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Abstract: Clinical studies indicate that eating common bean, Phaseolus vulgaris L., plays a role in body
weight regulation but mechanisms have yet to be elucidated. Here, we investigated the anti-obesogenic
activity of white kidney bean in a mouse model of dietary-induced obesity. Bean consumption
reduced the accumulation of adipose tissue in male and female C57BL6 mice. The anti-obesogenic
effect of white kidney bean was not due to alterations in energy intake, energy excreted in the feces,
or feed efficiency ratio. While bean consumption increased the mass of the intestine, no marked
differences were consistently observed in crypt height, mucin content of goblet cells, proliferation
index or zone of proliferation. However, significantly higher concentrations of total bacteria and of
Akkermansia muciniphila were detected in cecal content of bean-fed mice, and the ratio of Firmicutes to
Bacteroidetes was reduced. Bile acid content was higher in the ileum of bean-fed mice, but transcript
levels of farnesoid X receptor were not significantly affected. Whether changes in bile-acid-mediated
cell signaling play a role in bean-related differences in fat accumulation and/or overall metabolic
health requires further investigation.

Keywords: Phaseolus vulgaris; white kidney bean; adiposity; obesity; gut health; Akkermansia
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1. Introduction

The global pandemic of obesity is associated with increased incidence of and mortality due to
cardiovascular disease, type-2 diabetes, and certain types of cancer [1,2]. While pharmacological
and surgical approaches to control obesity have been pursued aggressively, the global impact of
such interventions is limited by constraints on access and by cost [3]. Investigations of patterns of
food consumption indicate a possible alternative may be diet because certain populations manage to
maintain desired body weight despite living in obesogenic environments [4]. Recent meta-analyses
indicate that consumption of grain legumes, i.e., common bean, chickpea, dry pea, and lentil, also
referred to as pulses [5], is associated with improved weight management relative to populations in
which the consumption of pulses is low [6,7]. Given the complexity of obesity, we recently sought to
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determine whether the impact of pulses on body weight observed in prospective clinical studies could
be reproduced under the controlled conditions that are possible to achieve with the use of preclinical
rodent models [8]. Therefore, we utilized common bean, the predominant pulse consumed in clinical
studies, in our initial rodent investigations in rats [6,7]. In those models, white kidney bean, a specific
type of common bean, markedly reduced visceral adiposity in female rats resistant and susceptible to
dietary-induced obesity [8].

The work reported herein was designed to extend the work done in rats by determining whether
white kidney bean consumption would reduce accumulation of lipid in adipocytes in female and/or
male mice in a widely used polygenic model of obesity in C57BL6 mice (B6). This study had three
primary objectives: (1) determine if white kidney bean inhibited the development of obesity irrespective
of the sex of the animal; (2) assess whether the effect of white kidney bean on adiposity was independent
of differences in caloric intake; and (3) examine bean specific effects on (a) energy excretion in the
feces, (b) concentration of specific microbiota in the cecum, and (c) the content of bile acid metabolites
and activity of a bile acid receptor signaling transcription factor, farnesoid X receptor (FXR) since this
transcription factor and its downstream targets have been reported to influence a number of metabolic
pathways involved in energy balance [9–11].

2. Materials and Methods

2.1. Experimental Animals

For Experiment 1, 90 C57BL6/J mice, 49 male and 41 female mice weaned from our in-house
breeding colony were used. Our in-house breeding colony founders were obtained from Jackson
Laboratories (Bar Harbor, ME, USA). For Experiment 2, 16 eleven-week-old male NCI C57BL6/NCr
mice were obtained from Charles River Laboratories NCI (Frederick, MD, USA). These inbred strains
of C57BL6 mice were fed a purified high fat diet (60% dietary Kcal as fat) obesogenic diet formulation
(D12492 high fat diet; Research Diets, Inc., New Brunswick, NJ [12,13]). Mice were maintained on a
12 h light/dark cycle at 27.5 ± 2 ◦C with 30% relative humidity and given ad libitum access to diet and
distilled water until they were randomized to experimental groups. All animal studies were performed
in accordance with the Colorado State University Institutional Animal Care and Use Committee,
protocol 18-7746.

2.2. Experimental Diets

The formulation of the experimental diets and the rationale for bean concentration have been
published [14,15]. Diet formulations are detailed in Table 1. Briefly, the diets were formulated to
match macronutrient levels (i.e., protein, carbohydrate and crude fiber) across the experimental groups.
The saturated fat source used in the experimental diets was palm oil since the fatty acid composition
is more consistent than that of lard. The level of white kidney bean was (40% w/w), which is about
twice as high as median intakes of pulse consuming subgroups in the US and Canada. However, the
dietary level is actually similar to dietary amounts consumed in developing countries where pulses
are dietary staples [15]. White kidney bean was grown in field plots maintained at Colorado State
University, Fort Collins, CO. The bean seed was cooked and freeze-dried as previously reported [8]. The
freeze-dried bean was then milled into a homogeneous powder and stored at −20 ◦C until incorporated
into diets. Diets were formulated using specific guidelines [16], and adjusted using the proximate
analysis (IEH-Warren Laboratory, Greeley, CO, USA) of the cooked whole bean powder as previously
reported [8].
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Table 1. Composition of Experimental Diets.

Ingredient Low Fat Control Diet 1

(g/100g)
High Fat Control Diet 1

(g/100g)

Cooked, Whole White
Kidney Bean 1

(g/100g)

Solka-Floc 4.7 6.5 0.0
White kidney bean 0.0 0.0 40.0

Corn Starch 29.9 0.0 0.0
Casein (≥85% protein) 19.0 25.8 17.1

Cerelose (Dextrose) 3.3 16.2 0.0
Sucrose 33.2 8.9 0.3

Vitamin mix 2 1.0 1.3 1.3
DL-Methionine 0.3 0.4 0.4

L-Tryptophan (Sigma T0254-25G) 0.00 0.00 0.01
Choline bitartrate (41% choline) 0.2 0.3 0.3

Mineral mix 3 4.3 5.8 5.8
Soybean oil 2.4 3.2 3.2

Palm Oil 1.9 31.7 31.7

TOTAL (g) 100.0 100.0 100.0
1 Experimental diets modified from the original diet formulations. The experimental diets used 2 Dyets #310025
AIN-93G vitamin mix and 3 Dyets #210025 AIN-93G mineral mix.

2.3. Experimental Design

2.3.1. Experiment 1

The first experiment was designed to address the question of whether bean consumption affected
weight regulation irrespective of gender, age, duration of bean consumption, or degree of susceptibility
for obesity, a situation with parallels to cross-sectional population studies. For this experiment,
90 C57BL6/J mice, 49 male and 41 female mice from our in-house breeding colony were serially assigned
at weaning, by sex, to one of three diet groups. Mice were maintained on experimental diets for a
period of 13.4 (range 12.6 to 14.7), 19.8 (range 19.6–19.9) or 31.5 (range 27.1 to 33.6) weeks. Mice were
fed either a high-fat (HF; males n = 25, females n = 17) control diet, low-fat (LF; males n = 11, females
n = 11) control diet or high-fat diet to which freeze-dried cooked, white kidney bean powder had been
added (Bean HF; males n = 13, females n = 13), as shown in Figure 1. It should be recognized that the
high-fat diet is the positive control that promotes the development of obesity and the low-fat group is
the negative control, i.e., mice with obesogenic potential fed a low-fat diet that slows the rate at which
obesity develops. Mice were group housed and fed their respective diets ad libitum throughout the
experiment. Body weight data was collected weekly. The experiment was terminated serially between
12 to 34 weeks of feeding experimental diets.Nutrients 2019, 11, x FOR PEER REVIEW 4 of 18 
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The study endpoints were body weight adjusted to tibia length which is a proxy for body mass
index in human populations and weight gain. Subcutaneous and visceral fat mass were also evaluated.



Nutrients 2019, 11, 2780 4 of 17

For subcutaneous fat, the inguinal fat pad was assessed since changes in that adipose depot have been
reported to account for obesity susceptibility in B6 mice [17]. For visceral fat, the mesenteric depot was
evaluated since it is associated with metabolic syndrome. Fat mass was also normalized to tibia length,
as recommended in reference [18].

2.3.2. Experiment 2

In this energy balance experiment that used a paired feeding technique, we assessed whether
the effect of white kidney bean on adiposity was independent of differences in caloric intake and
bean specific effects on energy excretion in the feces. Sixteen eleven-week-old male NCI C57BL6/NCr
mice obtained from Charles River Laboratories NCI (Frederick, MD, USA) were randomized to one of
two diet groups and fed either HF control diet (n = 8) or Bean HF diet (n = 8). These were the same
diets as those used in Experiment 1. Mice were individually housed in wire mesh bottomed cages for
feces collection. Each cage was equipped with a polycarbonate resting platform on the cage floor and
modified tunnel feeders in order to accurately measure food intake. These devices were designed and
fabricated in our laboratory (Supplementary Figure S1). Fresh pre-measured food was given daily and
mice were allowed to acclimate to the caging system and feeding approach for 21 days, after which,
the study commenced. To initiate the experiment, mice were paired by body weight and the 8 pairs
were randomized to either the high-fat control or bean high-fat diet. On a daily basis, each bean-fed
mouse was given ad libitum access to diet. Within a pair, the amount of food consumed by the bean-fed
mouse was given to its paired control diet fed partner over the subsequent 24 h period. Paired feeding
was continued for the 84 day duration of the study. Body weight and food consumption data were
collected daily. Feces were collected daily for the last 7 days of the experiment. Fecal material was
analyzed for total concentration of energy using a bomb calorimeter (Model 1261 Isoperibol Bomb
Calorimeter, Parr Instrument Company, Moline, IL, USA).

2.4. Necropsy

For both Experiment 1 and 2, all the animals in each group were subjected to the following
procedures. Mice were not fasted prior to necropsy. Mice were anesthetized using isoflurane inhalation
and subsequently euthanasied by cervical dislocation. The gastrointestinal tract including the stomach
to the superior portion of the rectum was removed. The small intestine was cut at the ileocecal
junction and weighed with the stomach attached. A 6.5 cm length of ileum superior to the cecum was
excised and ileum contents were collected in a 2.0 mL cryovial by flushing the lumen using a sterile
gavage needle and syringe with 1.5 mL of sterile saline and the tube snap-frozen in liquid nitrogen for
metabolomic analysis. Gavage needles were sterilized in a hot bead sterilizer between animals. A 1
cm section of flushed ileum immediately superior to the cecum was cut and placed in 10% neutral
buffered formalin. The remaining ileum was laid on a Kimwipe and a midline incision was made down
the entire long axis using blunt tipped scissors. The ileum was reflected, and the edges of the serosa
gently tacked down to the Kimwipe. While holding one end of the ileum securely with Adson forceps,
a polished stainless-steel spatula was used to gently scrape the ileum mucosa in one continuous motion;
contents were placed into a cryovial and snap-frozen in liquid nitrogen for subsequent RNA analysis.
The cecum was cut from the colon, weighed and snap-frozen in liquid nitrogen. The colon was rinsed
in sterile saline and fecal pellets extruded while maintaining proper anatomic orientation. Sections of
colon (1 cm) representing the ascending, transverse and descending portions was excised and fixed in
10% neutral buffered formalin. Inguinal subcutaneous and abdominal visceral adipose tissue were
harvested and weighed. In addition, a small portion of these adipose depots were excised and fixed in
10% neutral buffered formalin. Remaining portions of fat depots were snap-frozen in liquid nitrogen.
All snap-frozen tissues were stored at −70 ◦C. The left tibia of each animal was removed, cleaned and
measured in mm using a pair of digital calipers in order to normalize the tissue weights. All formalin
fixed tissues were processed for histological evaluation.
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2.5. RNA Transcript Expression

RNA was isolated from frozen ileum using the RNeasy Mini kit (Qiagen, Germantown, MD,
USA) according to the manufacturer’s protocol. Isolated RNA purity (260/280 and 260/230 ratios) and
concentration was checked via NanoDrop (Thermo Fisher Scientific, Waltham, MA, USA). RNA integrity
was determined using a Bio-Rad Experion (Bio-Rad, Hercules, CA, USA). cDNA was synthesized
from 1 µL of total RNA using Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA, USA).
DNA oligo primers were synthesized (Integrated DNA Technologies, Coralville, IA, USA) [19]. The
primer sequences used are shown in Table 2. Quantitative real-time PCR was performed on an iCycler
(Bio-Rad, Hercules, CA, USA) with optical-grade 96-well plates (Thermo Fisher Scientific, Waltham,
MA, USA). Each 20 µL reaction mixture was composed of 5 µL of water, 10 µL 2X SYBR green Supermix
(Bio-Rad, Hercules, CA, USA), 1.5 µL of forward and reverse primers at a final concentration of 0.3 µM,
and 2 µL of synthesized cDNA. The following PCR conditions were used: 95 ◦C for 3 min, followed
by 40 cycles of 95 ◦C for 15 s and 56.5 ◦C for 1 min. Fluorescent products were detected at the last
step of each cycle. qPCR is followed by a melting curve analysis to verify primer specificity under the
following conditions: 80 cycles starting at 57 ◦C for 10 s and increasing by 0.5 ◦C each cycle. Each
sample was run in triplicate and the relative expression of FXR, small heterodimer partner (SHP) and
fibroblast growth factor 15 (FGF15) were calculated by normalizing the threshold cycle (Ct) values to
18S. The fold change in expression relative to the control-fed animals was computed by the delta, delta
Ct method as described [20].

Table 2. qPCR primers.

Gene Expression Primers Sequence References

18S FWD 5′- ATTGGAGCTGGAATTACCGC -3′ [19]
18S REV 5′- CGGCTACCACATCCAAGGAA -3′ [19]

FXR FWD 5′- TGGGCTCCGAATCCTCTTAGA -3′ [19]
FXR REV 5′- TGGTCCTCAAATAAGATCCTTGG -3′ [19]
SHP FWD 5′- TCTGCAGGTCGTCCGACTATTC -3′ [19]
SHP REV 5′- AGGCAGTGGCTGTGAGATGC -3′ [19]

FGF15 FWD 5′- GCCATCAAGGACGTCAGCA -3′ [19]
FGF15 REV 5′- CTTCCTCCGAGTAGCGAATCAG -3′ [19]

Bacterial Primers Sequence References

16S (926) FWD 5′- AAA CTC AAA KGA ATT GAC GG -3′ [21,22]
16S (1062) REV 5′- CTC ACR RCA CGA GCT GAC -3′ [21,22]

Akkermansia Muciniphila FWD 5′- CAG CAC GTG AAG GTG GGG AC -3′ [23]
Akkermansia Muciniphila REV 5′- CCT TGC GGT TGG CTT CAG AT -3′ [23]

Bacteroidetes FWD 5′- AAA CTC AAA KGA ATT GAC GG -3′ [24]
Bacteroidetes REV 5′- GGT AAG GTT CCT CGC GCT AT -3′ [24]

Firmicutes (928) FWD 5′- TGA AAC TYA AGG AAT TGA CG -3′ [24]
Firmicutes (1040) REV 5′- ACC ATG CAC CAC CTG TC -3′ [24]

Forward: FWD; Reverse: REV; farnesoid X receptor: FXR; small heterodimer partner: SHP; fibroblast growth factor
15: FGF15.

2.6. Bacterial Quantification by qPCR

An established approach was used to assess levels of specific bacterial populations. DNA oligo
primers coding for 16S rRNA sequences unique to Akkermansia muciniphila, and bacteria in the phyla
Firmicutes and Bacteroidetes, or common to all bacteria were used for qPCR analysis. The DNA
oligomers were synthesized by Integrated DNA Technologies, Coralville, IA, and are shown in
Table 2 [21–24].

Frozen cecums were removed from the freezer three at a time and allowed to slightly thaw
on the bench top, approximately 5–10 min. Small scissors were used to make an incision in the
cecum and the mucosa was reflected. A clean, polished stainless-steel spatula was used to remove
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approximately 100 mg of cecal contents and placed in a dry bead tube and DNA extracted according to
the manufacturer’s protocol, QIAamp PowerFecal DNA kit (Qiagen, Germantown, MD, USA). The
isolated DNA was checked for purity (260/280 and 260/230 ratios) and concentration via NanoDrop
(Thermo Fisher Scientific, Waltham, MA, USA).

qPCR was performed on cecal DNA using a modified version of the protocol described [23].
Briefly, qPCR amplification and detection were performed using an iCycler (Bio-Rad, Hercules, CA,
USA) with optical-grade 96-well plates (Thermo Fisher Scientific, Waltham, MA, USA). Each 20 µL
reaction mixture was composed of 5 µL of water, 10 µL 2X SYBR green Supermix (Bio-Rad, Hercules,
CA, USA), 1.5 µL of forward and reverse primers at a final concentration of 0.3 µM, and 2 µL of
template DNA (10 ng/µL). PCR conditions were as follows: 95 ◦C for 3 min, followed by 40 cycles of
95 ◦C for 15 s, 60 ◦C for 30 s, and 72 ◦C for 30 s, and a final extension at 72 ◦C for 5 min. Fluorescent
products were detected at the last step of each cycle. qPCR is followed by a melting curve analysis
to verify primer specificity under the following conditions: 80 cycles starting at 55 ◦C for 10 s and
increasing by 0.5 ◦C each cycle. Each sample was run in triplicate, Ct values were normalized to 16S
(926 Forward (Fwd.), 1062 Reverse (Rev.)), and the fold change in expression relative to the control was
computed by the delta, delta Ct method as described [20].

2.7. Histology

2.7.1. Histology and Image Acquisition

The tissue fixed in 10% neutral buffered formalin for 24 hours was then processed through a
series of graded ethanols, cleared in toluene, embedded in paraffin and sections cut at 4 µM. Sections
were stained with H&E, alcian blue nuclear fast red (AB) [25], and Ki-67 immunostaining as described
previously [26]. Images of stained intestine were captured at 200× and images of adipose tissue at
100×magnification using a Zeiss AxioCamHR (Zeiss, Thornwood, NY, USA) digital camera mounted
on a Zeiss Axioskop II microscope. Prior to capturing images, background shading correction was
achieved using the Zeiss AxioVision software. Images were captured (1300 × 1030 pixels, 24 bit RGB,
150 DPI) and saved as JPEG files.

2.7.2. Morphometric Analysis

Adipocyte area measurement was performed as previously described [8]. A total of ten crypts in
ileum, and ascending, transverse and descending colon were analyzed from each animal across serial
sections of three different stains listed in Section 2.7.1. Crypts were chosen from multiple image fields
along the length of each segment in order to decrease bias and selection was based on the following
criteria: (1) a single layer of epithelial cells visible from the base of the crypt to the top of the of villus;
(2) patent crypt lumen; (3) visible crypt lamina propria. Ileum and colon crypt height was measured
manually from the base of the crypt to the brush border of the uppermost enterocyte nearest the lumen
in H&E stained images using the caliper function in Image Pro Plus v4.5 (Media Cybernetics, Inc.
Rockville, MD, USA). AB stained images depicting crypt goblet cells and intra-crypt mucin were
processed using the built-in alcian blue vector in the colour deconvolution plugin for ImageJ v1.52d
(National Institutes of Health (NIH), Bethesda, MD, USA), resulting in three separate color channel
images, red, green and blue. A macro was written in Image Pro Plus v4.5 (Media Cybernetics, Inc.
Rockville, MD, USA) to analyze the AB images. Briefly, the blue channel image was imported along
with the original AB image. The blue channel image was converted to 8-bit grayscale (256 shades of
gray) and contrast applied, resulting in a black and white image. Crypts were circumscribed one at a
time on the original AB image as an area of interest (AOI). The AOI was copied from the original AB
image, pasted to the corresponding XY coordinates in the black and white image and the segmentation
range was set 0–254, i.e., black representing alcian blue stained mucin within the crypt against a white
(255) background. The software measured the total sum black area in µM2 of the AOI and exported
the value automatically via dynamic data exchange to an Excel spreadsheet for analysis. To assess
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cell proliferation, Ki-67 staining was performed as previously described [26] and analyzed using the
immunoratio plugin for ImageJ [27].

2.8. Bile Acid Analyses

2.8.1. Sample Preparation

Ileum lavage samples were lyophilized and 20 mg of dried samples were suspended in 1.2 mL of
80% methanol in water, mixed for 2 h at 4 ◦C, followed by centrifugation at 17,000 g × 15 min at 4 ◦C.
The supernatants were recovered and the solvent was removed under nitrogen until the samples were
completely dry. The dried extracts were resuspended in 0.15 mL 80% methanol [28].

2.8.2. LC–MS

A quantity of 3 µL of extract was injected into a Waters Acquity UPLC system and separated
using a Waters Acquity UPLC HSS T3 (1.8 µM, 1.0 × 100 mm), using a gradient from solvent A (water,
0.1% formic acid) to solvent B (acetonitrile, 0.1% formic acid). Injections were made in 100% A, held at
100% A for 1 min, ramped to 98% B over 12 min, held at 95% B for 3 min, and then returned to starting
conditions over 0.05 min and allowed to re-equilibrate for 3.95 min, with a 200 µL/min constant flow
rate. The column and samples were held at 40 ◦C and 6 ◦C, respectively. The column eluent was
infused into a Waters Xevo G2 Q-TOF-MS with an electrospray source in negative mode, scanning
50–1200 m/z at 0.2 seconds per scan, alternating between MS (6 V collision energy) and MSE mode
(15–30 V ramp). Calibration was performed using sodium iodide with 1 ppm mass accuracy. The
capillary voltage was held at 2200 V, source temp at 150 ◦C, and nitrogen desolvation temp at 350 ◦C
with a flow rate of 800 L/hr.

2.8.3. Metabolite Data Processing

Our procedure has been reported [29,30]. Briefly, for each sample, raw data files were converted to
.cdf format, and matrix of molecular features as defined by retention time and mass (m/z) was generated
using XCMS software in R for feature detection and alignment. The centWave algorithm used for
feature detection of LC–MS data. Features were grouped using RAMClustR, with normalization set
to ‘none’. LC–MS data were first annotated by searching against an in-house spectra and retention
time database using RAMSearch. RAMClustR was used to call the findMain function from the
interpretMSSpectrum package to infer the molecular weight of each LC–MS compound and annotate
the mass signals. The complete MS spectrum and a truncated MSE spectrum were written to a .mat
format for import to MSFinder. The MSE spectrum was truncated to only include masses with values
less than the inferred M plus its isotopes, and the .mat file precursor ion is set to the M + H ion for
the findMain inferred M value. These .mat spectra were analyzed to determine the most probable
molecular formula and structure. MSFinder was also used to perform a spectral search against the
MassBank database. All results were imported into R and a collective annotation is derived with
prioritization of MSFinder mssearch >MSFinder structure >MSFinder formula >findMain M. All R
work was performed using R version 3.3.1 [6].
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2.9. Statistical Analyses

Experiment 1. Data were normally distributed. Body mass and fat mass data were subjected to
factorial analysis of variance (ANOVA) with diet group and sex as the factors and time on diet and
age as covariates. Experiment 2. Body mass, morphometric, bacterial, and RNA transcript expression
data were evaluated by one way ANOVA or the Kruskal–Wallis test, depending on data distribution
(D’Agostino and Pearson omnibus normality test). For both experiments, the Fisher or Dunn’s post hoc
test, respectively, was used depending on data distribution. Differences were considered significant
with p ≤ 0.05. Data analyses were conducted using Systat, version 13.0 (Systat Software, Inc., San
Jose, CA, USA), SAS, version 9.2 (SAS Instituite, Cary, NC, USA), and Graph Pad Prism, version 5.2
(GraphPad Software, Inc., La Jolla, CA, USA).

3. Results

3.1. Effect of ad Libitum Feeding of White Kidney Bean in Male and Female B6 Mice

3.1.1. Effect of Bean Consumption in an Unselected Population of B6 Mice

White kidney bean incorporated into the high-fat diet, reduced obesity susceptibility. Body mass
indexed to tibia length, accumulation of lipid in subcutaneous and visceral adipose depots in bean-fed
mice was similar to values observed in mice fed the low-fat diet (Figure 2).
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Figure 2. Effect of bean consumption on body weight and adiposity (Experiment 1). (A) final body
weight; (B) subcutaneous fat; (C) visceral (mesenteric) fat; Units are g or mg of mass divided by length
of tibia in mm. Factorial ANOVA with time on diet (TOD) as a covariate. Final body weight: sex
p = 0.0012, diet p < 0.0001, interaction p = 0.6952, TOD, not significant (ns); Subcutaneous fat: sex
p < 0.0001, diet p < 0.0001, interaction p = 0.6186, TOD, ns; Visceral (mesenteric) fat: sex p = 0.0417, diet
p = 0.0058, interaction p = 0.7208, TOD, ns; Post hoc comparisons, * different relative to high-fat diet
within gender (p ≤ 0.05).

Female mice have larger subcutaneous and visceral fat pads than males when data was normalized
to tibia length. It appeared that the effect of bean was greater on the subcutaneous fat pad of both male
and female mice.

3.2. Effect of Bean Energy Balance Using a Paired Feeding Experimental Design

In Experiment 2, pair feeding was utilized to determine if bean consumption exerts a specific
effect on the feed efficiency ratio, energy excreted in the feces or fat mass. To address these questions,
an 84 day paired feeding study was completed in B6 male mice consuming a high-fat diet (60% kcal
from fat) plus or minus white kidney bean. Metabolic cages adapted for mice were used to permit
quantitative assessment of food intake and of excreted feces.
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3.2.1. Energy Balance

The mice in the control group were slightly underfed (not statistically significant) because of the
strict paired-feeding methodology; there was no compensation for the small amount of food spilled,
about 150 mg/day. Despite that difference, the feed efficiency ratio did not vary by diet group. Daily
fecal collections were subjected to bomb calorimetry. There were no differences between groups in
either concentration of energy in the feces or total energy excreted in the feces (Table 3).

Table 3. Effect of white kidney bean on food efficiency ratio and fecal energy (Experiment 2).

Diet 1
Total Diet

Eaten
(g)

Total Weight
Gained

(g)

Feed
Efficiency

Ratio

Total Feces
Excreted
(mg/day)

Fecal Energy
Concentration

(kcal/g)

Total Fecal
Energy/day

(kcal)

Control 154.5 ± 6.6 3.5 ± 1.8 0.023 ± 0.012 256.9 ± 18.4 3.77 ± 0.11 0.97 ± 0.09
Bean 167.3 ± 16.9 2.8 ± 1.7 0.016 ± 0.009 273.8 ± 33.7 3.77 ± 0.05 1.03 ± 0.13

p-value 0.0650 0.4467 0.2412 0.2350 0.9987 0.2601
1 Values are means ± SD; Control n = 8, Bean n = 8.

3.2.2. Body Composition

Final body weight and body mass indexed to tibia length were the same across groups, which was
the intended outcome of the paired feeding study design (Table 4). A difference in the assessment of
visceral fat in this study versus the study reported in Section 3.1.1 was that three visceral fat pads were
assessed to ascertain whether bean exerted differential effects on these fat depots. Quantitatively, the
greatest reduction was in the subcutaneous fat depot (28% reduction) with a 12% reduction in visceral
adipose depot mass.

Table 4. Effect of white kidney bean on body weight and adiposity (Experiment 2).

Diet 1
Final Body

Weight
(g)

Body Mass
Index 2

(g/mm)

Subcutaneous
Fat Mass 3

(mg/mm)

Sum Visceral
Fat Mass 4

(mg/mm)

Total Fat Mass 5

(mg/mm)

Control 38.2 ± 3.3 2.2 ± 0.2 64.1 ± 9.1 189.1 ± 30.3 253.2 ± 38.3
Bean 38.4 ± 3.4 2.2 ± 0.2 47.6 ± 12.2 172.5 ± 33.3 220.1 ± 44.3

p-value 0.9182 0.9486 0.0085 0.3138 0.1323
1 Values are means ± SD. 2 Units are g or mg mass divided by length of tibia in mm; 3 Inguinal fat; 4 Sum total of
mesenteric fat, retroperitoneal fat and epididymal fat depots. 5 Sum total of inguinal subcutaneous and sum visceral
fat depots; Control n = 8, Bean n = 8.

Recognizing the value of morphometric analysis of adipocyte size as a complementary approach
to measuring fat mass, the inguinal, retroperitoneal and epididymal fat pads were evaluated (Figure 3).
The results not only affirmed the mass data, but strengthen the observation that bean consumption
decreased lipid accumulation in both subcutaneous and visceral fat depots.



Nutrients 2019, 11, 2780 10 of 17

Nutrients 2019, 11, x FOR PEER REVIEW 10 of 18 

 

 

Figure 3. Representative H&E stained sections of fat depots (Experiment 2). (A) HF Control 
subcutaneous fat; (B) Bean subcutaneous fat; (C) HF Control retroperitoneal fat; (D) Bean 
retroperitoneal fat; (E) HF Control epididymal fat; (F) Bean epididymal fat; (G) Adipocyte 
morphometry; ANOVA: subcutaneous adipocyte area p = 0.0094, retroperitoneal adipocyte area p = 
0.0001, epididymal adipocyte area p = 0.0004; * different relative to control diet (p ≤ 0.05); all images 
100 × magnification, bars = 100 µM; HF Control n = 8, Bean n = 8; HF: high fat. 

3.2.3. Evaluation of the Intestinal Tract  

Figure 3. Representative H&E stained sections of fat depots (Experiment 2). (A) HF Control
subcutaneous fat; (B) Bean subcutaneous fat; (C) HF Control retroperitoneal fat; (D) Bean retroperitoneal
fat; (E) HF Control epididymal fat; (F) Bean epididymal fat; (G) Adipocyte morphometry; ANOVA:
subcutaneous adipocyte area p = 0.0094, retroperitoneal adipocyte area p = 0.0001, epididymal adipocyte
area p = 0.0004; * different relative to control diet (p≤ 0.05); all images 100×magnification, bars = 100µM;
HF Control n = 8, Bean n = 8; HF: high fat.
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3.2.3. Evaluation of the Intestinal Tract

During the necropsy process in the experiment reported in Section 3.1, there was visual evidence
that the intestinal tract of bean-fed mice was larger than control mice despite the fact that body size
was smaller. Therefore, in the paired feeding experiment, each segment of the intestinal tract was
removed and weighed (Figure 4A). There was an overall increase in the size of the intestine with the
most pronounced effect on the cecum and colon.
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Figure 4. Effects of paired-feeding of white kidney bean on intestinal mass and cecal bacterial
populations (Experiment 2). (A) Intestinal weights; (B) Cecal bacteria populations; ANOVA: Stomach
Small Intestine p = 0.0343, Cecum p < 0.0001, Colon p = 0.0027, Total p = 0.0003; 16S Ct p = 0.0001, A.
muciniphila ∆Ct p < 0.0001, Firmicutes ∆Ct p = 0.0004, Bacteroidetes ∆Ct p = 0.0001; * different relative
to HF control diet (p ≤ 0.05); Control n = 8, Bean n = 8; FC: fold change; HF: high fat.

Because the cecum was markedly enlarged, and this phenotype is also observed in germ-free
mice, we decided to determine whether the concentration of microbes in the cecum was affected by
bean consumption. Using primers for 16S rRNA that are common to all bacteria, marked enhancement
of bacterial content was observed in the cecum of bean-fed mice (Figure 4B). Based on other reports,
we further probed the DNA isolated from the cecal content and found a 473-fold increase in the content
of A. muciniphila, a bacterium known to digest mucin and that is associated with health benefits. We
also measured the cecal concentration of bacteria in the phyla Firmicutes and Bacteroidetes and found
the ratio to be reduced in bean-fed mice.

3.3. Structural and Functional Assessments

3.3.1. Morphometric Analyses

Given that the size of the intestinal tract was enlarged, experiments were performed to determine
whether the changes in size were accompanied by changes in morphology. For this purpose, our
analyses were focused on ileum, and the ascending, transverse and descending segments of the
colon. Morphometric analyses were conducted to determine crypt height, the amount of goblet cell
alcian-blue-positive staining, and the Ki-67 proliferative index (Table 5). Overall, there were some
differences in crypt height, but little evidence of consistent difference in either alcian blue staining
or the Ki-67 proliferative index. Further analysis of the zone of proliferation also failed to detect
significant differences associated with bean treatment (data not shown).
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Table 5. Effect of feeding of white kidney bean on intestinal morphometry (Experiment 2).

Measurement 1. Tissue HF Control Bean p-Value

Crypt height (µm2) Ileum 252.1 ± 41.1 274.5 ± 29.5 0.2916
Ascending colon 92.2 ± 9.3 82.2 ± 11.7 0.1141
Transverse colon 182.2 ± 23.7 214.1 ± 13.1 0.0136
Descending colon 135.9 ± 9.6 153.9 ± 16.6 0.0324

Alcian blue area (µm2) Ileum 1170.5 ± 557.5 1105.3 ± 280.1 0.8008
Ascending colon 1335.5 ± 248.7 1215.1 ± 312.6 0.4549
Transverse colon 4344.1± 1274.9 5711.3 ± 1.518.2 0.1049
Descending colon 1731.4 ± 360.6 1508.1 ± 263.1 0.2358

Ki-67 (%) 2 Ileum 26.3 ± 5.8 26.4 ± 4.8 0.9673
Ascending colon 19.4 ± 3.4 21.7 ± 3.2 0.2451
Transverse colon 19.1 ± 5.9 22.9 ± 3.4 0.1908
Descending colon 17.6 ± 2.0 17.5 ± 1.3 0.8658

1 Values are means ± SD; 2 The percentage of Ki-67 positive cells were measured along the entire length of each
crypt; High fat (HF) control n = 7, Bean n = 6.

3.3.2. Bile Acid and FXR Signaling

Because of the observed changes in the Firmicutes to Bacteroidetes ratio, we reasoned that
FXR signaling and bile acid metabolism might be affected in the ileum [10,11,19,31]. Because we
had expended our repository of tissue from Experiment 2, specimens from Experiment 1 were
evaluated. Ileal lavage of a randomly chosen subset of animals from Experiment 1 (HF control
n = 3, Bean n = 3) was subjected to metabolomic analysis to provide an overview of changes
induced. A total of 35 ions were annotated as bile acids and total signal associated with white
kidney bean consumption was increased 2.4-fold relative to control. Four ions were identified to be
different between treatment groups: 3,7-Dihydroxy-12-oxocholanoic acid (p = 0.02, 2.2-fold change),
sulfolithocholylglycine (p = 0.057, 2.2-fold change), taurocholic acid (p = 0.09, 4.56-fold change), and
N-[(3a,5b,7a)-3-hydroxy-24-oxo-7-(sulfooxy)cholan-24-yl]-glycine (p = 0.077, 2. 9-fold change).

Since receptors for these bile acids exist in the ileum [10,11], the transcript levels of one of the
receptors that has also been linked to energy balance was measured. FXR transcript levels and
expression of FXR downstream targets (SHP and FGF15) were not different between groups (data not
shown).

4. Discussion

Preclinical models of human diseases afford the opportunity to deconstruct complex clinical
observations, but it is important to consider the extent to which the findings observed in one model are
likely to reflect what occurs in human populations, especially with a polygenic disease like obesity [32].
To address this concern, it is now recommended that more than one preclinical model be used to
examine a specific relationship and it is considered advantageous to use multiple animal species when
that is feasible. Thus, the work reported herein was designed to determine whether white kidney bean
consumption would reduce body fat mass in a widely used polygenic model of obesity in C57BL6 mice
(B6) as it did in the Levin rat model of polygenic obesity [8]. Male and female mice were protected
against susceptibility to obesity and both visceral and subcutaneous fat depots were reduced in size
(Experiment 1, Figure 2). While only female rats were investigated in the study reported in [8], the
findings presented herein extend those results showing that bean has anti-obesogenic effects in male
as well as female mice and at a dietary dose of bean that was 47% lower than fed in the rat studies.
These findings are consistent with the recently reported meta-analysis of 22 prospective studies of
pulse consumption [6,7] and support the value of mechanistic experiments in preclinical models. Our
findings also indicate the relevance of public health strategies designed to increase consumption of
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pulses such as common bean, which are under utilized staple food crops [33], in mounting an effort to
combat the pandemic of obesity.

Because body weight was reduced in bean-fed mice in Experiment 1, a paired feeding study
was conducted in male B6 mice. The paired feeding approach permitted us to determine whether
anti-obesogenic activity was due to reduced food intake, perhaps related to increased satiety that
has been proposed as a mechanism of improved weight regulation in clinical trials. This experiment
also afforded the opportunity to examine the effects of bean consumption on energy balance since
speculation from prospective clinical trials suggests that improved body weight regulation in response
to bean consumption is due to either decreased food efficiency ratio and/or increase fecal energy
excretion [6,7]. It appears that the reduction in fat pad mass observed in both Experiments 1 and 2
can not be explained by these commonly proposed mechanisms: improved satiety: anti-obesogenic
activity was observed when food intake was actually higher in bean-fed mice (Table 3); decreased
energy efficiency: the food efficiency ratio was unaffected; or increased fecal energy excretion: neither
mass of feces or fecal energy concentration were affected. Therefore, other hypotheses were explored.

A number of experiments in the B6 diet induced obesity (DIO) model have reported that the
development of obesity is associated with changes in the ecology of the gut microflora and that obesity
can be reversed by fecal transplantation techniques, a finding consistent with the microbiome playing
a causal role [34]. It has also been reported that consumption of various common bean containing diets
causes a shift in the ecology of the gut microbiome [35]. When those two observations were “overlaid”,
it prompted our specific hypotheses that 1) at the phylum level, the bean would alter the ratio of
Firmicutes to Bacteroidetes, and 2) that there would be an increase in the content of A. muciniphila. The
relevance of shifts in the Firmicutes to Bacteroidetes ratio is that bacteria in these phyla affect the type
of bile salts in the intestinal lumen via their bile salt hydrolase activity [9–11]. Depending on the nature
of the bile acids secreted into the intestine and microbial metabolism of those compounds, the mixture
of bile acid metabolites with agonistic and antagonistic effects on bile acid receptors such as FXR can be
affected. The relevance of A. muciniphila, is that colonization of the gut microbiome with this bacterium
has been reported to be inversely associated with obesity, diabetes, and inflammation [36–41].

The data in Figure 4 are consistent with a bean-specific effect on these components of the gut
microbiome. We note that the relationship between obesity and A. muciniphila is an area of active
investigation and that the relationship between obesity and ratio of Firmicutes to Bacteroidetes is
controversial [24,42]. The fact that the differences in microbial content and adiposity were correlated
supports: (1) studies designed to test causality, and (2) a broader understanding of changes in
microbiome ecology and how it impacts host function. Because of the changes in bacterial populations
that were observed, we also investigated intestinal morphometry. Other than the increased crypt
height found in the transverse and descending segments of the colon of bean-fed mice, no consistent
differences were observed, indicating the lack of structural or functional differences as reflected by
these commonly assessed endpoints. However, it remains to be determined how other measures of gut
function are affected. These findings are consistent with recently reported work and point to the need
for studies related to inflammation, endotoxemia, and immune function [35,43–46].

We have previously reported that hepatic transcript expression of cholesterol 7α-hydroxylase
(Cyp7α1) is induced by feeding common bean [47], suggesting that bile acid metabolism is affected.
The changes in Cyp7α1 also imply that FXR signaling is involved since Cyp7α1 is a downstream
target of FXR regulation. As a first step in tackling the complexity of bile acid metabolism, the luminal
content of the ileal segment of the intestine was profiled for bile acid metabolites. We focused on
this intestinal segment since it is recognized to play a central role in bile-acid-mediated signaling and
it is proximal to the cecum where white kidney bean feeding was found to induce changes in the
microbiome that have been reported to affect bile acid metabolism [10,11,19,31,48]. Overall, the signal
intensity associated with bile-acid-related ions was approximately 2-fold higher in bean-fed mice. Of
the four ions identified in this study, two are products of microbial metabolism (sulfolithocholylglycine
(p = 0.057, fold change = 2.2) and N-[(3a,5b,7a)-3-hydroxy-24-oxo-7-(sulfooxy)cholan-24-yl]-glycine
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(p = 0.077, 2.9 fold change) and one has been reported to antagonize FXR signaling (taurocholic acid
(p = 0.09, 4.56 fold change). However, functionally, we observed FXR transcript levels to be modestly
higher, but the difference was not statistically significant. Moreover, transcript levels of two of FXR’s
downstream targets were unaffected. Given that various bile acids are agonists or antagonists of FXR,
it appears that white kidney bean’s effect is not selective. Additional work is required to determine
whether white kidney bean exerts system effects via the modulation of bile acid metabolism.

Of the additional observations made in this study that will merit future investigation, it is
important to highlight the fact that white kidney bean had a greater effect on the subcutaneous
versus visceral fat depots. This observation not only suggests that limiting fat quantification to
the visceral fat pads diminishes the likelihood of detecting overall bean-mediated effects on fat
accumulation, but more importantly, the fact that the subcutaneous fat depot is impacted by white
kidney bean consumption is consistent with energy dissipation via the uncoupling of oxidative
phosphorylation in adipocytes, at least in B6 mice. With regard to this hypothesis, several points merit
comment. Adipocytes in subcutaneous depots have developed evolutionarily to play a critical role in
thermoregulation associated with protection of the organism against cold stress. Accordingly, white
adipocytes in subcutaneous depot have a great deal of plasticity in terms of energy metabolism and
undergo bidirectional transcription to beige adipocytes [49]. In addition, as noted above, B6 mice are
obesity-resistant for the first 8 weeks of life, at which point a developmental switch appears to be
activated that decreases the ratio of beige to white adipocytes in the subcutaneous fat compartment
such that the animal becomes obesity-susceptible [17]. This potential to become obese is promoted by
positive energy balance which is accelerated when a high-fat diet is fed beginning at 8 weeks of age [50],
an effect that bean consumption appears to have reversed. Thus, the regulation of the developmental
pathway affecting obesity susceptibility in B6 mice provides a focus for future mechanistic studies.

There are translational limitations that need to be considered. The goal of the work reported
herein was to deconstruct the clinical observation that pulse consumption is inversely associated with
obesity in order to propel public health efforts to promote the consumption of common bean and
other pulses as a feasible, cost-effective approach for the reduction of obesity and the chronic disease
with which obesity is associated. However, there are many questions that must be addressed. One
obvious question is whether all types of common bean are created equal relative to anti-obesogenic
activity and/or their effects on the gut and its associated flora. Of equal importance is whether all
pulses share the same health attributes as common bean. Moreover, it is critical to establish the dose
above which consumption of beans like white kidney bean must be consistently maintained to achieve
health benefits. Similarly, while common bean and other pulses are somewhat unique in that the whole
cooked seed can be used as a food ingredient, there is value in identifying the chemical components of
the bean that have bioactivity so that they are not inadvertently lost during food processing. Of course,
identifying bioactives requires knowledge of their targets. Therefore, more mechanistic studies are
required and arguably, this is most readily done using pre-clinical models.

5. Conclusions

Meta-analyses of 22 prospective clinical studies of pulse consumption indicate that pulses
play a role in body weight regulation. Consistent with our previous report in two rat models of
obesity resistance and obesity susceptibility, we show that white kidney bean consumption reduces
accumulation of fat in both visceral and subcutaneous adipose depots [8]. This study extends the
previous work to another species, mice using a strain (C57BL6) that is recognized to be sensitive to
DIO and to male as well as female animals. It also shows that the effect of bean is observed when
bean provides 40% of dietary protein. In our previous work, bean provided 75% of dietary protein. In
addition, using a paired feeding approach, we confirm not only is the anti-obesogenic effect unrelated
to alterations in feed efficiency ratio, but it is independent of effects on energy intake or energy excreted
in the feces. While bean consumption increased the mass of the intestine, no marked differences were
observed in the morphology of the intestine in terms of crypt height, mucin content, Ki-67 proliferation
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index or zone of proliferation. However, we did detect markedly higher content of bacteria and
specifically of A.muciniphila and at the phylum level, the ratio of Firmicutes to Bacteroidetes was
reduced. Evidence was also obtained that bile acid concentration was higher in the ileum of bean-fed
mice but that the levels of FXR transcripts and its downstream targets were unaffected. Whether
alterations in bile acid metabolism exert other functional consequences relative to fat accumulation
and/or overall metabolic health requires further investigation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/11/2780/s1,
Figure S1: Metabolic cage design.

Author Contributions: Conceptualization, E.S.N., J.N.M., V.K.F., H.J.T.; methodology, V.K.F., C.A.L., J.A.T.,
M.R.S.-M., L.Y., C.D.B.; validation, L.Y., C.D.B., M.T.F., T.L.W.; formal analysis, E.S.N., J.N.M.,V.K.F., H.J.T.;
investigation, H.J.T.; data curation, E.S.N., J.N.M., H.J.T.; writing—original draft preparation, E.S.N., J.N.M., H.J.T.;
writing—review and editing, E.S.N., J.N.M., H.J.T., C.D.B., T.L.W., M.T.F.; supervision, E.S.N., J.N.M., V.K.F., H.J.T.;
project administration, H.J.T.; funding acquisition, H.J.T.

Funding: This research was funded by the Agricultural Research Service, U.S. Department of Agriculture, grant
number 3060-21650-001-09S and the Colorado Dry Bean Committee, grant number 5391352.

Acknowledgments: We thank Barry Ogg, Colorado State University Agricultural Experiment Station for
production of the white kidney beans used in this study.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Hruby, A.; Hu, F.B. The Epidemiology of Obesity: A Big Picture. Pharmacoeconomics 2015, 33, 673–689.
[CrossRef] [PubMed]

2. Lauby-Secretan, B.; Scoccianti, C.; Loomis, D.; Grosse, Y.; Bianchini, F.; Straif, K. Body Fatness and
Cancer—Viewpoint of the IARC Working Group. N. Engl. J. Med. 2016, 375, 794–798. [CrossRef] [PubMed]

3. Cefalu, W.T.; Bray, G.A.; Home, P.D.; Garvey, W.T.; Klein, S.; Pi-Sunyer, F.X.; Hu, F.B.; Raz, I.; Van Gaal, L.;
Wolfe, B.M.; et al. Advances in the science, treatment, and prevention of the disease of obesity: Reflections
from a diabetes care editors’ expert forum. Diabetes Care 2015, 38, 1567–1582. [CrossRef]

4. Lakerveld, J.; Mackenbach, J. The Upstream Determinants of Adult Obesity. Obes. Facts 2017, 10, 216–222.
[CrossRef]

5. Food and Agriculture Organization of the United Nations. Definition and Classification of Commodities:
Pulses and Derived Products. Available online: http://www.fao.org/es/faodef/fdef04e.htm (accessed on 20
January 2017).

6. Viguiliouk, E.; Stewart, S.E.; Jayalath, V.H.; Ng, A.P.; Mirrahimi, A.; de Souza, R.J.; Hanley, A.J.; Bazinet, R.P.;
Blanco, M.S.; Leiter, L.A.; et al. Effect of Replacing Animal Protein with Plant Protein on Glycemic Control
in Diabetes: A Systematic Review and Meta-Analysis of Randomized Controlled Trials. Nutrients 2015, 7,
9804–9824. [CrossRef]

7. Viguiliouk, E.; Blanco, M.S.; Kendall, C.W.; Sievenpiper, J.L. Can pulses play a role in improving
cardiometabolic health? Evidence from systematic reviews and meta-analyses. Ann. N. Y. Acad. Sci
2017, 1392, 43–57. [CrossRef]

8. Thompson, H.J.; McGinley, J.N.; Neil, E.S.; Brick, M.A. Beneficial Effects of Common Bean on Adiposity and
Lipid Metabolism. Nutrients 2017, 9, 998. [CrossRef]

9. De Boer, J.F.; Schonewille, M.; Boesjes, M.; Wolters, H.; Bloks, V.W.; Bos, T.; van Dijk, T.H.; Jurdzinski, A.;
Boverhof, R.; Wolters, J.C.; et al. Intestinal Farnesoid X Receptor Controls Transintestinal Cholesterol
Excretion in Mice. Gastroenterology 2017, 152, 1126–1138. [CrossRef]

10. Gonzalez, F.J.; Jiang, C.; Patterson, A.D. An Intestinal Microbiota-Farnesoid X Receptor Axis Modulates
Metabolic Disease. Gastroenterology 2016, 151, 845–859. [CrossRef]

11. Gonzalez, F.J.; Jiang, C.; Xie, C.; Patterson, A.D. Intestinal Farnesoid X Receptor Signaling Modulates
Metabolic Disease. Dig. Dis. 2017, 35, 178–184. [CrossRef]

12. D12492 Rodent Diet With 60 kcal% Fat—Research Diets, Inc. Available online: https://researchdiets.com/

formulas/d12492 (accessed on 11 January 2017).

http://www.mdpi.com/2072-6643/11/11/2780/s1
http://dx.doi.org/10.1007/s40273-014-0243-x
http://www.ncbi.nlm.nih.gov/pubmed/25471927
http://dx.doi.org/10.1056/NEJMsr1606602
http://www.ncbi.nlm.nih.gov/pubmed/27557308
http://dx.doi.org/10.2337/dc15-1081
http://dx.doi.org/10.1159/000471489
http://www.fao.org/es/faodef/fdef04e.htm
http://dx.doi.org/10.3390/nu7125509
http://dx.doi.org/10.1111/nyas.13312
http://dx.doi.org/10.3390/nu9090998
http://dx.doi.org/10.1053/j.gastro.2016.12.037
http://dx.doi.org/10.1053/j.gastro.2016.08.057
http://dx.doi.org/10.1159/000450908
https://researchdiets.com/formulas/d12492
https://researchdiets.com/formulas/d12492


Nutrients 2019, 11, 2780 16 of 17

13. D12450B Rodent Diet With 10 kcal% Fat—Research Diets, Inc. Available online: https://www.researchdiets.
com/formulas/d12450b (accessed on 11 January 2017).

14. Zhu, Z.; Jiang, W.; Thompson, H.J. Edible dry bean consumption (Phaseolus vulgaris L.) modulates
cardiovascular risk factors and diet-induced obesity in rats and mice. Br. J. Nutr. 2012, 108 (Suppl. 1),
S66–S73. [CrossRef] [PubMed]

15. Thompson, M.D.; Thompson, H.J.; Brick, M.A.; McGinley, J.N.; Jiang, W.; Zhu, Z.; Wolfe, P. Mechanisms
associated with dose-dependent inhibition of rat mammary carcinogenesis by dry bean (Phaseolus vulgaris,
L.). J. Nutr. 2008, 138, 2091–2097. [CrossRef] [PubMed]

16. Reeves, P.G.; Nielsen, F.H.; Fahey, G.C., Jr. AIN-93 purified diets for laboratory rodents: Final report of the
American Institute of Nutrition ad hoc writing committee on the reformulation of the AIN-76A rodent diet.
J. Nutr. 1993, 123, 1939–1951. [CrossRef] [PubMed]

17. Chu, D.T.; Malinowska, E.; Jura, M.; Kozak, L.P. C57BL/6J mice as a polygenic developmental model of
diet-induced obesity. Physiol. Rep. 2017, 5. [CrossRef]

18. Yin, F.C.; Spurgeon, H.A.; Rakusan, K.; Weisfeldt, M.L.; Lakatta, E.G. Use of tibial length to quantify cardiac
hypertrophy: Application in the aging rat. Am. J. Physiol. 1982, 243, H941–H947. [CrossRef]

19. Jiang, C.; Xie, C.; Lv, Y.; Li, J.; Krausz, K.W.; Shi, J.; Brocker, C.N.; Desai, D.; Amin, S.G.; Bisson, W.H.;
et al. Intestine-selective farnesoid X receptor inhibition improves obesity-related metabolic dysfunction.
Nat. Commun. 2015, 6, 10166. [CrossRef]

20. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2(-Delta Delta C(T)) Method. Methods 2001, 25, 402–408. [CrossRef]

21. De Gregoris, T.B.; Aldred, N.; Clare, A.S.; Burgess, J.G. Improvement of phylum- and class-specific primers
for real-time PCR quantification of bacterial taxa. J. Microbiol. Methods 2011, 86, 351–356. [CrossRef]

22. Yang, Y.W.; Chen, M.K.; Yang, B.Y.; Huang, X.J.; Zhang, X.R.; He, L.Q.; Zhang, J.; Hua, Z.C. Use of 16S rRNA
Gene-Targeted Group-Specific Primers for Real-Time PCR Analysis of Predominant Bacteria in Mouse Feces.
Appl. Environ. Microbiol. 2015, 81, 6749–6756. [CrossRef]

23. Collado, M.C.; Derrien, M.; Isolauri, E. Intestinal integrity and Akkermansia muciniphila, a mucin-degrading
member of the intestinal microbiota present in infants, adults, and the elderly. Appl. Environ. Microbiol. 2007,
73, 7767–7770. [CrossRef]

24. Koliada, A.; Syzenko, G.; Moseiko, V.; Budovska, L.; Puchkov, K.; Perederiy, V.; Gavalko, Y.; Dorofeyev, A.;
Romanenko, M.; Tkach, S.; et al. Association between body mass index and Firmicutes/Bacteroidetes ratio in
an adult Ukrainian population. BMC Microbiol. 2017, 17, 120. [CrossRef] [PubMed]

25. Luna, L.G. Manual of Histologic Staining Methods of the Armed Forces Institute of Pathology, 3rd ed.; McGraw-Hill:
New York, NY, USA, 1968; p. 258.

26. Matthews, S.B.; McGinley, J.N.; Neil, E.S.; Thompson, H.J. Premenopausal Obesity and Breast Cancer Growth
Rates in a Rodent Model. Nutrients 2016, 8, 214. [CrossRef] [PubMed]

27. Tuominen, V.J.; Ruotoistenmaki, S.; Viitanen, A.; Jumppanen, M.; Isola, J. ImmunoRatio: A publicly available
web application for quantitative image analysis of estrogen receptor (ER), progesterone receptor (PR), and
Ki-67. Breast Cancer Res. 2010, 12, R56. [CrossRef]

28. Fall, T.; Salihovic, S.; Brandmaier, S.; Nowak, C.; Ganna, A.; Gustafsson, S.; Broeckling, C.D.; Prenni, J.E.;
Kastenmuller, G.; Peters, A.; et al. Non-targeted metabolomics combined with genetic analyses identifies bile
acid synthesis and phospholipid metabolism as being associated with incident type 2 diabetes. Diabetologia
2016, 59, 2114–2124. [CrossRef] [PubMed]

29. Broeckling, C.D.; Heuberger, A.L.; Prenni, J.E. Large scale non-targeted metabolomic profiling of serum
by ultra performance liquid chromatography-mass spectrometry (UPLC-MS). J. Vis. Exp. 2013, 73, e50242.
[CrossRef] [PubMed]

30. Broeckling, C.D.; Afsar, F.A.; Neumann, S.; Ben-Hur, A.; Prenni, J.E. RAMClust: A novel feature clustering
method enables spectral-matching-based annotation for metabolomics data. Anal. Chem. 2014, 86, 6812–6817.
[CrossRef]

31. Pathak, P.; Cen, X.; Nichols, R.G.; Ferrell, J.M.; Boehme, S.; Krausz, K.W.; Patterson, A.D.; Gonzalez, F.J.;
Chiang, J.Y.L. Intestine farnesoid X receptor agonist and the gut microbiota activate G-protein bile acid
receptor-1 signaling to improve metabolism. Hepatology 2018, 68, 1574–1588. [CrossRef]

32. Barrett, P.; Mercer, J.G.; Morgan, P.J. Preclinical models for obesity research. Dis. Models Mech. 2016, 9,
1245–1255. [CrossRef]

https://www.researchdiets.com/formulas/d12450b
https://www.researchdiets.com/formulas/d12450b
http://dx.doi.org/10.1017/S0007114512000839
http://www.ncbi.nlm.nih.gov/pubmed/22916817
http://dx.doi.org/10.3945/jn.108.094557
http://www.ncbi.nlm.nih.gov/pubmed/18936203
http://dx.doi.org/10.1093/jn/123.11.1939
http://www.ncbi.nlm.nih.gov/pubmed/8229312
http://dx.doi.org/10.14814/phy2.13093
http://dx.doi.org/10.1152/ajpheart.1982.243.6.H941
http://dx.doi.org/10.1038/ncomms10166
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1016/j.mimet.2011.06.010
http://dx.doi.org/10.1128/AEM.01906-15
http://dx.doi.org/10.1128/AEM.01477-07
http://dx.doi.org/10.1186/s12866-017-1027-1
http://www.ncbi.nlm.nih.gov/pubmed/28532414
http://dx.doi.org/10.3390/nu8040214
http://www.ncbi.nlm.nih.gov/pubmed/27077880
http://dx.doi.org/10.1186/bcr2615
http://dx.doi.org/10.1007/s00125-016-4041-1
http://www.ncbi.nlm.nih.gov/pubmed/27406814
http://dx.doi.org/10.3791/50242
http://www.ncbi.nlm.nih.gov/pubmed/23524330
http://dx.doi.org/10.1021/ac501530d
http://dx.doi.org/10.1002/hep.29857
http://dx.doi.org/10.1242/dmm.026443


Nutrients 2019, 11, 2780 17 of 17

33. Mitchell, D.C.; Lawrence, F.R.; Hartman, T.J.; Curran, J.M. Consumption of dry beans, peas, and lentils could
improve diet quality in the US population. J. Am. Diet. Assoc. 2009, 109, 909–913. [CrossRef]

34. Katiraei, S.; Hoving, L.R.; van Beek, L.; Mohamedhoesein, S.; Carlotti, F.; van Diepen, J.A.; Rensen, P.C.N.;
Netea, M.G.; Willems van Dijk, K.; Berbee, J.F.P.; et al. BMT decreases HFD-induced weight gain associated
with decreased preadipocyte number and insulin secretion. PLoS ONE 2017, 12, e0175524. [CrossRef]

35. Monk, J.M.; Lepp, D.; Wu, W.; Pauls, K.P.; Robinson, L.E.; Power, K.A. Navy and black bean supplementation
primes the colonic mucosal microenvironment to improve gut health. J. Nutr. Biochem. 2017, 49, 89–100.
[CrossRef] [PubMed]

36. Caesar, R.; Tremaroli, V.; Kovatcheva-Datchary, P.; Cani, P.D.; Backhed, F. Crosstalk between Gut Microbiota
and Dietary Lipids Aggravates WAT Inflammation through TLR Signaling. Cell Metab. 2015, 22, 658–668.
[CrossRef] [PubMed]

37. Wageningen University and Research Centre. Intestinal Bacterium Akkermansia Curbs Obesity. Available
online: https://www.sciencedaily.com/releases/2013/05/130515113744.htm (accessed on 14 September 2019).

38. Dao, M.C.; Everard, A.; Aron-Wisnewsky, J.; Sokolovska, N.; Prifti, E.; Verger, E.O.; Kayser, B.D.; Levenez, F.;
Chilloux, J.; Hoyles, L.; et al. Akkermansia muciniphila and improved metabolic health during a dietary
intervention in obesity: Relationship with gut microbiome richness and ecology. Gut 2016, 65, 426–436.
[CrossRef] [PubMed]

39. Derrien, M.; Belzer, C.; de Vos, W.M. Akkermansia muciniphila and its role in regulating host functions.
Microb. Pathog. 2017, 106, 171–181. [CrossRef]

40. Everard, A.; Belzer, C.; Geurts, L.; Ouwerkerk, J.P.; Druart, C.; Bindels, L.B.; Guiot, Y.; Derrien, M.;
Muccioli, G.G.; Delzenne, N.M.; et al. Cross-talk between Akkermansia muciniphila and intestinal epithelium
controls diet-induced obesity. Proc. Natl. Acad. Sci. USA 2013, 110, 9066–9071. [CrossRef]

41. Van der Lugt, B.; van Beek, A.A.; Aalvink, S.; Meijer, B.; Sovran, B.; Vermeij, W.P.; Brandt, R.M.C.; de
Vos, W.M.; Savelkoul, H.F.J.; Steegenga, W.T.; et al. Akkermansia muciniphila ameliorates the age-related
decline in colonic mucus thickness and attenuates immune activation in accelerated aging Ercc1(-/7) mice.
Immun. Ageing 2019, 16, 6. [CrossRef]

42. Depommier, C.; Everard, A.; Druart, C.; Plovier, H.; Van Hul, M.; Vieira-Silva, S.; Falony, G.; Raes, J.;
Maiter, D.; Delzenne, N.M.; et al. Supplementation with Akkermansia muciniphila in overweight and obese
human volunteers: A proof-of-concept exploratory study. Nat. Med. 2019, 25, 1096–1103. [CrossRef]

43. Monk, J.M.; Lepp, D.; Zhang, C.P.; Wu, W.; Zarepoor, L.; Lu, J.T.; Pauls, K.P.; Tsao, R.; Wood, G.A.;
Robinson, L.E.; et al. Diets enriched with cranberry beans alter the microbiota and mitigate colitis severity
and associated inflammation. J. Nutr. Biochem. 2016, 28, 129–139. [CrossRef]

44. Monk, J.M.; Wu, W.; Hutchinson, A.L.; Pauls, P.; Robinson, L.E.; Power, K.A. Navy and black bean
supplementation attenuates colitis-associated inflammation and colonic epithelial damage. J. Nutr. Biochem.
2018, 56, 215–223. [CrossRef]

45. Monk, J.M.; Zhang, C.P.; Wu, W.; Zarepoor, L.; Lu, J.T.; Liu, R.; Pauls, K.P.; Wood, G.A.; Tsao, R.; Robinson, L.E.;
et al. White and dark kidney beans reduce colonic mucosal damage and inflammation in response to dextran
sodium sulfate. J. Nutr. Biochem. 2015, 26, 752–760. [CrossRef]

46. Farzaneh, V.; Carvalho, I.S. A review of the health benefit potentials of herbal plant infusions and their
mechanism of actions. Ind. Crops Prod. 2015, 65, 247–258. [CrossRef]

47. Daniell, E.L.; Ryan, E.P.; Brick, M.A.; Thompson, H.J. Dietary dry bean effects on hepatic expression of stress
and toxicity-related genes in rats. Br. J. Nutr. 2012, 108 (Suppl. 1), S37–S45. [CrossRef] [PubMed]

48. Arouca, A.; Michels, N.; Moreno, L.A.; Gonzalez-Gil, E.M.; Marcos, A.; Gomez, S.; Diaz, L.E.; Widhalm, K.;
Molnar, D.; Manios, Y.; et al. Associations between a Mediterranean diet pattern and inflammatory biomarkers
in European adolescents. Eur. J. Nutr. 2018, 57, 1747–1760. [CrossRef] [PubMed]

49. Cinti, S. UCP1 protein: The molecular hub of adipose organ plasticity. Biochimie 2017, 134, 71–76. [CrossRef]
50. Bachmanov, A.A.; Reed, D.R.; Tordoff, M.G.; Price, R.A.; Beauchamp, G.K. Nutrient preference and

diet-induced adiposity in C57BL/6ByJ and 129P3/J mice. Physiol. Behav. 2001, 72, 603–613. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jada.2009.02.029
http://dx.doi.org/10.1371/journal.pone.0175524
http://dx.doi.org/10.1016/j.jnutbio.2017.08.002
http://www.ncbi.nlm.nih.gov/pubmed/28915390
http://dx.doi.org/10.1016/j.cmet.2015.07.026
http://www.ncbi.nlm.nih.gov/pubmed/26321659
https://www.sciencedaily.com/releases/2013/05/130515113744.htm
http://dx.doi.org/10.1136/gutjnl-2014-308778
http://www.ncbi.nlm.nih.gov/pubmed/26100928
http://dx.doi.org/10.1016/j.micpath.2016.02.005
http://dx.doi.org/10.1073/pnas.1219451110
http://dx.doi.org/10.1186/s12979-019-0145-z
http://dx.doi.org/10.1038/s41591-019-0495-2
http://dx.doi.org/10.1016/j.jnutbio.2015.10.014
http://dx.doi.org/10.1016/j.jnutbio.2018.02.013
http://dx.doi.org/10.1016/j.jnutbio.2015.02.003
http://dx.doi.org/10.1016/j.indcrop.2014.10.057
http://dx.doi.org/10.1017/S0007114512000815
http://www.ncbi.nlm.nih.gov/pubmed/22916814
http://dx.doi.org/10.1007/s00394-017-1457-4
http://www.ncbi.nlm.nih.gov/pubmed/28421282
http://dx.doi.org/10.1016/j.biochi.2016.09.008
http://dx.doi.org/10.1016/s0031-9384(01)00412-7
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Experimental Animals 
	Experimental Diets 
	Experimental Design 
	Experiment 1 
	Experiment 2 

	Necropsy 
	RNA Transcript Expression 
	Bacterial Quantification by qPCR 
	Histology 
	Histology and Image Acquisition 
	Morphometric Analysis 

	Bile Acid Analyses 
	Sample Preparation 
	LC–MS 
	Metabolite Data Processing 

	Statistical Analyses 

	Results 
	Effect of ad Libitum Feeding of White Kidney Bean in Male and Female B6 Mice 
	Effect of Bean Consumption in an Unselected Population of B6 Mice 

	Effect of Bean Energy Balance Using a Paired Feeding Experimental Design 
	Energy Balance 
	Body Composition 
	Evaluation of the Intestinal Tract 

	Structural and Functional Assessments 
	Morphometric Analyses 
	Bile Acid and FXR Signaling 


	Discussion 
	Conclusions 
	References

