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ABSTRACT
Background: The current nutritional composition of the “American diet” (AD; also known as Western diet) has been

linked to the increasing incidence of chronic diseases, including inflammatory bowel disease (IBD), namely Crohn disease

(CD).

Objectives: This study investigated which of the 3 major macronutrients (protein, fat, carbohydrates) in the AD has the

greatest impact on preventing chronic inflammation in experimental IBD mouse models.

Methods: We compared 5 rodent diets designed to mirror the 2011–2012 “What We Eat in America” NHANES. Each

diet had 1 macronutrient dietary source replaced. The formulated diets were AD, AD-soy-pea (animal protein replaced

by soy + pea protein), AD-CHO (“refined carbohydrate” by polysaccharides), AD-fat [redistribution of the ω-6:ω-3 (n–

6:n–3) PUFA ratio; ∼10:1 to 1:1], and AD-mix (all 3 “healthier” macronutrients combined). In 3 separate experiments,

8-wk-old germ-free SAMP1/YitFC mice (SAMP) colonized with human gut microbiota (“hGF-SAMP”) from CD or healthy

donors were fed an AD, an AD-“modified,” or laboratory rodent diet for 24 wk. Two subsequent dextran sodium sulfate–

colitis experiments in hGF-SAMP (12-wk-old) and specific-pathogen-free (SPF) C57BL/6 (20-wk-old) mice, and a 6-wk

feeding trial in 24-wk-old SPF SAMP were performed. Intestinal inflammation, gut metagenomics, and MS profiles were

assessed.

Results: The AD-soy-pea diet resulted in lower histology scores [mean ± SD (56.1% ± 20.7% reduction)] in all feeding

trials and IBD mouse models than did other diets (P < 0.05). Compared with the AD, the AD-soy-pea correlated with

increased abundance in Lactobacillaceae and Leuconostraceae (1.5–4.7 log2 and 3.0–5.1 log2 difference, respectively),

glutamine (6.5 ± 0.8 compared with 3.9 ± 0.3 ng/μg stool, P = 0.0005) and butyric acid (4:0; 3.3 ± 0.5 compared

with 2.54 ± 0.4 ng/μg stool, P = 0.006) concentrations, and decreased linoleic acid (18:2n–6; 5.4 ± 0.4 compared with

8.6 ± 0.3 ng/μL plasma, P = 0.01).

Conclusions: Replacement of animal protein in an AD by plant-based sources reduced the severity of experimental

IBD in all mouse models studied, suggesting that similar, feasible adjustments to the daily human diet could help

control/prevent IBD in humans. J Nutr 2021;151:579–590.
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Introduction

Chronic inflammatory and metabolic conditions are on the
rise and their incidence has been, in part, attributed to
environmental factors/modern diets (1–3). However, addressing
the role of diet in chronic intestinal diseases directly in humans
is challenging. An “American diet” (AD), also known as the
Western diet, is characterized as rich in animal protein and

refined carbohydrate with an increased omega (ω)-6:ω-3 PUFA
ratio (from 1:1 to 10–25:1) (4), and has been postulated to be
one of the most important factors contributing to the increased
incidence of inflammatory bowel diseases (IBDs), namely Crohn
disease (CD) and ulcerative colitis (UC) (5–7).

CD and UC are chronic digestive inflammatory disorders
that predominantly affect the ileum (ileitis, ileocolitis in 75%
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of CD patients) and the colon (colitis in 100% of UC patients)
(8). Within the factors that affect both IBDs, diet is considered
one of the most important, associated with influencing disease
severity, progression, and flare-ups, via modification of gut
microbiota composition (6, 9, 10). Despite significant progress
in our understanding of the role of various macronutrients of
the human diet in IBD-intestinal inflammation, most studies
have focused on mouse models of dextran sodium sulfate
(DSS) colitis to contribute to our current understanding of UC.
However, less is known about the importance of diet on chronic
small intestinal inflammation, namely ileitis. The objective of
this study was to identify which of the 3 major macronutrients
(protein, fat, carbohydrate) in the AD has the greatest impact on
preventing chronic inflammation in experimental mouse models
of IBD, including a mouse line prone to CD-like ileitis, colonized
with gut microbiota from CD patients.

Complementing chemical-colitis models, the use of genetic
models with highly penetrant, chronic phenotypes has become
increasingly important to study the effect of diet on the
prevention of the human disease, or its treatment (therapeutic
effect) once developed. Therefore, to further contribute to
our understanding of dietary prevention/treatment of chronic
ileitis, we used the genetic line SAMP1/YitFC (SAMP), a mouse
model of CD-like ileitis which closely resembles the human
condition and in which spontaneous ileitis occurs even in the
absence of gut microbiota [i.e., mice raised in germ-free (GF)
conditions] (11, 12). In addition, our group has previously
demonstrated that even though gut bacteria are not essential
for the induction of chronic ileitis, they have strong potential to
modulate the severity of intestinal inflammation in SAMP mice
(10–12).

Since the 1960s, the National Center for Health Statistics
has conducted a series of annual surveys released in 2-y cycles
to interrogate a variety of health/nutrition measurements of the
American population. Now known as the NHANES (13), the
dietary interview component “What We Eat in America” has
been deemed the standard to understand obesity and related
diseases in the United States, and has been used to formulate
research diets to examine the role of concurrent trends in dietary
habits on human diseases (13).

With respect to dietary macronutrients, numerous
studies have investigated the effect of different nutrient
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sources/ingredients on the severity of intestinal inflammation
and independently have found that plant-based proteins—for
instance, soy (14–20), various soy bioactive compounds (21,
22), and pea protein (23, 24)—as well as dietary fibers as a
source of “healthier” carbohydrates (25, 26), and dietary fats
comprised of a balanced 1:1 ratio of ω-6:ω-3 PUFA (27–30),
have a beneficial anti-inflammatory impact on chemically
induced colitis.

Herein, we tested the effect of mouse diets formulated
to mirror the 2011–2012 cycle NHANES report (13), 3 of
which replaced 1 macronutrient source with a “healthier”
alternative based on their hypothesized health benefits as
reported in experimental IBD, with emphasis on the treatment
and prevention of chronic ileitis in SAMP mice.

Methods
Mouse lines and animal husbandry
Age/sex-matched (littermate controls) inbred GF and specific-pathogen-
free (SPF) SAMP and C57BL/J6 (B6; SAMP reference genome) mice
(Cleveland Digestive Diseases Research Center, Mouse Models Core)
were individually housed and maintained on nonedible Aspen bedding
in our GF-grade NesTiso caging system (31). Mice were kept on a
12-h:12-h light:dark cycle in a species-appropriate
temperature/humidity-controlled room and maintained in AAALAC-
accredited Animal Research Center rooms at Case Western Reserve
University (CWRU). SAMP mice are a unique mouse model that
spontaneously develop CD-like “cobblestone” ileitis (chronic
inflammation of the distal small intestine) with 100% penetrance
and within a well-defined time course (preileitis, disease induction, and
chronic ileitis) (11).

All experiments were conducted according to guidelines to minimize
artificial microbiome heterogeneity and promote reproducibility/study
power (31, 32). To ensure a homogenous microbiota composition in all
cages and avoid housing artifacts, a fecal homogenization [as described
(33)] was performed 1 wk before all experiments involving SPF mice.
Animals were humanely killed by carbon dioxide narcosis. All described
procedures were approved by the Institutional Animal Care and Use
Committee and the Institutional Review Board (IRB) at CWRU, in
accordance with the Guide for Care and Use of Laboratory Animals.
See details below and in the Supplemental Methods.

Mouse diets
Supplemental Tables 1 and 2 describe the semipurified murine diets
prepared by Research Diets Inc. Mice were randomly assigned to
either an AD containing animal protein, saturated fat, and refined
carbohydrates, or to 1 of 4 isocaloric ADs, 3 of which were modified
only by the dietary source of a single macronutrient—AD-soy-pea
(animal proteins replaced by soy and pea protein), AD-CHO (“refined
carbohydrate” by polysaccharides), and AD-fat (redistribution of the ω-
6:ω-3 PUFA ratio; from ∼10:1 to 1:1)—and 1 called AD-mix (in which
all 3 macronutrients were replaced by the “healthier” alternatives). The
AD was designed to mimic the composition of the 2011–2012 cycle of
NHANES (13) “What We Eat in America.” AD-soy-pea and AD-mix
provided an isoflavone content of 0.49–1.4 mg/d (∼5 g food intake/d),
comparable to US estimates of 1–3 mg/d for individuals consuming
a “Western” diet (34), and that of soy-based US laboratory rodent
diets (0.3–0.55 mg/g feed; 1.5–2.75 mg isoflavones/d, assuming ∼5 g
intake/d).

Laboratory rodent pellets, standard to our facility (Labdiet®

Rat/Mouse 18%VacPac-5LQ6, Charles River), and which have been
used in our facility to characterize the SAMP mouse CD-like ileitis
phenotype in various studies (35–37), served as the control diet (“con”)
(Supplemental Table 3). All diets were vacuum packed and double
irradiated to reach GF standards.

580 Basson et al.

https://academic.oup.com/jn
mailto:fabio.cominelli@uhhospitals.org
mailto:axr503@case.edu


FIGURE 1 Overview of the experimental study design. AD-soy-pea, American diet modified by protein source (soy and pea isolates); con,
control; Exp, experiment; GF, germ-free; IBD, inflammatory bowel disease; SAMP, SAMP1/YitFC mouse line; SPF, specific-pathogen-free.

Mouse experiments
Figure 1 shows an overview of mouse experiments.

Prevention of spontaneous chronic ileitis (Experiment 1).
Groups of male and female 7-wk-old GF-SAMP mice (i.e., before ileitis
onset) were colonized with human gut microbiota (“hGF-SAMP”) from
a CD donor (“CDdonor1”) and randomly assigned to the AD or 1 of the
4 aforementioned AD-modified diets for 24 wk (n = 5–6 mice/group).
Body weight (BW), food intake, blood glucose, myeloperoxidase (MPO)
activity, ileitis severity, and fecal bacterial profiles were evaluated. We
have previously shown that GF-SAMP can harbor 95% ± 0.03%
(mean ± SD) genus-level engraftment of human gut taxa (3). Herein,
we used the same colonization strategy (3). In brief, establishment of
human gut microbiota in GF mice was performed 2 wk before starting
diet treatments, via oral gavage (200 μL/10 g BW; 108–9CFU/mouse),
using anaerobically prepared, cryopreserved human fecal microbiota, as
described (3, 38). De-identified fresh human stools were procured under
an IRB-approved protocol (IRB#NHR-11-22). All IBD donors were in
complete remission and not taking biologics/corticosteroids. Herein,
donor stool selection was based on the “proinflammatory” effect on
ileitis severity in GF-SAMP after transplantation, as described (3).

DSS-colitis (Experiments 2 and 3).
Groups of male and female 12-wk-old GF-SAMP colonized with feces
(as aforementioned) from “CDdonor1” (Experiment 4), and 20-wk-old
SPF-B6 mice (Experiment 5), were fed AD-soy-pea or rodent diet for
16 d total (n = 7–9 mice/group). On day 7 of the diet, colitis was
induced with 3% DSS (TdB Consultancy AB) offered ad libitum and
mice resumed with water for 2 d, then were killed. Colon length, BW,
and colitis severity were evaluated. Following the BW considerations
for euthanasia (which includes loss of 10%–20% of initial weight as
a physiological indicator of stress or immune demise), animals were
killed and samples collected as previously recommended (39–41) and
published (42).

Treatment of established chronic ileitis (Experiment 4).
Groups of male and female 24-wk-old SPF-SAMP mice (i.e., established
ileitis) were fed AD-soy-pea or rodent diet for 6 wk (n = 7–8
mice/group). Food intake, BW, MPO activity, and ileitis severity were
evaluated.

Prevention of spontaneous chronic ileitis in the context

of the gut microbiome (Experiments 5 and 6).
Previously, we determined that the human gut microbiota can be
classified as proinflammatory, anti-inflammatory, or neutral, based on
the effects on hGF-SAMP ileitis (3). To test the impact of different donor
microbiota on the anti-inflammatory activity, groups of male and female
7-wk-old GF-SAMP mice (i.e., before ileitis onset) were colonized
with human gut microbiota (as described in Experiment 1) from a
CD (“CDdonor2,” Experiment 5) or healthy control (“HCdonor,”
Experiment 6) donor and fed either the AD, AD-soy-pea, or con diet
for 24 wk (n = 6–7 mice/group).

Indicators of metabolic function
Basal and fasting glucose concentrations (after 6-h daytime deprivation
of food) were measured in blood collected via tail vein using a OneTouch
Ultra2 Blood Glucose meter (LifeScan) at 12 and 24 wk in hGF-SAMP.

Quantification of intestinal inflammation in vivo
MPO activity was assessed in mouse feces (measured in triplicate) as
previously described (33, 36). A fluorescently labeled small molecule
[fluorescein isothiocyanate (FITC)-dextran] was used to assess intestinal
permeability, as described (43).

Quantification of intestinal inflammation postmortem
Intestinal tissue samples (terminal ilea, colon) were collected after
killing for blinded stereomicroscopy 3-D pattern profiling (3D-SM) (37)
and histological assessment of formalin-fixed tissues using validated
methodology (37, 44). Inflammatory indexes for histological villous
distortion, active/chronic inflammation, and total inflammation were
assessed in a semiquantitative fashion.

Microbiome analysis
Genomic fecal DNA extraction (Illumina TruSeq DNA) and DNA
quality control were performed by the Genomics Core, CWRU.
Only qualified DNA (quality, quantity) was used to construct 16S
libraries, verified by Invitrogen Qubit Fluorometer (Life Technologies),
OD260/280 & OD260/230 NanoDrop (Thermo Scientific), and
agarose gel electrophoresis (agarose gel: 1%, voltage: 150 V, time:
40 min). Differences in fecal bacterial composition for hGF-SAMP
(“CDdonor1”) at week 24 and respective donor inoculum (in technical
replicates) were assessed by V3–V4 16S rRNA gene sequences using the
Illumina MiSeq platform to generate 25,000 ± 175 (mean ± SD). reads
per sample having a mean length of 252 bp passed the quality control
filter . Library preparation, sequencing, quality control, and primary
bioinformatics analysis were performed by Beijing Genomics Institute
(45) as described (3).

Metagenome analysis
Fecal DNA (Experiments 1, 5, and 6; mice and donor inocula in
technical replicates) was extracted with a ZymoBIOMICS Mini Prep
Kit. DNA libraries were prepared using the Illumina Nextera XT library
preparation kit, with a modified protocol. Library quantity was assessed
with Qubit (ThermoFisher). Libraries were sequenced on an Illumina
HiSeq platform, read length 2 × 150 bp. Unassembled sequencing
reads were analyzed by the CosmosID bioinformatics platform
(CosmosID Inc.), as described elsewhere (46–49), for multikingdom
microbiome analysis/profiling of antibiotic resistance and virulence
genes and quantification of organisms’ relative abundance. Briefly,
the system utilizes curated genome databases and a high-performance
data-mining algorithm that disambiguates hundreds of millions of
metagenomic sequence reads into the discrete microorganisms engen-
dering the particular sequences. Similarly, the community resistome
and virulome, the collection of antibiotic resistance– and virulence-
associated genes in the microbiome, were identified by querying the
unassembled sequence reads against the CosmosID curated antibiotic
resistance–and virulence-associated gene databases. The diversity of
each species (α-diversity) was compared with the Shannon diversity
index.

MS to validate microbiome predictions
SCFAs, biogenic amines, and untargeted profiling of primary
metabolism were quantified in feces/plasma for hGF-SAMP mice
by the NIH West Coast Metabolomics Center via GC time-of-flight MS
using published methods (50–52).
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FIGURE 2 A 24-wk (“prevention”) feeding trial shows that soy + pea isolate markedly prevents the development of chronic ileitis in young
(7-wk-old) “humanized” germ-free SAMP mice (Experiments 1, 5, and 6). Values are mean ± SD, n = 5–7. (A) Fecal MPO activity measured
on days 60 and 120, and (B) ileitis severity measured by histology score for Experiment 1. (C) Percentage change from original BW over time.
Day 0: baseline weight at start of diet. (D) Food intake, (E) cecum weight, and (F) adipose tissue (Tukey’s test). (G) Blood glucose. (H) 16S
microbiome 3-D principal component analysis showing OTU-based PLS-DA analysis, and (I) Firmicutes and Bacteroidetes relative abundance (y
axis) for mice and donors with mean (bold) and SD (parentheses) for the Firmicutes:Bacteroidetes ratio shown above histogram bars. a,bMeans
without a common letter differed at killing (1-factor Kruskal–Wallis ANOVA with Dunn’s multiple comparison test). AD, American diet; AD-CHO,
American diet modified by carbohydrate source; AD-fat, American diet modified by fat source; AD-mix, American diet modified by protein, fat,
and carbohydrate source; AD-soy-p, American diet modified by protein source (soy and pea isolates); BW, body weight; con, control; MPO,
myeloperoxidase; OTU, operational taxonomic unit; PLS-DA, partial least squares-discriminant analysis; SAMP, SAMP1/YitFC mouse line.

Statistical analysis
Between-group differences in mean stereomicroscopy, inflammatory
scores, and morphometric analyses were assessed globally using a
mixed-effects ANOVA model, which considers between-group/within-
group effects. Binary analysis (presence/absence of taxa) of metagenome
data excluding low abundant taxa (threshold <0.1) was used to
calculate percentage taxa engraftment in mice as described (3). Power
analysis was computed for all results based on the difference between
2 independent means using G∗Power (version 3.1.9.4) software (53).
Using MPO and histology data (primary/secondary outcomes) and
power analysis for Experiment 1, sample size was estimated for
subsequent experiments to achieve a power of 80%. To promote
transparency we report study power for the final observed parameters
for all other secondary outcomes in the study for the IBD mouse
models, following recently reported guidelines for SAMP mice in our
laboratory (54). Statistical analysis of operational taxonomic unit–
normalized log2-transformed and rescaled data was conducted using
Stata version 15.0 (StataCorp LLC.) and R software version 3.4.2
(R Core Team). Data are primarily presented as violin plots (which
enables visualization of data distribution) (54). P values < 0.05 were
considered significant. Student’s t tests and/or 1-factor ANOVAs, or
their nonparametric alternatives like Fisher’s exact test, were used
for continuous data. Nonparametric tests were conducted to identify
correlations between linear primary outcomes of inflammation (MPO,
histology, MPO log2, FITC) and the variable measured in feces or
plasma (microbiome, metagenome, MS) while controlling for diet and
donor group. 1-Factor Kruskal–Wallis ANOVA with Dunn’s multiple
comparison test and Tukey’s multiple comparison test identified the
significance of differences between means. All results are expressed as
means ± SD. Multivariable regression and biplot analysis identified
the most important contributors of data heterogeneity that could
explain mouse segregation by diet. Logistic regression analysis assessed

the impact of diet on gene ontology (GO) and pathways in mice
models across the 3 microbiota. Significant GO and GO molecular
function (GO MOLFU; a subcategory of GO) pathways were identified
by linear regression with respect to MPO (log2). 2-Factor ANOVA
and Mann–Whitney U tests (M-Ws) compared diet effect and donor
microbiome between murine diets. Integrative analysis was conducted
with mixomics and R software.

Results
Replacing the protein source in an AD prevented
experimental chronic ileitis (Experiment 1)

When the sources of protein, carbohydrate, or fat, or a
combination of all 3 macronutrients, were replaced by
“healthier” alternatives in an AD diet fed to hGF-SAMP for
24 wk, the severity of ileitis (fecal MPO, histology) significantly
decreased owing to replacement of animal protein with plant
protein (“AD-soy-pea” diet) (MPO: AD compared with AD-
soy-pea, P = 0.0005; histology: AD compared with AD-soy-
pea, P = 0.01) (Figure 2A, B). Of interest, the AD-mix diet,
which also had animal protein replaced by plant protein, had an
intermediate, albeit nonsignificant, effect on ileitis (MPO: AD-
mix compared with AD-soy-pea, P = 0.08; histology: AD-mix
compared with AD-soy-pea, P = 0.15), indicating that adding
soy + pea to an AD could reduce the presumed proinflammatory
effects of an AD (NHANES) in humans. Compared with mice
fed the con diet, there was no difference in the final BW in
the AD-soy-pea-fed mice (P = 0.23) (Figure 2C). However, the
BW in AD-soy-pea-fed mice was significantly lower than in
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FIGURE 3 AD-soy-pea reduces the severity of acute chemical colitis in 12-wk-old hGF-SAMP and 20-wk-old SPF C57BL/6 mice (Experiments
2 and 3). Values are mean ± SD, n = 7–9. (A) Percentage change from original BW (defined as day 0 and as 100%) after induction of DSS-colitis.
(B) FITC-dextran, (C) colon length, and (D) colon histology scores. (E) Percentage change from original BW (defined as day 0 and as 100%) after
induction of DSS-colitis in hGF-SAMP mice. Note the rapid decline in BW that reached 10%–20% or exceeded 20%, criterion 4 of 5 of the
DSS BW loss grade which indicates the need for euthanasia as recommended by Kim et al. (39) and Chassaing et al. (41). (F) FITC-dextran, (G)
colon length, and (H) colon histology scores. ∗Different from con, P < 0.05. Line plots reflect the final BW of all animals for that day. AD-soy-
pea, American diet modified by protein source (soy and pea isolates); BW, body weight; B6, C57BL/6J mouse line; con, control; DSS, dextran
sodium sulfate; FITC, fluorescein isothiocyanate; hGF, “humanized” germ-free; M-W, Mann–Whitney U test; SAMP, SAMP1/YitFC mouse line;
SPF, specific-pathogen-free.

those fed the AD, AD-fat, and AD-mix diets. Of importance,
the addition of soy + pea to the AD diet did not increase
food consumption, cecum size, adipose tissue accumulation,
or the weight/size of other organs compared with other diets
(Figure 2D–F, Supplemental Figure 1), indicating that soy + pea
supplementation is safe. Further, use of soy + pea isolate in the
AD was accompanied by lower blood glucose concentrations (a
well-known beneficial metabolic effect) than in the AD and AD-
fat groups (Figure 2G). Supporting the lack of adverse systemic
effects, soy + pea diets did not induce histological steatosis,
inflammation, or fibrosis in the liver (ANOVA, P = 0.42 across
all diets).

16S fecal microbiome profiles revealed that the 2 soy + pea–
containing AD diets (AD-soy-pea, AD-mix) were alike and
clustered separately compared with the AD and other modified
ADs (Figure 2H). Microbiome analysis showed no differences
in the ratio of important phyla associated with ileitis in CD pa-
tients (55), namely Firmicutes:Bacteroidetes, when comparing
mouse diet groups with the gut microbiota of the CD donor,
or changes in Proteobacteria, to explain the ileitis improvement
(Figure 2I).

To further characterize the anti-inflammatory effect of
soy + pea, we then conducted further studies using an acute
DSS-colitis model to test the therapeutic and preventative effect
on IBD.

Two-week feeding of AD-soy-pea reduced acute
DSS-colitis in 2 mouse lines (Experiments 2 and 3)

At the end of the 2-wk trial, DSS-treated B6 mice fed the
AD-soy-pea diet exhibited less colitis (BW, colon length, and
histological assessment; Figure 3A–C) having lower post-DSS

colonoscopy scores (AD-soy-pea: 2.8 ± 1.6 compared with con:
5.1 ± 1.4; M-W P = 0.03) (for representative photographs,
see Supplemental Figure 2), and had improved gut permeability
(i.e., less translocation of FITC-dextran from the gut lumen
into the plasma), compared with controls (Figure 3D). The
AD-soy-pea diet also decreased DSS-mortality (66% of mice
fed the rodent diet died compared with 100% of AD-soy-pea-
fed mice survived; M-C (Mantel-Cox) P = 0.004). The findings
in B6 mice were reproduced in the DSS-colitis experiment
performed with hGF-SAMP mice (Figure 3E–H). Despite the
prevention of colitis, soy + pea had no major effect on sudden
death in the ileitis-prone mice (equal survival rate of 85%
in each group), but more mice were killed in the rodent diet
group than in the AD-soy-pea group owing to critical BW loss
endpoint criteria (mortality; 57% of mice fed the rodent diet
compared with 15% of AD-soy-pea-fed mice, M-C P = 0.04).

Six-week feeding trial of AD-soy-pea “treated”
advanced chronic ileitis in adult mice (Experiment 4)

Older SAMP mice (established cobblestone formation) fed AD-
soy-pea had significantly lower fecal MPO and FITC-dextran
permeability scores (Figure 4A, B), as well as lower postmortem
mesenteric lymph node (MLN). N.3 weight to BW ratios
than controls (1.7 ± 0.7 compared with 3.5 ± 0.6 mg/g BW,
M-W P = 0.0002). AD-soy-pea-fed mice also had reduced
cobblestone lesion severity (percentage abnormal mucosa, 3D-
SM) and attenuated severity of CD-ileitis (histology) compared
with controls (Figure 4C, D). Compared with the first feeding
trial in young mice (Experiment 1), the AD-soy-pea diet
promoted a higher BW than that of mice fed a rodent diet
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FIGURE 4 A 6-wk AD-soy-pea feeding (“treatment”) trial reduces the severity of advanced chronic ileitis in adult (24-wk-old) specific-pathogen-
free SAMP mice (Experiment 4). Values are mean ± SD, n = 7–8. (A) Fecal MPO and (B) FITC-dextran recovered in plasma at week 6. (C) 3D-SM
percentage abnormal mucosa and (D) histology scores for terminal ileum. ∗Different from con, P < 0.05. AD-soy-pea, American diet modified
by protein source (soy and pea isolates); con, control; FITC, fluorescein isothiocyanate; MPO, myeloperoxidase; M-W, Mann–Whitney U test;
SAMP, SAMP1/YitFC mouse line; 3D-SM, stereomicroscopy 3-D pattern profiling.

(40.8 ± 7.4 compared with 30.4 ± 2.2% BW change, M-
W P = 0.001), which was not attributable to differences in
food intake (4.95 ± 0.8 compared with 4.45 ± 0.3 g food/d,
respectively, M-W P = 0.30). Note that as calculated (see the
Statistical analysis section), power estimates for the primary
outcome (MPO) in the experiments conducted [to be >0.8,
achieved at the end of the study, G∗Power software (53)]
achieved an even larger effect for MPO (see Figure 4A; power
is almost perfect: 0.97). As expected, secondary outcomes could
have variable power β values (notice that the power is between
0.65 and 0.77) (Figure 4B–D), which is acceptable for secondary
outcome power estimates, as we have extensively described and
shown [see Basson et al. (32, 54)].

Twenty-four-week feeding of AD-soy-pea prevented
chronic ileitis regardless of human microbiota
(Experiments 1, 5, and 6)

Remarkably, we observed the same anti-inflammatory effect
of soy + pea on fecal MPO in mice across the 3 human
gut microbiotas, with almost complete suppression of cob-
blestone lesions in mice at 31 wk of age (Figure 5A–C).
Of interest, mice colonized with CD human gut microbiota
exhibited improved gut permeability when fed the AD-soy-
pea diet (5.3 ± 0.13 ng/mL log10 compared with rodent diet
5.9 ± 0.17 ng/mL log10, M-W P = 0.002) (Figure 5D).

To fully characterize the effect of soy + pea on the
human microbiome, mycobiome, and virome, we conducted
fecal metagenome analysis. Across gut microbiota donors,
bacterial metagenomics showed that the diet had a modest effect
compared with the major donor–donor effect (note the arrow
distances in the 3D-principal component analysis) (Figure 5E).
Of additional relevance, the Firmicutes:Bacteroidetes ratio,
which has been associated with increased risk of IBD in
humans (55), revealed again that the beneficial effect of
soy + pea (observed across all humanized mouse groups)
occurred irrespective of the baseline Firmicutes:Bacteroidetes
ratio of the transplanted gut microbiota (Figure 5F). AD-
soy-pea also did not alter the abundance of Proteobacteria,
Actinobacteria, or Verrucomicrobia (Supplemental Figure 3A).
Diet had a very similar effect on Shannon α-diversity across
mouse groups; however, the direction of effect varied by donor
microbiome (Supplemental Figure 3B).

Confirming the reproducibility of human gut microbiota
engraftment in mice, phylum- and family-level taxa signature
plots showed a similar presence and abundance of most human
bacterial taxa in the transplanted mice (Figure 6A, Supplemental

Figure 4A), with recovery of human taxa in mice ranging from
89.6% to 100% (96% ± 4.8% family level, 98% ± 2.9% genus
level) (Supplemental Table 4). Although microbiome differences
could be attributed to diet for each donor, collectively most
microbiome analysis at the family level indicated that very
few taxa were significantly associated with administration of
the AD-soy-pea diet (Supplemental Figure 4B), suggesting that
other mechanisms, independent of bacterial abundance, are
relevant (e.g., metabolic). Supplemental Table 5 shows the
variation of effect of diet and the interaction with donor gut
microbiota at the family level.

Linear regression analyses confirmed donor-dependent dif-
ferences for the effect of diet on human gut taxa, with the
exception of a positive correlation of Lactobacillaceae and Leu-
conostraceae with the AD-soy-pea diet (regression coefficient:
6.9; 95% CI: 4.2, 9.5; P < 0.001), which was also evident
across the 3 microbiomes at the species level (Figure 6B). By
comparison, the AD diet resulted in changes in the abundance
of Anaerostipes caccae, Lactococcus lactis, Streptococcus suis,
Streptococcus dysgalactiae, and Adlercreutzia equolifaciens. For
example, A. equolifaciens (1 of 2 species of the genus) was
decreased by AD-soy-pea by more than half in all mice (1-factor
ANOVA, for each of the 3 human microbiotas, P ≤ 0.008).

Metagenomic analysis also revealed AD-soy-pea effects
on fecal bacteriophage composition. Specifically, soy + pea
resulted in a complete absence of 9 Lactococcus phage spp.
(bIL286, bIL309, bIL310, bIL311, bIL312, bILBK5-T, P335
sensu lato, TP901–1, ul36; Fisher exact P < 0.0001) which
are known to depend on the presence of L. lactis as their
necessary host, indicating that changes in the bacteriophages
are secondary to changes in bacterial composition. The effects
on fungi were less pronounced, with Candida albicans being
the only fungus identified, present in CDdonor1. No differences
in C. albicans abundance were observed due to soy + pea
(M-W P = 0.43).

Diet and modulatory association between gut
microbiota, metabolites, and inflammation

Targeted metabolic validation using MS in fecal/plasma samples
of human gut microbiota–colonized mice revealed significant
differences in fecal and plasma amino acid concentrations
(Table 1), including higher fecal butyric acid (4:0) (SCFA)
in AD-soy-pea than in AD mice (3.3 ± 0.5 compared with
2.5 ± 0.4 ng/μg stool, M-W P = 0.006). We then used the
metagenome data to infer to what extent the diet modified
the overall metabolic activity of the human gut microbiota

584 Basson et al.



FIGURE 5 The effects of AD, AD-soy-pea, and rodent diet after 24 wk on chronic CD-ileitis in young GF SAMP mice colonized with human
gut microbiota (hGF-SAMP) (Experiments 1, 5, and 6). Values are mean ± SD, n = 5–7. (A) Fecal MPO measured 3 d after starting diets. The
differences in MPO between hGF-SAMP treatment groups continued through to week 24. (B, C) Ileitis severity: (B) 3D-SM percentage abnormal
mucosa (left panel) and histology scores (right panel) for terminal ilea, and (C) representative 3D-SM photographs (ileum) for hGF-SAMP and
age-matched GF-SAMP. (D) FITC-dextran recovered in plasma of GF-SAMP colonized with CD or HC microbiota. (E) Metagenomic sequencing
PC analysis plots for mice groups and respective human donors. Arrows show differences in the magnitude of effect between diet and donor
microbiome. (F) Firmicutes:Bacteroidetes ratio across 3 different donor-mouse groups (mean ± SD). a,bLabeled means without a common letter
differ (1-factor Kruskal–Wallis ANOVA with Dunn’s multiple comparison test). ∗Different from control, P < 0.05. AD, American diet; AD-soy-p,
American diet modified by protein source (soy and pea isolates); CD, Crohn disease; con, control; FITC, fluorescein isothiocyanate; GF, germ-free;
HC, healthy control; hGF, “humanized” germ-free; MPO, myeloperoxidase; PC, principal component; SAMP, SAMP1/YitFC mouse line; 3D-SM,
stereomicroscopy 3-D pattern profiling.

composition in the SAMP ileitis model. Using MPO data as a
reliable continuous indicator of active intestinal inflammation
in mice, linear regression revealed that independently from diet
and donor, the MPO in the feces was negatively correlated
with fecal abundance of Leuconostocaceae (intercept = −0.15,
adj. P = 6.5 × 10−12), glutamine (intercept = −0.61, adj.
P = 0.002), tyrosine (intercept = −0.59, adj. P = 0.05), and
butyric acid (intercept = −1.10, adj. P = 0.03), as well as
the plasma concentration of methionine (intercept = −2.8,
adj. P = 0.01). Fecal MPO was also positively correlated
with Eggerthellaceae (intercept = 0.484, adj. P = 0.0006) and
plasma concentrations of linoleic acid (18:2n–6; intercept =
−0.061, adj. P = 0.002) and glutamic acid (intercept = 0.71,
adj. P = 0.01).

Logistic regression analyses of GO, GO MOLFU, and KEGG
(Kyoto Encyclopedia of Genes and Genomes) pathways (against
MPO) were not consistently affected by soy + pea in mice
across the 3 microbiotas. However, donor-level analysis revealed
variable segregation of pathways due to diet, indicating a donor-
dependent effect of diet on functional pathways (note the

overlap of mice across donors in Figure 6C and segregation
of mice for each donor in Figure 6D). Using CDdonor2 as the
best example to identify and show the combination of variables
that best differentiated the mice with and without the AD-soy-
pea diet, biplots indicated that diet modified numerous taxa,
amino acids, and metabolic pathways in a linear fashion, having
either a positive correlation with MPO activity (concurrent
increase, proinflammatory) or a negative correlation (decrease,
anti-inflammatory effect on ileitis) (Figure 6E, F). The most
influential markers are listed and ranked in Figure 6G,
with an example of the strong negative correlation between
fecal glutamine and MPO shown in Figure 6H to facilitate
interpretation of multiomics results.

Discussion

In this study we investigated the potential effects of replacing
major macronutrients (protein, carbohydrate, fat) in ADs to
alter the diets’ intestinal proinflammatory effect, and associated
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FIGURE 6 Integration of metagenomic, MS, and inflammation severity data for all “humanized” germ-free-SAMP groups fed an AD, AD-
modified, or rodent diet (Experiments 1, 5, and 6). Values are mean ± SD relative abundance data (log2), n = 5–7. (A) Line plots at phylum level
comparing donor inocula with mean abundance in mouse fecal samples. (B) Biplot showing the contribution of the most influential species
to the overall variance in dimensions 1 and 2 based on diet effect across all 3 donor microbiomes in mice (blue arrow lines indicate factor
direction/magnitude to explain data variance; longer lines denote higher variance). (C) Biplots showing the contribution of all factors across all
donors, and (D) at donor level, to the variance in dimensions 1 and 2 for functional GO pathways. Arrow lines indicate factor direction/magnitude
to explain data variance; longer lines denote higher variance. Pink ovals show the unique set of vectors separating the AD-soy-p from other diets
for CDdonor2. (E) Biplot of 14 observations and 177 factors, including the significant GO and GO Molecular function pathways, and significant
taxa (family to species level). Dimension 1 contributes to 0.45, and dimension 2 to 0.14% of the variance (total variance explained: 59.96%).
(F) Biplot of 14 observations and 87 factors (Panel E; dimension 1) as the most influential contributors (top 50%) to heterogeneity of variance.
Dimension 1 contributes to 80.5 and dimension 2 to 0.05% of the variance (total variance explained: 85.64%). (G) Ranking of top- and bottom-
quartile (“most influential”) variables (Panel F) from most positive to most negative for the differentiation of mouse data due to diet effect (AD
compared with AD-soy-p, CD donor2). (H) Correlation plot between fecal glutamine (solid blue star) and inflammation (MPO; open red star)
depicted in Panel G. AD, American diet; AD-soy-p, American diet modified by protein source (soy and pea isolates); CD, Crohn disease; GO,
gene ontology; HC, healthy control; MPO, myeloperoxidase; SAMP, SAMP1/YitFC mouse line.

metabolic alterations of the gut microbiota in acute and chronic
intestinal inflammation. Of the macronutrients replaced, we
have shown, in long-/short-term feeding trials using preclinical,
treatment, and chemically induced IBD mouse models, including
a GF mouse model of CD-ileitis colonized human gut
microbiota, that the most influential dietary modification on
intestinal inflammation was the replacement of animal protein
by plant protein (soy + pea isolates). We have also shown that
soy + pea improved gut barrier integrity in both ileitis and
chemically induced colitis, with the “intermediate effect” of the

AD-mix diet highlighting the importance of dietary background
for supplement bioactivity (56, 57).

The addition of soy + pea protein to the AD triggered
compositional changes in the human gut microbiota, increasing
lactic acid bacteria (e.g., Lactobacillaceae), reducing novel
species such as the equol-producing bacterium A. equolifaciens,
as well as promoting changes in the fecal and plasma concentra-
tions of metabolites such as glutamine, butyric acid, and linoleic
acid, that collectively may have contributed to the improved
gut barrier integrity, and prevented and treated chronic ileitis
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TABLE 1 Effect of diet on fecal and plasma amino acid and SCFA concentrations for “humanized” germ-free-SAMP mice fed AD or
AD-soy-pea1

% change vs. ”referent” AD
diet2 Feces, ng/μg Plasma, ng/μL

Feces Plasma AD-soy-pea AD P3 AD-soy-pea AD P3

Amino acids
Alanine ↓ 91.7% (−3.6) ns 7.6 ± 0.5 11.2 ± 0.1 0.005 5.2 ± 0.1 5.5 ± 0.2 0.07
Asparagine ns ns 5.2 ± 0.5 5.1 ± 0.2 0.59 3.0 ± 0.0 3.1 ± 0.1 0.30
Aspartate ns ns 6.3 ± 0.6 6.0 ± 0.8 0.53 0.5 ± 0.4 0.3 ± 0.1 0.63
Cysteine ns ns 7.7 ± 0.1 7.1 ± 0.8 0.25 4.0 ± 0.1 4.0 ± 0.6 0.12
Glutamic acid ↑ 90% (+0.9) ↓ 62.1% (−1.4) 13.0 ± 0.6 12.1 ± 0.7 0.02 6.0 ± 0.6 7.4 ± 1.0 0.01
Glutamine ↑ 260% (+2.6) ↑ 70% (+0.7) 6.5 ± 0.8 3.9 ± 0.3 0.0005 6.7 ± 0.2 6.0 ± 0.6 0.005
Glycine ↓ 89.1 (−3.2) ns 5.7 ± 0.4 8.9 ± 0.1 0.005 3.8 ± 0.1 3.8 ± 0.2 0.73
Histidine ↓ 18.7% (−0.3) ns 6.3 ± 0.1 6.6 ± 0.3 0.02 3.7 ± 0.2 3.1 ± 1.6 0.69
Isoleucine ↓ 93.7% (−4.0) ns 5.4 ± 1.1 9.6 ± 0.3 0.005 4.0 ± 0.1 4.0 ± 0.2 0.93
Leucine ↓ 94.1% (−4.1) ↓ 12.9% (−0.2) 6.6 ± 1.1 10.7 ± 0.3 0.006 4.8 ± 0.2 5.1 ± 0.2 0.01
Linoleic acid ns ↓ 89.1% (−3.2) 12.1 ± 2.0 12.0 ± 0.3 0.9 5.4 ± 0.4 8.6 ± 0.3 0.01
Lysine ns ns 9.4 ± 0.4 9.1 ± 0.8 0.45 6.6 ± 0.1 6.1 ± 1.7 0.71
Methionine ↓ 90.5% (−3.4) ↑ 30% (+0.3) 7.6 ± 0.7 9.5 ± 0.1 0.005 6.2 ± 0.2 5.9 ± 0.1 0.01
Ornithine ↓ 89.8% (−3.3) ↓ 24.3% (−0.4) 5.5 ± 0.6 8.8 ± 0.3 0.005 3.2 ± 0.1 3.6 ± 0.1 0.005
Phenylalanine ↓ 89.8% (−3.3) ↓ 18.7% (−0.3) 6.1 ± 0.8 9.4 ± 0.3 0.005 3.5 ± 0.1 3.8 ± 0.2 0.03
Proline ↓ 89.8% (−3.3) ↓ 12.9% (−0.2) 6.1 ± 0.5 9.2 ± 0.7 0.005 3.4 ± 0.1 3.6 ± 0.2 0.02
Serine ↓ 88.3% (−3.1) ns 5.3 ± 0.6 8.4 ± 0.7 0.005 3.5 ± 0.1 3.5 ± 0.1 0.82
Threonine ↓ 91.1% (−3.5) 24.3% (−0.4) 6.1 ± 0.5 9.6 ± 0.4 0.0005 4.2 ± 0.1 4.6 ± 0.2 0.006
Tryptophan ↓ 78.3% (−2.2) ns 5.9 ± 0.4 8.1 ± 0.3 0.005 4.0 ± 0.2 4.3 ± 0.3 0.09
Tyrosine ↑ 150% (+1.5) ns 4.8 ± 0.9 3.3 ± 0.7 0.004 3.9 ± 0.3 3.9 ± 0.3 0.68
Valine ↓ 93.3% (−3.9) ns 6.0 ± 0.9 9.9 ± 0.3 0.005 4.9 ± 0.1 5.1 ± 0.2 0.08

SCFAs
Acetic acid ↓ 73.2% (−1.9) — 4.9 ± 0.4 6.8 ± 0.3 0.0005 — — —
Butyric acid ↑ 80% (+0.8) — 3.3 ± 0.5 2.5 ± 0.4 0.006 — — —
Formic acid ↓ 6.7% (−0.1) — 2.1 ± 0.1 2.2 ± 0.2 0.03 — — —
Isovaleric acid ns — 2.0 ± 0.2 1.9 ± 0.0 0.45 — — —
Propionic acid ns — 4.2 ± 0.3 3.9 ± 0.3 0.16 — — —

1AD, American diet; AD-soy-pea, American diet modified by protein source (soy and pea isolates); ns, nonsignificant; SAMP, SAMP1/YitFC mouse line.
2Percent change of analyte in mice receiving AD-soy-pea compared to mice receiving ”referent” AD diet (P < 0.05). Value in parenthesis indicates Log2 difference =
”AD-soy-pea” minus ”AD”. SCFA concentrations measured in feces only.
3Log2-transformed MS data (Experiments 1, 5, and 6). Mann–Whitney U test, n = 5–7.

in mice. These findings are especially clinically relevant to
human IBD because we also showed that the vast majority
of microbial taxa at the genus level, and their abundances in
engrafted mice, matched those of their respective human donor
feces. The anti-inflammatory effects of AD-soy-pea were seen
on ileitis regardless of the Firmicutes:Bacteroidetes ratio of the
transplanted human gut microbiota.

The abundance and relative ratios among the phyla
Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria
have been used to phenotypically describe the alteration of
the gut microbiome in IBD (55). For instance, CD and UC
have been associated with clear taxonomic shifts, including
a depletion of Firmicutes and Bacteroidetes and enrichment
in Proteobacteria and Actinobacteria (55). Specifically, an
expansion of Proteobacteria, including genus members with
adherent or invasive properties (e.g., Escherichia coli), is
considered to drive proinflammatory changes in IBD (58).
Human and animal studies have shown that dietary soy can
alter the Firmicutes:Bacteroidetes ratio, in part by increasing
the abundance of Lactobacilli and Bifidobacterium (59–61).
Although our study also found increases in Lactobacillaceae,
the effect of AD-soy-pea was not due to an overall reduction
in Proteobacteria or alteration in the Firmicutes:Bacteroidetes
ratio as reported (55, 58), suggesting that the mechanism of

action of the diet is not entirely attributable to changes in gut
microbiota composition.

At the species level, the reduction of A. equolifaciens is
clinically relevant because in vitro studies indicate that the
species uses daidzein (soy isoflavone) to produce equol, a
metabolite hypothesized to have health benefits in humans
(62), albeit shown in mice to perpetuate DSS-induced colitis
(63). Although the role of A. equolifaciens remains unclear
(63, 64), our results indicate that the species [and potentially
the equol production from soy as shown in vitro (65, 66)] is
not necessarily the mechanism by which soy + pea promoted
the anti-inflammatory effects in our chronic ileitis model. The
reduction of this species may have been indirectly caused by
the diet favoring other bacterial species that, in turn, could
have competed with or displaced Adlercreutzia. Although we
did not measure equol, we focused on amino acids, SCFAs,
and metabolic enrichment of genes related to amino acid
metabolism known to be modified by the human gut microbiota
in chronic ileitis (3) and by diet, namely soy (67–69).

Although consumption of soy and pea protein in the United
States is not a major part of the market share compared with
animal protein, soy flour is very popular owing to the reduced
costs and large-scale production in the United States (70). Pea
protein has seen significant growth in key sectors such as dietary
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supplements, baked goods, and beverages, mainly driven by
both the rising demand for gluten-free products as well as a
rising awareness among vegetarians of nutrition enrichment
(70). Soy protein is an easily digestible nonanimal complete
protein source (contains all 9 essential amino acids) that has a
high protein digestibility–corrected amino acid score (PDCAAS)
of 1.0, which is on par with egg and dairy (71). Because of
this, soy has been used for decades in the food industry as an
alternative protein and meat analog and is one of the most
used protein sources in commercial laboratory rodent diets.
Soybeans are also a source of biologically active isoflavones
(e.g., genistein, daidzein), a class of phytoestrogens which are
estrogenic (72, 73) and have been shown to confer benefit in
some studies of chemically induced experimental colitis (14, 15,
17, 74, 75), but not others (63, 75, 76), for which we controlled
through our diet formulation (Methods). Pea protein, with a
PDCAAS of 0.94 comparable with that of soy, is also a complete
protein, and although low in methionine, has the highest leucine
and branched-chain amino acid arginine content of all plant-
based proteins (77). Pea protein is also unique because of its
high content of dietary fiber, polyphenolics, and glycoproteins,
all of which are known to be beneficial for health (78).

Metagenome metabolic predictions and MS data showing
differences in amino and fatty acid concentrations may indicate
that the effect of soy + pea on ileitis is attributed to alterations
in bacterial function rather than composition. Of importance,
our findings are in line with that of our previous work in
GF mice groups transplanted with human gut microbiota
from different donors, where we showed a strong association
between synthesis and degradation of amino acid alterations
[predictive functional profiling, via Phylogenetic Investigation
of Communities by Reconstruction of Unobserved States
(PICRUSt) (79)], especially leucine and severity of CD-ileitis,
as well as linoleic acid which was present a few days after
fecal microbiota transplantation (FMT), and not attributed
to differences in virulence factors (3). Further, our findings
are in agreement with studies in patients with CD reporting
negative correlations between clinical disease activity and the
concentrations of plasma amino acids (glutamine, tyrosine,
valine, methionine, leucine, tryptophan, alanine) (80) and serum
linoleic acid (30).

Collectively, our findings hold important implications for
human dietetics indicating that patients could add/replace
animal protein with soy + pea and expect to reduce the
potential proinflammatory effects of certain diets, especially in
IBD-susceptible individuals. In context, IBD susceptibility has
been shown to increase the likelihood of potential negative
effects due to diet (e.g., Splenda worsens SAMP-ileitis) (10). The
therapeutic potential of soybean food products and soybean-
derived bioactives in IBD patients is still unclear, and, with the
exception of soy lecithin, has not been tested in IBD-focused
clinical studies. In addition, studies investigating the effect of
soy supplementation, specifically isoflavones as an alternative
to hormone replacement therapy in postmenopausal women,
have yielded inconsistent results (positive or negative) and
interpretation of findings is limited given the notable differences
in study design (81). Limited evidence also exists at the
population level, with 1 Japanese case-control study concluding
that increased soy intake was associated with increased UC risk
(OR: 4.76; P = 0.02) (82), whereas 1 Chinese study found
soy had an anti-inflammatory effect (83). However, differences
in soy and isoflavone consumption patterns between Asian
and Western populations limit extrapolation of such evidence
(64). Thus, the concepts herein described in various genetic

mouse/microbiota models require further characterization in
humans, which is currently ongoing in CD patients.

This study is unique because we used a chronic ileitis model
in the context of its native murine microbiome and that of
human gut microbiota, and because we designed the modified
ADs so that the original dietary sources of the macronutrients
from the referent diet (NHANES) were completely replaced
using current dietetic principles. Findings are encouraging to
further determine the mechanisms by which both plant grains
could potentially alter gene expression of bacteria, which, in
turn, could influence local and systemic immunity, and the
metabolism and availability of amino acid concentrations, that
we demonstrated are positively and negatively correlated with
MPO activity.

In conclusion, by emulating what humans eat, the present
study demonstrated that the replacement of animal protein
with soy + pea protein in an AD controls chronic ileitis
regardless of the Firmicutes:Bacteroidetes ratio. Our study
supports the concept that replacing animal protein by plant-
based soy + pea protein may have an anti-inflammatory effect
in humans affected by IBD, or other chronic inflammatory
disorders, namely CD.
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