/m2 . Mean ± SD
servings per day were not different by intervention sequence:
2.5 ± 0.6 compared with 2.6 ± 0.7 for Plant and Animal, respectively
(P = 0.76). Mean ± SEM TMAO concentrations were significantly
lower overall for Plant (2.7 ± 0.3) than for Animal (4.7 ± 0.9)
(P = 0.012), but a significant order effect was observed (P = 0.023).
TMAO concentrations were significantly lower for Plant among
the n = 18 who received Plant second (2.9 ± 0.4 compared with
6.4 ± 1.5, Plant compared with Animal, P = 0.007), but not for the
n = 18 who received Plant first (2.5 ± 0.4 compared with 3.0 ± 0.6,
Plant compared with Animal, P = 0.23). Exploratory analyses of
the microbiome failed to reveal possible responder compared with
nonresponder factors. Mean ± SEM LDL-cholesterol concentrations
(109.9 ± 4.5 compared with 120.7 ± 4.5 mg/dL, P = 0.002) and

weight (78.7 ± 3.0 compared with 79.6 ± 3.0 kg, P < 0.001) were
lower during the Plant phase.
Conclusions: Among generally healthy adults, contrasting Plant
with Animal intake, while keeping all other dietary components
similar, the Plant products improved several cardiovascular disease
risk factors, including TMAO; there were no adverse effects on
risk factors from the Plant products. This trial was registered at
clinicaltrials.gov as NCT03718988.
Am J Clin Nutr 2020;00:1–
12.
Keywords: diet, meat, plant-based alternative meat, randomized
controlled trial, cardiovascular disease risk factors, trimethylamineN-oxide

Introduction
Shifts to more plant-based diets, with fewer animal-based
foods, have been widely recommended for health and environmental benefits (1–3). Yet changing dietary behaviors remains
challenging owing to strongly held taste preferences, culinary
traditions, and social and cultural norms (4). Although plantbased alternative meats (plant-meats)—i.e., vegetarian products
designed to resemble the taste and appearance of traditional
burgers, sausages, or other meats—have been available for years,
their consumer popularity has increased rapidly in recent years
(5). In North America, plant-meat sales grew by 37% from 2017
to 2019 (6). This rapid rise in popularity is due in part to producers
better simulating the taste of animal-meat products, as well
as increased marketing directed toward meat-eating consumers,
rather than just vegetarians (5, 6).
The rapid increase in plant-meat consumption has raised
scrutiny and criticism (7), namely the question of the overall
health effects of plant-meat products compared with animal meat
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A randomized crossover trial on the effect of plant-based compared
with animal-based meat on trimethylamine-N-oxide and cardiovascular
disease risk factors in generally healthy adults: Study With Appetizing
Plantfood—Meat Eating Alternative Trial (SWAP-MEAT)

2

Crimarco et al.

Supported by a research gift from Beyond Meat Inc. (to CDG), National
Heart, Lung, and Blood Institute at the NIH grant T32HL007034 (to CDG),
and Stanford Clinical and Translational Science Award to Spectrum NIH UL1
TR001085 (to CDG).
Funding for this study was provided by Beyond Meat. In an effort to
reduce any influences on the outcomes of this study, a statistical analysis plan
was submitted to ct.gov. The main analysis was conducted by a third-party
individual who had no involvement with the study design or collection of
data, and was blinded to all study participants.
Supplemental Tables 1–7, Supplemental Figures 1–4, Supplemental
Methods, and Supplemental Results are available from the “Supplementary
data” link in the online posting of the article and from the same link in the
online table of contents at https://academic.oup.com/ajcn/.
Data described in the article, code book, and analytic code will be made
available upon request pending application and approval by the corresponding
author.
Address correspondence to CDG (e-mail: cgardner@stanford.edu).
Abbreviations used: Animal, animal meat; CVD, cardiovascular disease;
CVDRFs, Cardiovascular Disease Risk Factors; IGF-1, insulin-like growth
factor 1; NDS-R, Nutrition Data System for Research; Plant, plant-based alternative meat; SWAP-MEAT, The Study With Appetizing Plantfood—Meat
Eating Alternatives Trial; TMA, trimethylamine; TMAO, trimethylamine-Noxide.
Received April 22, 2020. Accepted for publication June 29, 2020.
First published online 0, 2020; doi: https://doi.org/10.1093/ajcn/nqaa203.

markers (blood lipids, glucose, and insulin), blood pressure,
weight, and microbiota composition (Shannon diversity).

Methods
Procedures for this study were followed in accordance with
the ethical standards from the Helsinki Declaration and were
approved by the Stanford University Human Subjects Committee
(Institutional Review Board). All study participants provided
written informed consent.

Study design
SWAP-MEAT was a single-site, randomized crossover trial
(NCT03718988) among adults assigned to 1 of 2 sequences:
8 wk of Plant followed by 8 wk of Animal, or vice versa. With
the exception of the Plant compared with Animal exchange,
participants were instructed to keep all other dietary habits
similar across the phases. At the end of the first 8-wk phase,
participants were encouraged to move directly into the second
phase, without a washout period. However, a brief break between
phases was allowed if participant scheduling conflicts would
have otherwise prevented second-phase participation. Participant
enrollment began on 5 December, 2018 and continued through
9 July, 2019. The date of final follow-up data collection was 5
December, 2019.

Participants
The target population was generally healthy omnivorous adults
≥18 y of age who reported typically consuming ≥1 serving of
meat per day and were willing to consume ∼2 servings/d of both
Plant and Animal. They were recruited from available e-mail
lists among the Stanford community. Participants were required
to have a stable dietary history, defined as neither introducing
nor eliminating a major food group in their diet for at least the
previous month.
Exclusion criteria were weighing <110 lbs (50 kg); having
a BMI (in kg/m2 ) >40; LDL cholesterol >190 mg/dL; systolic
blood pressure >160 mm Hg or diastolic blood pressure >90 mm
Hg; clinically significant or unstable pulmonary, cardiovascular,
gastrointestinal, hepatic, or renal functional abnormality; or
pregnancy. Individuals were excluded or had their study start
date delayed if within the past 2 mo they had taken systemic antibiotics, antifungals, antivirals or antiparasitics, corticosteroids,
cytokines, methotrexate, or immunosuppressive cytotoxic agents
known to affect the microbiome.

Randomization
Randomization to 1 of the 2 diet sequences (Plant→Animal
or Animal→Plant) was performed in block sizes of 4 by an
independent statistician. Pairs (spousal or parent–child) were
randomly assigned in block sizes of 2. Participants did not learn of
their diet sequence until they had completed all baseline measures
and surveys. Laboratory technicians and study staff conducting
the blood and stool analyses were blinded to the diet sequence.
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(8). Most plant-meat products meet the NOVA criteria for “ultraprocessed foods” (9). A recent study found that ultra-processed
food intake led to increased energy intake and weight gain relative
to whole foods (10). Compared with fresh, minimally processed
foods, many plant-meats are relatively high in saturated fat and
sodium, which are metabolically linked to hypercholesterolemia
and hypertension (11, 12). Notably, plant-meats also contain
fiber, which is absent in animal meats, has been proven to lower
LDL cholesterol (13), and is associated with reduced risk of
cardiovascular disease (CVD) and obesity (14). There is a paucity
of data on the net impact of differing amounts of saturated fat,
sodium, and fiber on health factors for direct comparisons of plant
with animal meat.
Two emerging risk factors for CVD and certain cancers include
trimethylamine-N-oxide (TMAO) and insulin-like growth factor
1 (IGF-1). Animal-based foods, particularly red meat (e.g., beef
and pork), have a relatively high content of carnitine and choline,
which are precursors to TMAO (15). Recent trials have reported
that red meat intake raises TMAO blood concentrations (15–
17). In addition, vegans and vegetarians have been reported to
have lower TMAO and IGF-1 than meat eaters (17–22). Some
studies have suggested animal-meat consumption is associated
with greater IGF-1 concentrations and may increase the risk of
prostate and breast cancers (21, 22).
The objective of this randomized crossover trial [SWAPMEAT (The Study With Appetizing Plantfood—Meat Eating
Alternatives Trial)] was to compare the effects of consuming
plant-based alternative meat (hereafter Plant) with those of consuming animal meat (hereafter Animal), primarily beef and pork,
on emerging health risk factors, cardiometabolic risk factors,
and the gut microbiome among generally healthy adults. The
primary study outcome was differences in serum TMAO after
8 wk of Plant compared with Animal. Secondary outcomes were
differences in fasting plasma IGF-1 concentrations, metabolic

3

Effect of plant vs. animal meat on TMAO and CVDRFs
TABLE 1 Nutrient profiles for Plant and Animal products1
Product

Kcals

Carbohydrates,
g

Protein,
g

Total
fat, g

4 oz (113 g)
1/2 cup (55 g)
1 patty (65 g)
1 cooked link (76 g)
1 cooked link (76 g)
3 oz (85 g)
3 oz (85 g)

250
90
170
190
190
130
130

3
3
2
5
5
6
5

20
12
13
16
16
22
20

18
3
13
12
12
2
3.5

3.6 oz (100 g)
3.6 oz (100 g)
1 link (47 g)
1 link (71 g)
1 link (57 g)
4 oz (113 g)

293
293
110
170
230
140

0
0
0
1
4
0

16
16
7
10
8
26

25
25
9
14
21
3

Saturated
fat, g
6
<1
5
5
5
0
0
9
9
3
5
9
0.5

Fiber,
g

Sodium,
mg

2
1
1
3
3
3
3

390
240
330
500
500
360
340

0
0
0
0
0
0

672
672
320
480
400
1402

1
Some substitutions (≤10% of products) were necessary in the Animal phase because of limited availability; however, neither the amount, quality, nor the meat
were altered. Animal, animal meat; Plant, plant-based alternative meat.
2
For raw meat products (beef and chicken), sodium and other seasonings were added by participants.

Intervention

Diet data.

The study consisted of 2 phases, each lasting 8 wk: Plant and
Animal. Participants were instructed to consume ≥2 servings of
the phase-congruent type of meat product per day and instructed
to match all non-study-provided foods as closely as possible
between the 2 phases. Specific instructions included tracking
items such as the types of burger buns and the garnishes and
condiments used with burger items, and being consistent with
these choices for both the Plant and Animal patties in the 2
phases. Eight weeks on each dietary phase was selected on the
basis of previous dietary interventions that reported significant
changes within just 4 wk for most of our primary and secondary
outcomes (other than weight) (15, 23, 24). Participants were
instructed to exclude other sources of plant-meat alternatives
(i.e., tofu and tempeh) in both phases. Fish products were
excluded in the Plant phase. However, to promote recruitment, a
modest compromise was made to allow ≤8 oz (227 g) fish/wk
in the Animal phase with the qualification that no fish was
allowed in the 48 h before a study blood draw (17). All Plant
products were supplied by Beyond Meat and distributed on-site
at the research facility. All Animal products were supplied by
a San Francisco–based organic foods delivery service; the red
meat sources were grass-fed. The cut of ground beef purchased
was “regular” (i.e., 80% lean, 20% fat), which is the type of
ground beef most commonly purchased by US consumers (25).
Notably, the saturated fat content of the animal-meat burgers was
9 g/burger compared with 6 g/burger for the Beyond Meat
product. Participants purchased all other items and ingredients
for their own meals and were encouraged to prepare meals
themselves. They were allowed to eat out occasionally provided
they followed study requirements. Tables 1 and 2 provide the
study products’ nutrient profiles and ingredients. Supplemental
Table 1 provides a weekly order overview.

Three types of dietary data were collected. During eligibility screening, all potential participants completed a brief
questionnaire about current habitual meat intake. During the
study, participants logged all of their food intake for 3 d (2
weekdays and 1 weekend day) biweekly from week 0 to 16
using Cronometer (Cronometer Pro, Nutrition Tracking Software
for Professionals; https://cronometer.com/pro). In addition, 2
unannounced 24-h multiple-pass diet recall interviews were
administered by a dietitian at baseline and at the end of each
8-wk phase using Nutrition Data System for Research (NDS-R)
(Nutrition Coordinating Center, University of Minnesota) (26).
Adherence to the protocol for consuming ≥2 servings/d was
determined from a composite score with a 50:50 weighting of
Cronometer data and the biweekly survey that asked how many
servings were consumed that week.
Metabolic and anthropometric data.
Fasting blood concentrations for TMAO, IGF-1, lipids,
glucose, and insulin were determined from samples collected
at baseline and weeks 2, 4, 8 (phase 1), 10, 12, and 16
(phase 2). TMAO was measured by LC with tandem MS
(Cleveland HeartLab) (27). IGF-1, glucose, insulin, and blood
lipid concentrations were analyzed by standard methodologies, all at the Core Laboratory for Clinical Studies (Washington University, St Louis, MO) (28–33). Height, body
weight, and blood pressure data were collected at Stanford’s Clinical and Translational Research Unit during clinic
visits.
Physical activity.
Participants’ physical activity was assessed at baseline and at
4 and 8 wk of each phase with the International Physical Activity
Questionnaire short form (34).

Measures
Self-reported sociodemographic data on age, gender,
race/ethnicity, marital status, education, and employment
status were collected during the enrollment phase.

Microbiome assessment.
A detailed methodology for stool sample collection and 16S
analysis is provided in the Supplemental Methods.
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Plant products
Burger
Beef crumbles
Breakfast sausage
Hot Italian sausage
Brat sausage
Grilled chicken strips
Lightly seasoned chicken strips
Animal products
Burger
Ground beef
Good Morning pork breakfast sausage
Hot Italian sausage
Pork bratwurst
Chicken breast

Serving size
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TABLE 2 Ingredients of Plant and Animal products1
Plant products

Animal products
Ingredients

Burger

Water, pea protein isolate, expeller-pressed canola oil, refined
coconut oil, rice protein, natural flavors, cocoa butter, mung
bean protein, methylcellulose, potato starch, apple extract,
pomegranate extract, salt, potassium chloride, vinegar,
lemon juice concentrate, sunflower lecithin, beet juice
extract, carrot
Water, pea protein isolate, canola and sunflower oil, rice flour,
spice, tomato powder, yeast extract, sugar, potassium
chloride, tapioca maltodextrin, citric acid, salt, acacia gum,
onion extract, natural flavor, garlic extract
Water, pea protein isolate, expeller-pressed canola oil, refined
coconut oil, natural flavors, rice protein, methylcellulose,
sunflower protein, mung bean protein, nutritional yeast
(dried yeast, niacin, pyridoxine hydrochloride, thiamin
hydrochloride, riboflavin, folic acid, cyanocobalamin),
apple extract, salt, vinegar, lemon juice concentrate,
sunflower lecithin
Water, pea protein isolate, refined coconut oil, sunflower oil,
natural flavor, rice protein, fava bean protein, potato starch,
salt, fruit juice, vegetable juice, apple fiber, methylcellulose,
citrus extract, calcium alginate casing
Water, pea protein isolate, refined coconut oil, sunflower oil,
natural flavor, rice protein, fava bean protein, potato starch,
salt, fruit juice, vegetable juice, apple fiber, methylcellulose,
citrus extract, calcium alginate casing
Water, soy protein isolate, pea protein isolate, rice flour,
canola and sunflower oil, soy fiber, yeast extract, carrot
fiber, maltodextrin, natural flavor, spices, distilled vinegar,
titanium dioxide, salt, sugar, molasses powder, potassium
chloride, paprika
Water, soy protein isolate, pea protein isolate, rice flour,
canola and sunflower oil, soy fiber, yeast extract, carrot
fiber, maltodextrin, natural flavor, spices, distilled vinegar,
titanium dioxide, salt, sugar, molasses powder, potassium
chloride, paprika

Beef crumbles

Breakfast sausage

Hot Italian sausage

Brat sausage

Grilled chicken strips

Lightly seasoned
chicken strips

1 Animal,

Product

Ingredients

Burger

Beef (seasonings added by
participants)

Ground beef

Beef (seasonings added by
participants)

Good Morning pork
breakfast sausage

Pork, water, sea salt, organic herbs,
spices

Hot Italian sausage

Pork, water, organic spices, organic
chili pepper, sea salt, organic
evaporated cane syrup, organic
garlic, organic paprika
Pork shoulder, pork fatback, salt,
milk powder, white and black
pepper, ginger, mustard powder,
nutmeg
Chicken (seasonings added by
participants)

Pork bratwurst

Chicken breast

animal meat; Plant, plant-based alternative meat.

Process measures and poststudy diet preferences.
A 5-point Likert scale was used to assess food satisfaction
with both Plant and Animal products biweekly throughout the
study. Gastrointestinal symptoms were assessed at baseline and
biweekly using the Gastrointestinal Symptoms Rating Scale
(35, 36).

Statistical analysis
Participant baseline characteristics are presented as
means ± SDs or percentages. Nutrient comparisons between
Plant and Animal phases were performed using NDS-R diet
assessment data and paired t tests. Adherence rates for Plant
compared with Animal during the 8-wk phases were contrasted
using combined diet data from Cronometer and the biweekly
self-reported data on daily study product servings consumed
(paired t tests). For our primary outcome, we used a linear mixedeffects model to investigate if the change in TMAO values from
baseline at the end of each phase was significantly different for
Plant compared with Animal (“meat type”), adjusting for the

fixed effect of diet order (e.g., study arm), phase, and the random
effect of correlated observations for each participant from the 2
phases. The primary analysis was a complete case analysis and
used participants’ last available laboratory values in each phase.
Participants who did not complete both phases (i.e., crossover)
were excluded from the primary analysis and accounted for
in exploratory analysis. To investigate no difference in the
change of TMAO values between diet types, a 2-sided likelihood
ratio test was used. We set a significance level of 0.05 for all
analyses. Data were analyzed in R version 3.5.1 (R Foundation
for Statistical Computing; 2 July, 2018). The primary packages
used for modeling were “lme4” and “lmerTest” (37–39).
Similarly, for our secondary outcomes, we used separate
mixed-effects models to evaluate fasting plasma IGF-1, lipids,
insulin, glucose, blood pressure, and weight for Plant compared
with Animal, adjusting for the order of diet and repeated
measures. A 2-sided likelihood ratio test was used to assess no
difference between the diet types.
Sample size determination was based on available resources,
rather than a formal power calculation. We performed an ad hoc
power analysis for a paired t test, which assumed no order effect
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TABLE 3 Study participants’ baseline sociodemographic, anthropometric, and metabolic characteristics1
Plant–Animal

Animal–Plant

All

15
3
49.3 ± 11.7

9
9
51.1 ± 16.0

24
12
50.2 ± 13.8

0
1
0
7
2
8

1
0
4
7
1
5

1
1
4
14
3
13

11
3
3
1
0

14
0
2
0
2

25
3
5
1
2

73.7 ± 16.8
80.9 ± 7.0
74.9 ± 15.7

71.5 ± 14.1
93.2 ± 18.6
82.3 ± 19.5

72.8 ± 15.6
88.7 ± 17.1
78.0 ± 17.6

27.7 ± 5.7
26.2 ± 2.2
27.4 ± 5.2

27.0 ± 4.3
29.7 ± 6.0
28.3 ± 5.3

27.4 ± 5.1
28.8 ± 5.4
27.9 ± 5.2

112 ± 13
67 ± 7

116 ± 10
71 ± 9

114 ± 11
69 ± 8

212
60
130
107
94
8.3
3.5
154.6
2578.1

±
±
±
±
±
±
±
±
±

37
12
32
44
7
5.3
1.8
49.5
2120.3

191
59
113
92
99
9.4
3.4
153.6
4342.7

±
±
±
±
±
±
±
±
±

41
15
35
32
9
5.8
2.1
62.9
3412.5

201
60
122
100
96
8.8
3.4
154.1
3460.4

±
±
±
±
±
±
±
±
±

40
13
34
39
8
5.5
1.4
55.8
2939.6

are ns or means ± SDs. Animal, animal meat; IGF-1, insulin-like growth factor 1; Plant, plant-based alternative meat; TMAO,
trimethylamine-N-oxide.
1 Values

for the primary analysis aforementioned. With 38 participants, the
trial had 80% power to detect a −2.5 mean difference in TMAO
values for Plant compared with Animal, assuming an SD of 5.4
at a 5% significance level (15).

issues; however, 1 provided complete data through the middle of
the second phase, which was used as the end-phase endpoint for
that 1 participant for the second phase, resulting in n = 36 for
complete analyses. The participants were mostly female (67%),
Caucasian (69%), and college educated (83%). BMI ranged from
18 to 39 kg/m2 ; age ranged from 21 to 75 y.

Results
Demographics

Diet

Table 3 presents baseline demographic, anthropometric, and
metabolic characteristics. Of the 284 potential participants that
completed an initial online screener for the study, 38 participants
were randomly assigned to the intervention arms, including 2
pairs of same-household participants. Thirty-six participated in
both phases of the intervention (Figure 1). One of the originally
randomly assigned 38 participants dropped out owing to a lack
of satisfaction with study products. Two of the remaining 37
participants dropped out mid-study owing to unrelated health

For both treatment orders, servings per day over the 8-wk
phases were similar (mean ± SD: 2.5 ± 0.6 and 2.6 ± 0.7 for
Plant and Animal, respectively, P = 0.76).
Figure 2 presents diet data for sodium, saturated fat, fiber,
and protein, with a breakdown of plant compared with animal
protein in Supplemental Figure 1. A more extensive profile of
nutrient intake including vitamins, minerals, and carbohydrates
as determined by NDS-R (2 d at the end of each phase)
is provided in Supplemental Table 2, and as determined
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Gender, n
Female
Male
Age, y
Highest level of education achieved, n
Less than high school
High school degree
Some college
College degree
Some postgraduate school
Postgraduate degree
Race/ethnicity, n
Non-Hispanic white
Hispanic/Latinx
Asian
Black/African American
Other
Weight, kg
Women
Men
Both sexes
BMI, kg/m2
Women
Men
Both sexes
Blood pressure, mm Hg
Systolic
Diastolic
Blood lipids, mg/dL
Total cholesterol
HDL cholesterol
LDL cholesterol
Triglycerides
Fasting glucose, mg/dL
Fasting insulin, μIU/mL
TMAO concentrations, μM
IGF-1 concentrations, ng/mL
Physical activity, metabolic equivalent minutes per week

6
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284 Individuals ﬁlled out online screener
186 Excluded
164 rejected due to ineligibility
22 could not reach for phone screen

38 Excluded
30 rejected aer phone screen
8 did not show up for in person screen
60 Individuals screened in person for eligibility
18 Excluded
7 Did not meet eligibility criteria
8 No longer interested
3 Other
42 Aended study orientaon & signed
informed consent
4 No longer interested
following orientaon
38 Randomized

19 Randomized to
Plant-Animal sequence

19 Randomized to
Animal-Plant sequence
1 Disconnued due to
problem with diet

1 Disconnued due to
unrelated health reasons
18 ﬁnished Phase 1 (Plant)

18 ﬁnished Phase 1 (Animal)

1 Disconnued due to
unrelated health reasons aer
completing 4 of 8 wk
17 ﬁnished Phase 2 (Animal)

18 ﬁnished Phase 2 (Plant)

18 Contributed to analyses
1 was on each phase for 6 wk only,
1 was on the second phase for
4 wk only

18 Contributed to analyses
1 was on each phase for 6 wk only

FIGURE 1 Participant flowchart. Animal, animal meat; Plant, plant-based alternative meat.

by Cronometer (≥3 d every other week) in Supplemental
Table 3.
In Figure 2 selected nutrient intakes are presented in 3
categories: 1) overall (total), and then separately for 2) amounts
contributed by study products being provided to participants, and
3) all other nonproducts that participants chose themselves. As
expected from product nutrient profiles (Table 1) and the similar
servings consumed, the Plant products were higher in fiber and
plant protein, similar in sodium and total protein, and lower
in saturated fat compared with the Animal products (Table 1,
Figure 2). Energy intake was similar for Plant and Animal overall,

and for products and nonproducts (Supplemental Figure 2).
For nonproducts, across all 4 nutrients, the reported intake was
similar for Plant and Animal. With 1 exception—fiber—the total
intake contrasts mirrored those of the product differences: higher
in plant protein; similar in calories, sodium, and total protein;
and lower in saturated fat for Plant compared with Animal.
For fiber, despite being significantly different in intake from
products, the absolute mean difference of >5 g total fiber (27.9
compared with 22.3 g) for Plant compared with Animal was not
statistically significant. As is evident in Figure 2, nutrient intakes
in nonproducts were similar, and thus the differences in total
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98 Individuals completed phone screen
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Plant Phase
Animal Phase

Mean Daily Sodium Intake
3500

2863 2788

3000
Sodium, mg

B

1924 1948

2500
2000

939 840

1500
1000

Saturated Fat, g

4000

500
0

C

Overall

Product

P = 0.96

P = 0.23

Nonproduct
P = 0.85

D

Mean Daily Fiber Intake

26
13

17

20

8

Overall

Product

P < 0.01

P = 0.02

Nonproduct
P = 0.25

Mean Daily Protein Intake

27.9

30.0

22.3

100

22.5 21.9

25.0

Protein, g

Fiber, g

33

120

40.0
35.0

Mean Daily Saturated Fat Intake
45
40
35
30
25
20
15
10
5
0

20.0
15.0

5.4

85 86

80
60

41 42

44 45

Nonproduct

40
0.4

10.0

20

5.0

0

0.0
Overall

Product

Nonproduct

Overall

Product

P = 0.23

P < 0.001

P = 0.94

P = 0.46

P = 0.72

P = 0.92

FIGURE 2 Nutrient data for means of sodium (A), saturated fat (B), fiber (C), and protein (D) consumed daily between the 2 diet phases (n = 36). Product
indicates the nutrients from only Plant or Animal, whereas Nonproduct indicates the nutrients from all other sources. Together they add up to the overall
amounts of nutrients. Paired t tests were conducted for energy intake and each nutrient to assess for any differences between the Plant and Animal phases. Data
are based on estimates determined using NDS-R. Animal, animal meat; NDS-R, Nutrition Data System for Research; Plant, plant-based alternative meat.

intake, when present, were due primarily to the differences in the
Plant and Animal products. The nutrient intakes were similar by
order (Supplemental Figure 2).
Physical activity
No significant differences in physical activity levels were
observed between Plant and Animal phases (Supplemental
Table 4).
Primary and secondary outcomes
Overall, the difference in TMAO after 8 wk of Plant compared
with Animal was statistically significant (P = 0.02) (Table 4).

However, as Figure 3 presents, a significant order effect was
observed. For the n = 18 assigned to receive the Plant first,
mean ± SEM TMAO concentrations were not significantly
different at weeks 8 and 16 (the end of the 8-wk intervention
phases) (2.5 ± 0.4 and 3.0 ± 0.6 μM, respectively, P = 0.28,
Wilcoxon test). For the n = 18 receiving Animal first, TMAO
concentrations were significantly lower for the Plant than for
the Animal phase (2.9 ± 0.4 and 6.4 ± 1.5 μM, respectively,
P = 0.007).
LDL cholesterol and weight were significantly lower for
the Plant than for the Animal phase. Fasting concentrations of
IGF-1, insulin, glucose, HDL cholesterol, and triglycerides,
and blood pressure, were not significantly different between the
Plant and Animal phases. No order effects were observed among
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TABLE 4 Outcome levels at the end of the 8-wk phases1
Outcome

Animal,
mean ± SEM

2.7 ± 0.3

4.7 ± 0.9

− 2.0 (−3.6, −0.3)

0.012

±
±
±
±

− 4.7 (−13.9, 4.5)
− 1.0 (−1.5, −0.5)
0.4 (−0.7, 1.5)
0.5 (−1.8, 2.8)

0.30
<0.001
0.38
0.65

147.6
78.7
9.2
94.9

±
±
±
±

7.5
3.0
1.1
1.6

152.3
79.6
8.8
94.5

8.3
3.0
0.9
1.4

Plant–Animal difference,
mean (95% CI)

P value2

109.9 ± 4.5
62.5 ± 2.2
99.7 ± 7.3

120.7 ± 4.5
61.8 ± 2.5
100.2 ± 7.0

− 10.8 (−17.3, −4.3)
0.7 (−2.4, 3.8)
− 0.6 (−10.5, 9.2)

0.002
0.66
0.89

114.5 ± 2.1
70.0 ± 1.4

113.1 ± 1.9
68.8 ± 1.2

1.2 (−1.4, 4.1)
1.1 (−0.8, 3.2)

0.31
0.20

1 n = 36. Animal, animal meat; HDL-C, HDL cholesterol; IGF-1, insulin-like growth factor 1; LDL-C, LDL cholesterol; Plant, plant-based alternative
meat; TMAO, trimethylamine-N-oxide.
2 Likelihood ratio test from mixed-effects model evaluating change from baseline for each product type (Plant compared with Animal), adjusting for
order and phase.
3 Significant order effect in model (P = 0.023).

secondary outcomes. Supplemental Table 5 provides outcome
data by sequence order.

Microbiome
Analysis of stool 16S rRNA profiles did not reveal associations
of overall gut microbiota composition with diets, diet order,
or TMAO production. Some specific taxa were associated
with dietary interventions, but none were associated with
TMAO production. Consistent with the gut microbiome being
highly individualized, the vast majority of variance in the 16S
rRNA profiles was derived from participants (80.1%). It is
possible that given a larger study cohort or function-focused
analysis of the microbiome, differences between diets, order
effects, or individualized TMAO-production associations could
be identified. The Supplemental Results and Supplemental
Figures 3 and 4 present an extended results description and
figures related to gut microbiota profiling.

Product satisfaction and gastrointestinal issues
Satisfaction with products was generally high. Most products
scored a mean of ≥3.5 on a 5-point rating scale (5 being highest).
Four of the 6 matched products (e.g., Plant compared with Animal
patties) scored almost identically; 2 of the 6 Plant products scored
<3.0 on average, and lower than their matched Animal products
(Supplemental Table 6).
Participants reported negligible study changes for most of the
13 gastrointestinal symptoms queried for both product types. The
most notable changes, although modest, were increases in abnormal abdominal distention in both phases, and a decrease in
daily bowel movements during the Animal phase (Supplemental
Table 7).

Discussion
This randomized crossover-design trial compared the effect of
consuming Plant as opposed to Animal products on emerging
health risk factors, cardiometabolic risk factors, and the gut
microbiome in a population of generally healthy adults after
8 wk of consuming ≥2 servings/d of each product type. TMAO,
the primary outcome, improved significantly in the plant-based
phase relative to the Animal phase. However, an intervention
order effect was identified. Participants who consumed Plant first
had TMAO concentrations that were not significantly different
from Animal at the end of that phase; the significantly higher
TMAO concentrations after the Animal phase were observed only
among the participants who consumed Animal first and Plant
second. In addition, LDL-cholesterol concentrations and body
weight were lower in the Plant phase.
Consistent with our findings, several studies have previously
reported that red meat intake raises TMAO concentrations (15–
17). Our finding of an order effect is particularly interesting.
Among the group getting Animal first and Plant second, the
observed mean increase in TMAO in the Animal phase decreased
back to baseline concentrations within 2 wk during the Plant
phase, and remained stable through 8 wk, suggesting no carryover
effect. In stark contrast, those assigned to the Plant phase first
had no mean increase in TMAO, and no apparent effect to carry
over, and yet this group was observed to have no mean increase
in TMAO when shifted to the Animal phase. Although some
may take issue with the lack of a washout period in the study
design, in this case it appears the absence of a washout may have
been important in revealing the significant order effect. Koeth et
al. (40) investigated the effect on TMAO of feeding l-carnitine,
abundant in red meat, to vegetarians. They reported no increase
in TMAO, speculating that this may be due to their “vegetarian”
microbiomes. This finding suggests that those in the current study
who were assigned to Plant first, and were therefore following
a vegetarian diet for 8 wk, may have differentially altered their
microbiomes compared with those who consumed Animal first,
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FIGURE 3 TMAO concentrations at 7 time points (baseline and biweekly during the 16-wk protocol) by randomization order: Plant→Animal (n = 18)
and Animal→Plant (n = 18). (A) Boxplots with medians, IQRs, 5th and 95th percentiles, and extreme values. (B) Spaghetti plots of each participant’s data
across the full protocol; means are represented by filled squares. Significant differences in TMAO concentrations after 8 wk of Plant compared with Animal
were observed (P = 0.01). However, a significant order effect was observed (P = 0.02). For participants assigned to the Plant group first, TMAO concentrations
were not significantly different at weeks 8 and 16 (mean ± SEM: 2.5 ± 0.4 and 3.0 ± 0.6 μM, respectively, P = 0.28, Wilcoxon test). For participants assigned
to the Animal group first, TMAO concentrations were significantly lower during the Plant than during the Animal phase (mean ± SEM: 2.9 ± 0.4 and 6.4 ± 1.5
μM, respectively, P = 0.007). Animal, animal meat; Plant, plant-based alternative meat; TMAO, trimethylamine-N-oxide.

in such a way as to prevent the production of TMAO when
the Animal phase came second. Although the 16S microbiome
analysis conducted in the current study was unable to identify
these changes, it is difficult to know if the findings reflect a

true null effect. The data suggest that the plant-first group may
have suppressed trimethylamine (TMA)-producing taxa leading
to less TMAO in the meat-second phase (TMA is a precursor
to TMAO). However, this is merely a hypothesis that requires
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impacts, Eshel et al. (47) found that by replacing meat with
protein-conserving plant alternatives, Americans could satisfy
key nutritional requirements while eliminating pastureland use
and reducing cropland, nitrogen fertilizer usage, and greenhouse
gas emissions. In addition, Gardner et al. (2) reported significant
reductions in greenhouse gasses when modeling a 25% shift
from animal to plant protein. Notably, both the Plant and Animal
products in the current study accounted for ∼25% of total calories
and half of total protein.
This study included several strengths. First was the crossover
design that allowed each participant to serve as their own control.
Second were various aspects of internal validity, including high
participant retention and minimal missing data. A third strength
was a high treatment fidelity supported by providing Plant
and Animal products, and the high and comparable participant
satisfaction with the 2 types of products. A fourth strength
was the collection of multiple sources of dietary intake data:
NDS-R, Cronometer, and food survey data. Finally, a database
lock, predetermined database quality check, and third-party data
analysis reduced bias.
This study’s potential limitations include its crossover design without a second baseline measurement and the allowance
for some participants to take a break between the 2 phases (12
of the 36 participants took a 1- to 7-wk break). However, a
close examination of the data from those individuals suggested
no apparent pattern of differences from the 24 participants that
transitioned without a break, and the primary testing between
phases remained focused on contrasting the end of each 8-wk
phase. The potential issues with the lack of washout period—
both limitations and opportunities—were described previously.
Another limitation may have been the inclusion and allowance of
chicken and fish in the study, because both of these have different
effects on TMAO than red meat, making the Plant/Animal
contrast less controlled. However, only small amounts of
chicken or fish were consumed by participants, fish was not
allowed within 48 h of a blood sampling which should have
eliminated its effect on serum TMAO concentrations, and the
allowance of these small amounts facilitated recruitment and
retention. Whereas the plant-meat and animal-meat products
were provided, the remainder of the diet was self-selected, thus
limiting the ability to control the intake of other foods and
nutrients. Although this limited the rigor of dietary control, it
increased the generalizability of the findings. Finally, this study
used 1 of the many different types of plant-meat formulations,
and 1 set of matched meat products; results could have differed
for a different type of plant-based meat and for other cuts of
meat. For example, the “regular” ground beef used in the study
was 80:20 (lean:fat), with 9 g saturated fat/burger compared with
6 g saturated fat/burger for the comparable Beyond Meat
products. Other options for ground beef include lean (85:15) and
extra lean (90:10), both with lower saturated fat content. Of the
different lean:fat types, regular is the most commonly consumed
type in the United States (25).
In light of growing, consistent recommendations to reduce
red meat intake for optimal cardiovascular health, plant-based
meats offer a potentially healthy alternative (5, 48). Notably,
their growing popularity among consumers has been coupled
with rising critiques of their ultra-processed composition and
potential adverse health consequences. Until now, there has been
a paucity of data upon which to evaluate these claims. This
study found several beneficial effects and no adverse effects
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in-depth analysis to investigate fully. Therefore, it is possible
that even if there is an effect on TMA production by the dietary
interventions, it is not detectable by 16S analysis (e.g., if the taxa
that underlie TMA production differ between individuals). It is
possible that such changes are only detectable with additional indepth microbiome investigation focused on genes and encoded
functions relevant to TMAO generation. Although we expect that
differences in fiber content may influence the microbiota, how
such changes would interact with TMA production is currently
unclear. We also have observed in another intervention focused
on fiber, currently in preparation, that the effect of fiber on the
microbiota over a similar duration is individualized and more
modest than anticipated (Carter MM, Topf MA, Wastyk HC,
Sonnenburg ED, Sonnenburg JL and Gardner CD, unpublished
results, 2020). Future studies of potential microbiome changes
that could be determined by metagenomic or other functiontargeted analyses are warranted.
We also observed considerable variability among participants
in TMAO concentration changes; 2 of the 18 participants in
the Animal→Plant group had particularly large excursions of
TMAO during the Animal phase, whereas others had very
little changes from baseline. We assessed baseline red meat
consumption, baseline TMAO concentrations, and adherence as
possible explanations for these response differences, but were
unable to identify meaningful differences between the responders
and the nonresponders.
Although plant-based meat products could support individuals
in adhering to national and global health recommendations to
reduce red meat consumption (3, 41–43), concerns have been
raised about their overall health effects (5). Some of these
products fall under the NOVA category of ultra-processed food,
which have been reported to lead to weight gain compared with
whole foods (9, 10). However, the finding in the current study was
that weight was modestly but statistically significantly lower after
8 wk on the Plant than on the Animal phase. Notably, this was
observed despite no differences in reported total energy intake or
physical activity levels between each phase.
The other cardiometabolic benefit for the Plant phase was
lower concentrations of LDL cholesterol. This was consistent
with the lower saturated fat and higher fiber and plant protein
during the Plant phase, all of which have been established
to lower LDL cholesterol (11, 14, 44). The observed lack of
differences in blood pressure between the Plant and Animal
phases was consistent with similar sodium intakes during the
2 study phases, which were similar in terms of products,
nonproducts, and total sodium (12). It has been reported that
IGF-1 concentrations are higher in vegetarians than omnivores,
but no IGF-1 differences were observed in the current study (21,
22). In addition, no differences were observed in other secondary
outcomes, although there were no specific a priori hypotheses
as to why glucose, insulin, HDL cholesterol, or triglycerides
might be differentially affected by the Plant and Animal phases—
the balances of carbohydrates and fats were relatively similar
overall.
Beyond its potential benefits for human health, others have
advocated for the transition to more plant-based diets because
of the broader environmental, animal, and societal benefits of
displacing red meat (2, 5, 45–48). Plant-based meats may play
an important role in facilitating a global shift toward a more
sustainable food system based on more plant-based and fewer
animal-based foods (45). Although this study did not assess these
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from the consumption of plant-based meats. The interesting
order effect observed for TMAO reinforces prior findings about
the microbiome’s potential personalization effects, and warrants
further study.
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