Original Research Communications

Whole-grain wheat consumption reduces inflammation in a randomized
controlled trial on overweight and obese subjects with unhealthy
dietary and lifestyle behaviors: role of polyphenols bound to cereal

dietary fiber'™

Paola Vitaglione, Ilario Mennella, Rosalia Ferracane, Angela A Rivellese, Rosalba Giacco, Danilo Ercolini,
Sean M Gibbons, Antonietta La Storia, Jack A Gilbert, Satya Jonnalagadda, Frank Thielecke, Maria A Gallo,

Luca Scalfi, and Vincenzo Fogliano

ABSTRACT

Background: Epidemiology associates whole-grain (WG) consump-
tion with several health benefits. Mounting evidence suggests that WG
wheat polyphenols play a role in mechanisms underlying health benefits.
Objective: The objective was to assess circulating concentration,
excretion, and the physiologic role of WG wheat polyphenols in
subjects with suboptimal dietary and lifestyle behaviors.

Design: A placebo-controlled, parallel-group randomized trial with
80 healthy overweight/obese subjects with low intake of fruit and
vegetables and sedentary lifestyle was performed. Participants re-
placed precise portions of refined wheat (RW) with a fixed amount
of selected WG wheat or RW products for 8 wk. At baseline and every
4 wk, blood, urine, feces, and anthropometric and body composition
measures were collected. Profiles of phenolic acids in biological sam-
ples, plasma markers of metabolic disease and inflammation, and fecal
microbiota composition were assessed.

Results: WG consumption for 4-8 wk determined a 4-fold increase
in serum dihydroferulic acid (DHFA) and a 2-fold increase in fecal
ferulic acid (FA) compared with RW consumption (no changes).
Similarly, urinary FA at 8 wk doubled the baseline concentration only
in WG subjects. Concomitant reduction in plasma tumor necrosis
factor-a (TNF-«) after 8 wk and increased interleukin (IL)-10 only
after 4 wk with WG compared with RW (P = 0.04) were observed.
No significant change in plasma metabolic disease markers over the
study period was observed, but a trend toward lower plasma plasmin-
ogen activator inhibitor 1 with higher excretion of FA and DHFA in
the WG group was found. Fecal FA was associated with baseline low
Bifidobacteriales and Bacteroidetes abundances, whereas after WG
consumption, it correlated with increased Bacteroidetes and Firmicutes
but reduced Clostridium. TNF-a reduction correlated with increased
Bacteroides and Lactobacillus. No effect of dietary interventions on
anthropometric measurements and body composition was found.
Conclusions: WG wheat consumption significantly increased ex-
creted FA and circulating DHFA. Bacterial communities influenced
fecal FA and were modified by WG wheat consumption. This trial
was registered at clinicaltrials.gov as NCT01293175. Am J
Clin Nutr 2015;101:251-61.
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INTRODUCTION

Epidemiologic evidence indicates that whole-grain (WG)®
consumption substantially lowers the risk of chronic diseases,
such as cardiovascular disease, diabetes, and cancer, and plays
a role in body weight management and digestive health. Dietary
guidelines worldwide recommended increasing WG consump-
tion by replacing refined grains (1, 2).

Recently, some doubts on the epidemiologic links between WG
consumption and disease prevention arose (3), and intervention
studies about subclinical inflammation and body weight showed
discrepant findings (4, 5). However, convincing evidence to
support beneficial effects of WG intake on vascular disease pre-
vention was provided (6).

There is still a knowledge gap on the mechanisms un-
derpinning WG health benefits. It is known that WG physical
structures help in reducing glucose and lipid absorption,
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dietary fiber can contribute to improve several gut functions, and
many bran and germ phytochemicals may exert antioxidant and
anti-inflammatory properties (7, 8). The bifidogenic effect of
WG found in some studies suggested a role of the microbiota in
triggering amelioration of gut and systemic inflammation,
explaining some of the metabolic benefits attributed to WG
consumption (9-15). The interplay between microbiota and the
polyphenols bound to WG fiber might explain some of WG
health benefits (16). WGs are a rich source of phenolic com-
pounds, mainly hydroxycinnamic acids (17-20), with ferulic
acid (FA) being the most abundant. The FA concentration
varies depending on cereal variety and milling procedure (21),
and in WG wheat, it ranges from 4.5 to 1270 mg/kg (22). From
the chemical point of view, FA and 95% of the grain phenolic
compounds are covalently bound to arabinoxylan chains of cell
wall polysaccharides through ester bonds (23). WG fiber can
deliver phenolic compounds into the lower gut, and the slow
and continuous release of FA by the action of gut microbiota
metabolism may increase circulating FA and its metabolites,
thus providing an amelioration of subclinical inflammation and
the long-term benefits associated with WG consumption (16).

However, to our knowledge, no intervention study has been
performed to determine the bioavailability of WG polyphenols
and to ascertain their role in preventing chronic disease over long-
term consumption.

Here, an 8-wk double-arm randomized controlled trial in 80
healthy overweight/obese subjects sharing suboptimal dietary
and lifestyle behaviors was performed by daily replacing exact
amounts of specific refined wheat products with a WG wheat
product (WG group) or selected refined wheat products (control
group). The metabolic profiles of phenolic acids in blood, urine,
and feces were obtained, and the concomitant change in fecal
microbiota composition and obesity-related inflammation and
chronic disease risk were determined.

SUBJECTS AND METHODS

Food products

A 100% WG wheat product was used in this study (Shredded
Wheat; Cereal Partners Worldwide). It was selected among
several commercial products for its WG wheat content (100%
WG) and for the amount of polyphenols bound to dietary fiber.
Two refined wheat products were selected from the market to
guarantee a nutritionally well-balanced placebo for the WG
product [“Magretti” crackers (Galbusera) and “Mulino Bianco”
toasted sliced breads (Barilla)].

Subjects

Recruitment was performed at the Department of Agricultural
and Food Science of the University of Naples, Naples, Italy.
Subjects were recruited into the study by public announcements
in a local newspaper, through social networks, and among stu-
dents and staff of the department. The selection was carried out
by interview on health status and dietary and behavioral lifestyle
factors, collection of anthropometric data, and a 7-d food diary
recall. The following were eligible to participate: men and
women aged >18 y with a BMI (in kg/m?) 25-35; a habitual
diet characterized by the absence of WG cereals and cereal

bran—containing products, probiotics, vitamins/minerals sup-
plements, or complementary and alternative medicines; intake
of fruit and vegetables =3 servings/d (300 g/d); and a low level
of physical activity (total physical activity <500 metabolic
equivalent min/wk).

Subjects having any type of disease (functional or metabolic
disease, including hyperlipidemia, diabetes, and metabolic syn-
drome) or food allergy, dieting or under a controlled dietary reg-
imen over the previous 3 months, receiving any type of drug therapy
or using drugs over the previous 3 months, participating in other
trials, or who were pregnant or lactating were excluded.

Eligible subjects who agreed to participate entered into the
study by signing a written informed consent.

Study design

This 8-wk placebo-controlled randomized controlled trial had
a double-arm parallel design. Once enrolled by the study nu-
tritionist and physician, subjects were randomly assigned by the
dietitian to the WG or the control group on the basis of a ran-
domization sequence that was previously generated by the
statistician with the use of a computer-generated permuted blocks
(n = 5) randomization scheme.

The dietary intervention was tailored for each subject and
consisted of isocaloric replacement of a specific amount of some
refined wheat products (mainly bread, pasta, or sliced toasted
bread) habitually consumed by subjects with the selected food
products. For 8 wk, WG subjects included in their diet 70 g/d
(3 biscuits/d) of WG product, whereas control subjects included
1 package (33 g) of crackers and 3 slices of toasted bread (~27 g).
In addition, all subjects were instructed to consume the same
amount of seasonings they usually ate (if any) with the re-
placed foods to maintain an unchanged overall nutritional
composition of their diets, as well as consume the same amount
of fruit and vegetables and maintain the same level of physical
activity.

The nutritional composition and the phenolic acid content
(including total, free, and bound to dietary fiber amount of each
compound) of WG and refined wheat portions consumed daily by
volunteers are reported in Table 1.

Study protocol

The study protocol, approved by the Ethics Committee of the
University of Naples, is illustrated in Figure 1. Food products
were supplied at baseline and after 4 wk at the Department of
Agricultural and Food Science of the University of Naples.
Compliance with the dietary treatments was assessed every
2 wk by self-recorded 4-d (3 working days and 1 weekend day)
food diaries and also every 4 wk by weighing the uneaten foods
returned by subjects; moreover, phone call interviews at 2 and
6 wk were done by an expert dietitian to monitor compliance
with the protocol, and physical activity level was assessed by
the International Physical Activity Questionnaire (24). At
baseline and every 4 wk of treatment, fasting participants re-
turned to the laboratory to provide blood and urine samples, as
well as anthropometric and body composition data. During
those occasions, they also delivered a fecal sample (collected
the day before and stored at —20°C until arrival) and food
diaries filled at weeks 2—-4 or 6-8. Biological samples were
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TABLE 1

Nutritional composition and phenolic acid profile of a daily portion of WG
wheat (70 g) and refined wheat products (60 g, cumulative of 2 products)
consumed in this study by WG and control subjects, respectively’

Characteristic WG wheat product  Refined wheat products
Proteins, g 7.8 6.5
Carbohydrates, g 45.8 45.7
Sugars 0.6 1.2
Fats, g 1.7 2.2
Saturated 0.3 0.3
Dietary fiber, g 8.0 22
Energy, kcal, kJ 229.5, 960.2 222.4, 930.5
Phenolic compounds, mg
Ferulic acid (total) 96.7 2.6
Free 0.3 2.6
Bound 96.4 —
Sinapic acid (total) 26.5 —
Free 0.2 —
Bound 26.3 —
Coumaric acid (total) 9.4 —
Free Traces —
Bound 9.4 —
Gallic acid (total) 1.9 —
Free 0.1 —
Bound 1.8 —
Syringic acid (total) 1.8 Traces
Free 0.3 Traces
Bound 1.5 —
Vanillic acid (total) 1.6 Traces
Free 0.2 Traces
Bound 14 —
Salycilic acid (total) 0.5 —
Free 0.1 —
Bound 0.4 —
Caffeic acid (total) 0.3 —
Free Traces —
Bound 0.3 —
Total phenolics 138.7 2.6
Free 1.2 2.6
Bound 137.5 —

IWG, whole grain.

collected, treated, and analyzed as required for the specific
procedures by personnel, who were blinded to the assignment
of interventions.

Determination of phenolic compounds in serum, urine,
and feces

Blood samples were collected in serum tubes for gel separation
and immediately centrifuged at 2600 X g for 10 min at 4°C. Urine
samples were immediately treated with 0.005% of butylated hy-
droxytoluene. Feces were diluted in a 1:10 (wt:vol) ratio in
phosphate-buffered saline (10 mmol/L) containing 0.005% of
butylated hydroxytoluene, vortexed, and centrifuged at 2600 X g
for 15 min at 4°C. Serum, urine, and fecal supernatants were
stored at —40°C before analysis.

Phenolic compounds were extracted and analyzed by HPLC—
tandem mass spectrometry (MS/MS) as described recently (25).
Briefly, 500 wLL serum and 1.5 mL urine and fecal suspensions
were extracted by ethyl acetate (1.5 mL X 2 or X 3 times, re-
spectively); supernatants were dried under nitrogen flow and
dissolved in 50 wL methanol/water (70:30); 30 wL was injected
into the HPLC-MS/MS system.

An HPLC system consisting of 2 micropumps (PerkinElmer
Series 200), coupled with an API 3000 Triple Quadrupole mass
spectrometer (Applied Biosystem Sciex), was used, and elution
was achieved with a Phenomenex Luna 3u C18 (2) 100-A (50 X
2.00 mm) column by using water/acetonitrile/formic acid
[94.9:5:0.1 (by volume)] and acetonitrile/formic acid [99.9:0.1
(vol:vol)] as mobile phases, a flow rate of 200 wL/min, and
a linear gradient. Phenolic acids were detected and quantified
through electrospray ionization MS/MS analysis (negative mode
ionization, multiple-reaction monitoring mode tracking) by using
the MS parameters and specific calibration curves [for method
details, see Vitaglione et al. (25)].

To normalize the excretion rate of urinary phenolic com-
pounds, we stored 1-mL aliquots of urine at —40°C and measured
urinary creatinine concentration by an automated system based
on the buffered Jaffe reaction and analyzed by the COBAS In-
tegra (Roche Diagnostic Ltd.).

Determination of markers of metabolic and inflammatory
disease in plasma

Metabolic disease intermediate markers were determined
in duplicate in 12.5 uL plasma by using the Bio-Plex Pro
human diabetes immunoassays multiplex kit (Bio-Rad) and
Luminex Technology (Bio-Plex; Bio-Rad), according to the

WG group = 70 g WG wheat/d

CTR group < 60 g refined wheat products/d
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FIGURE 1 Schematic outline of the study protocol. CTR, control; IPAQ, International Physical Activity Questionnaire; WG, whole grain.
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manufacturer’s instructions. Blood samples were collected into
EDTA-coated tubes and were immediately added with protease
inhibitors, such as dipeptidylpeptidase IV inhibitor (Millipore)
and phenylmethanesulfonyl fluoride (Sigma). They were centri-
fuged at 2400 X g per 10 min at 4°C, and the supernatants were
stored at —40°C before analysis.

The Bio-Plex Pro immunoassay kits allowed the simultaneous
quantification of the following biomarkers: C-peptide, ghrelin,
glucose-dependent insulinotropic peptide, glucagon-like peptide
1, glucagon, insulin, leptin, plasminogen activator inhibitor 1
(PAI-1), resistin, visfatin, adiponectin and adipsin, IL-6, IL-10,
and TNF-«a. The sensitivity levels of the assay (in pg/mL) cor-
respond to the following: C-peptide, 14.3; ghrelin, 1.2; glucose-
dependent insulinotropic peptide (total), 0.8; glucagon-like
peptide 1 (active), 5.3; glucagon, 4.8; insulin, 1; leptin, 3.1; PAI-1,
2.2; resistin, 1.3; and visfatin, 37.1.

The interassay variation (% CV) was 4%, and the intra-assay
variation (% CV) was 5%.

Glycemia

Glycemia was measured immediately before the blood draw by
finger pricking and using a bedside glucometer (OneTouch Sure
Step; Life Scan Inc.). Accuracy of the glucometer was evaluated
by the manufacturer by using least squares linear regression
analysis and found to be 97% “clinically accurate” compared
with reference (YSI2700) results.

Determination of plasma lipids

Cholesterol and triglycerides were assayed on plasma and
HDL by enzymatic colorimetric methods (ABX Diagnostics,
Roche Molecular Biochemicals, and Wako Chemicals GmbH) on
a Cobas Mira autoanalyzer (ABX Diagnostics). HDL was iso-
lated from plasma by a precipitation method with a sodium
phosphotungstate and magnesium chloride solution.

Determination of the fecal microbiota by 16S rRNA gene
sequencing and data analysis

Microbial DNA extraction was carried out by using the PowerSoil
DNA isolation kit (MoBIO Laboratories Inc.) with 250 mg fecal
samples collected at baseline and at the end of intervention (8 wk).
The V4 region of the 16S rRNA gene (515F-806R) was amplified by
using the Earth Microbiome Project barcoded primer set. PCR
conditions and library preparation were as described previously (26,
27). Sequencing was carried out by using the Illumina MiSeq
platform (Argonne Core Sequencing Facility).

Sequence data processing and analyses were performed with
scripts from the Quantitative Insights into Microbial Ecology
(QIIME) software package, version 1.5.0 (28), by using default
parameters. Raw sequence files were quality filtered and
demultiplexed with the split_libraries_fastq.py script in QIIME,
with default settings (28). After demultiplexing, 1,615,683 se-
quences remained. The pick subsampled reference otus, through
the otu table.py script, was used to generate 97% operational
taxonomic unit (OTU) clusters (open reference OTU picking), an
OTU table (singletons removed), a representative sequence file
(based on cluster centroids), an alignment of the representative
sequences, and a phylogenetic tree based on the alignment.
Sequence alignments were carried out by using PyNAST (28).

The above OTU picking workflow has been renamed pick_
open_reference_otus.py in the latest version of QIIME (version
1.8.0). The February 4, 2011, release of Greengenes was used as
the reference database for OTU picking (29). In the final OTU
table, there were 22,019 nonsingleton OTUs, and the number of
sequences per sample varied from 3743 to 55,750 (median of
16,018, excluding 3 samples that failed to sequence properly).
Therefore, all samples were rarified to 3740 sequences per
sample before downstream analyses. Statistical tests were run
by using the otu_category_significance.py (ANOVA) and
compare_categories.py (ADONIS, ANOSIM, and MRPP)
scripts in QIIME, as previously reported (27). Weighted and
unweighted UniFrac (30) distance matrices were used for
constructing principal coordinate analysis plots.

Determination of anthropometric measurements and
body composition

All measurements were performed by the same operator
following standard procedures.

Height of subjects was measured during the selection phase to
the nearest 0.5 cm with a stadiometer (Model 213; Seca). Weight
was measured, after voiding, with subjects wearing light clothing
to the nearest 0.1 kg on a digital scale (Model 703; Seca).

Waist circumference was measured on undressed subjects at
the midpoint between the lower margin of the last palpable rib
and the top of the iliac crest. Hip circumference was measured
around the widest portion of the buttocks, with the tape parallel to
the floor.

Body composition was determined by conventional bio-
electrical impedance analysis with a single-frequency 50-kHz
bioelectrical impedance analyzer (BIA 101 RJL; Akern
Bioresearch) in the postabsorptive state, at an ambient temper-
ature of 22-24°C, after voiding and after being in the supine
position for 20 min.

Body composition was calculated from bioelectrical mea-
surements and anthropometric data by applying the software
provided by the manufacturer by using validated predictive
equations for total body water, fat mass, and fat-free mass.

Statistical analysis

The sample size needed to detect an effect of WG treatment on
primary outcome (FA bioavailability) and secondary outcome
(metabolic and inflammatory markers) was defined on the basis
of previous studies. From post hoc analysis of data collected by
Costabile et al. (9), we calculated that 25 participants in each
treatment group would give sufficient power (a error of 0.05,
80% power, and 2-sided testing) to detect a 50% change in
plasma FA. In addition, considering an « error of 0.05, a power
of 0.80, and 2-sided testing, we estimated that a sample size of
28 participants would be adequate to detect a 10% change in
fasting total cholesterol by using variation in accordance with
other studies (31-33) and to detect a 30% change of circulating
IL-6 by using variation in accordance with Martinez et al. (12).
We calculated that 30 participants would be adequate to detect
a 15% change in fasting TNF-«a by using variation in accordance
with Katcher et al. (32) and Price et al. (34). The participant
number was increased to 40 per group because of possible
dropouts.
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All values are reported as means * SEMs. Kolmogorov-
Smirnov and Shapiro tests were used to evaluate the normality
of distribution of all monitored variables, and logarithmic
transformation was applied to nonnormally distributed data.
Differences of variables between baseline and over time within
and between interventions were tested by 2-factor ANOVA with
repeated measures on one factor in combination with Tukey post
hoc tests; P < 0.05 was considered statistically significant.
Pearson correlation coefficients were calculated to assess bi-
variate associations between data sets (P < 0.05 was considered
significant).

Statistical analyses were performed by using Statistical
Package for Social Sciences (version 16.0; SPSS Inc.). The
microbiota composition and the relative statistical associations
were determined by using specific scripts from the QIIME
software (28), as described above.

RESULTS

Compliance with the treatment

The study recruitment and follow-up started in January 2011
and March 2011, respectively, and the study was completed in
May 2013. No adverse events were identified in WG and control
groups over the study period. Twelve subjects (4 from the WG
and 8 from the control groups) dropped out of the study during the
second and third weeks for personal reasons unrelated to the
intervention. The reasons included the need for taking antibiotics
for 3 subjects and particular personal and familial events that
voluntarily and involuntarily constricted volunteers to change
their dietary habits and behavior, such as change/loss of job for 4
subjects, mourning for 2 subjects, and health conditions of
parents/son for 3 subjects. Sixty-eight subjects (36 in the WG
group and 32 in the control group) completed the study and were
included in the analyses (Figure 2). Their general characteristics
are reported in Table 2.

255

The analysis of food diaries and the weight of foods returned
by subjects over the study period showed a good compliance of
subjects to the treatments (Supplemental Table 1). No signifi-
cant difference between groups in energy intake and macronu-
trient composition of diets over time was found (Table 3). WG
wheat consumption resulted in a significant increase in total
dietary fiber in WG subjects at 4 and 8 wk compared with
baseline and with control subjects. Over the study period, WG
subjects consumed 61 = 1.5 g/d (~2.5 biscuits) of WG product
(out of the assigned 70 g, 3 biscuits). This WG wheat provided
~7.1 g/d of cereal dietary fiber, which well matched the in-
creased intake of total dietary fiber in this group. No differences
in dietary fiber from any other source except WG or refined
wheat products were found over the study period (Figure 3).

Anthropometric data, body composition, glycemia, and
plasma lipids

No significant variations in anthropometric data, body com-
position, plasma lipids, and glycemia were found over the study
period within and between groups (Supplemental Table 2).

Phenolic acids in serum, urine, and feces

Supplemental Table 3 reports concentrations of phenolic
acids retrieved in biological samples monitored over the study
period. As expected, a greater number of phenolic acid com-
pounds were detected in urine and feces than in serum samples
(13 and 14 compared with 6, respectively). No significant dif-
ference was found among baseline concentrations of single and
total phenolic acids in biological samples from WG and control
subjects. As expected, no significant variation over the study
period for any of the monitored compounds was found in control
subjects. On the contrary, WG consumption resulted in a sig-
nificant 4.2- and 5-fold increase in serum dihydroferulic acid
(DHFA) concentration, as well as a 1.3- and 0.8-fold increase in

Enrollment

l Assessed for eligibility (n=180) ]

Excluded (n=100)

* Not meeting inclusion criteria (n=92)
e Declined to participate (n=8)

e Other reasons (n=0)

Randomly assigned (i X(J)|

!

l Allocation | l

Allocated to intervention (n=40)

* Received allocated intervention (n=40)

¢ Did not receive allocated intervention (n=0)

) T l

Allocated to intervention (n=40)

* Received allocated intervention (n=40)

* Did not receive allocated intervention (n=0)

Lost to follow-up (personal reasons) (n=4)

Discontinued intervention (n=4)

Analyzed (n=36)

* Excluded from analysis (dropout) (n=4)

y Analysis | v

Lost to follow-up (personal reasons) (n=8)

Discontinued intervention (n=8)

Analyzed (n=32)

* Excluded from analysis (dropout) (n=8)

FIGURE 2 Participant flow over the study period.
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TABLE 2
General characteristics of participants at baseline’
WG (n = 36) CTR (n = 32)

Characteristic Mean = SEM Range Mean = SEM Range
Subjects, n 36 32
Sex, M/F, n 11725 12/20
Age, y 40 £ 2 19-67 372 21-62
BMI, kg/m? 30.0 = 0.5 25.0-34.9 29.5 £ 04 25.6-34.9
Total cholesterol, mg/dL 176.8 = 5.6 116-195 179.7 £ 438 112-190
HDL cholesterol, mg/dL 495 £ 24 24-79 489 £ 1.9 32-74
Triglycerides, mg/dL 95.2 £ 8.2 43-145 87.6 = 59 51-144
Glycemia, mg/dL 93.9 = 2.1 56-121 959 * 1.7 72-114
Waist circumference, cm 100.0 £ 1.9 76-119 98.6 = 2.2 75-125
Hip circumference, cm 110.5 £ 1.0 99-125 108.5 = 1.1 96-126
Fat-free mass, % 632 1.2 54-75 61.3 = 2.8 28.3-73
Fat mass, % 36.8 = 1.2 25-46 333 £ 1.6 18.8-43
Total PA, MET min/wk 287.5 £ 17.3 220-357 317.5 £ 15.0 260-375

"There were no statistical differences between the groups at baseline. CTR, control group; MET, metabolic equivalent;
PA, physical activity; WG, whole-grain group.

fecal FA concentration, after 4 and 8 wk, respectively, and a 0.8-
fold increase in FA urinary excretion after 8 wk compared with
baseline within and between groups (Figure 4). In the WG
group, a trend of increased urinary DHFA after 4 wk (P = 0.08)
and 8 wk (P = 0.09) compared with baseline and also with the
control group (P = 0.06) after 8 wk was observed.

In WG subjects (but not in control subjects), FA serum con-
centrations at 4 and 8 wk significantly correlated with serum
DHEFA (Pearson; r=0.734, P < 0.001,n=36and r=0.684, P <
0.001, n = 36), whereas urinary FA correlated with fecal (r =
0.331, P = 0.004, n = 36 and r = 0.431, P = 0.002, n = 36) and
urinary (r = 0.231, P = 0.002, n = 36 and r = 0.411, P = 0.001,

n = 36) DHFA, interestingly, in subjects experiencing increased
urinary FA, a positive variation of fecal FA also was found (r =
0.618, P = 0.032, n = 29) after an 8-wk intervention.

Metabolic disease and inflammatory markers in plasma

No difference at baseline and no variation over the study period
were found for diabetes and obesity markers within and between
groups (Supplemental Table 4). Plasma concentrations of in-
flammatory status markers (Table 4) were similar at baseline for
both groups. However, significant modifications over the study
period were found between groups and within the WG group. In

TABLE 3
Energy intake and macronutrient composition of individual diets over the study period’

WG (n = 36) CTR (n = 32)
Characteristic 0 wk 4 wk 8 wk 0 wk 4 wk 8 wk

Energy, kcal

1600.4 = 95.4 1622.3 = 87.8 1553.7 £ 78.7 1615.6 = 87.5 1570.7 = 69.4 1561.5 = 85.6

Carbohydrates
Total, g 198.0 = 13.1 1952 = 10.1
Dietary fiber, g 156 +12 192>+ 1.0
% Energy 475 £ 1.0 46.0 = 1.3
Proteins
g 66.3 = 3.9 71.0 = 3.7
% Energy 16.8 = 0.4 17.8 £ 0.5
Fats
Total, g 60.0 + 3.7 62.7 + 44
Saturated, g 228 £ 2.5 257 £33
Monounsaturated, g 25.7 £ 1.7 259 £ 18
Polyunsaturated, g 123 £ 1.6 10.2 £ 1.1
Total, % energy 340 = 09 344 =09
Alcohol
g 47 * 1.8 50+ 14
% Energy 1.7 £ 0.6 1.8 £05

1894 + 10.0 1869 + 11.3 1832 = 102 181.0 = 11.0
19.52 = 0.9 142 * 1.0 13.9 = 0.9 124 = 0.9
462 * 1.1 45.0 = 1.4 447 *+ 14 449 = 1.2
702 = 32 69.5 = 5.0 69.4 = 3.6 69.1 = 42
185+ 0.5 17.0 = 0.6 17.9 = 0.7 177 =05
584 * 3.7 653 * 4.1 61.1 =34 61.9 * 4.1
242 * 30 23.1 =32 21.6 =23 225*24
237 * 1.7 289 * 1.9 262 * 1.5 263 * 1.9
97 * 12 125+ 1.8 107 *= 1.1 9.8 = 1.1
33.5 + 0.8 362 + 1.2 35.1 + 1.1 358 £ 1.2
47 + 1.7 41x12 52+ 18 37+15
1.8 + 0.6 1.8 + 0.6 23+09 1.6 + 0.7

'All values are means = SEMs. No significant differences were present between the groups at baseline. CTR, control

group; WG, whole-grain group.

From ANOVA and Tukey post hoc test: P < 0.05 for the difference between a given week and baseline values within
treatments and for the difference between treatments at a given week.
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FIGURE 3 Mean (=SEM) daily intakes of DF, total and from each dietary source, over the study period in WG (n = 36) and CTR (n = 32) groups. From
ANOVA and Tukey post hoc test: *P < 0.05 for the difference between a given week and baseline values within treatments; *P < 0.05 for the difference
between treatments at a given week. CTR, control; DF, dietary fiber; WG, whole grain.

the WG group, there was a significant reduction in inflammatory
TNF-« after 8 wk compared with baseline and the control group,
as well as a significant increase in anti-inflammatory IL-10 after
4 wk compared with baseline and the control group but not
compared with 8-wk data in either group. Moreover, a trend of
reduction in IL-6 at 8 wk compared with 4 wk in the WG group
compared with the control group was found (P = 0.06).

The urinary excretion of FA and DHFA over WG treatment
(after 4 and 8 wk of intervention) tended to be negatively cor-
related with plasma PAI-1 concentrations (Pearson; r = —0.264,
P=0.075,n=36and r = —0.341, P = 0.061, n = 36 for FA; r =
—0.271, P=0.071, n =36 and r = —0.302, P = 0.059, n = 36 for
DHFA).

Microbiota composition: effect of dietary treatments and
impact on circulating and excreted FA and inflammatory/
metabolic markers

Microbial community data were analyzed by comparing OTU
composition between subjects, with treatment group, age, and sex
as independent variables. Data showed that fecal microbial
community structure was significantly different between men and
women (P < 0.05), whereas no significant variation was found
in relation to dietary treatments or age. Weighted and un-
weighted UniFrac phylogenetic metrics (measures of overall
community composition) clearly showed that the microbial
community structure of WG and control subjects was not sig-
nificantly different; in fact, the different categories of individuals

did not form discrete clusters in the principal coordinate analysis
plot, suggesting the overall microbiota to be similar (Figure 5).
In addition, no difference was observed between WG subjects at
time zero and after the treatment (Figure 5). However, individual
bacterial taxa showed significant variation in relative abundance
in relation to diet and sex. Specifically, Prevotella significantly
increased from 1.8% to 3.5%, whereas other taxa were signifi-
cantly reduced in WG subjects (P < 0.05), including Dialister
(from 2.5% to 0.6%), Bifidobacterium (from 6.6% to 5.3%),
Blautia (from 9.7% to 6.7%), and Collinsella (from 1.8% to
0.9%).

Pearson correlations were used to evaluate the potential in-
terplay between baseline microbiota composition and circulating
FA, as well as that between fecal FA and microbiota over WG
treatment. Results showed that in WG subjects, a lower baseline
relative abundance of Bifidobacteriales (Actinobacteria) of 5.0%
(r=—0.74, P = 0.014, n = 34) and Bacteroidetes of 9.6% (r =
—0.66, P = 0.02, n = 29) was associated with an increased re-
lease of FA in the gut and urinary excretion, respectively. After
the WG treatment, fecal FA was associated with an increase in
the relative abundances of Bacteroidetes from 9.6% to 14.5%
(r=0.76, P =0.01, n = 34) and Firmicutes from 75.3% to 79.7%
(r=0.64, P =0.04, n = 34), whereas a reduction of Clostridium
from 3.1% to 1.6% (r = —0.72, P = 0.02, n = 34) was registered.

No significant correlation was found between any OTU at
baseline and specific variation of any metabolic or inflammatory
marker in both treatment groups. Interestingly, the reduction
of TNF-a after 8 wk of WG consumption correlated with an
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FIGURE 4 Mean (=SEM) concentrations of FA and DHFA in serum
(A), urine (B), and feces (C) over the study period in the WG (n = 36) and
CTR (n = 32) groups. From ANOVA showing a significant (P < 0.05)
treatment X time interaction and Tukey post hoc test on serum DHFA
and urinary and fecal FA concentrations: *P < 0.05 for the difference
between a given week and baseline values within treatments; P < 0.05
for the difference between treatments at a given week. CTR, control;
DHFA, dihydroferulic acid; FA, ferulic acid; WG, whole grain.

increased abundance of fecal Bacteroides from 9.9% to 14.7%
(r=—0.637, P = 0.002, n = 31) and Lactobacillus from 0.03%
to 0.12% (r = —0.572, P = 0.021, n = 31).

DISCUSSION

In this study, the phenolic profile of serum, urine, and feces on
WG wheat consumption; their effect on metabolic and in-
flammatory parameters; and the correlations with changes in the
fecal microbiota were assessed. Overweight/obese subjects with
suboptimal lifestyle factors (such as limited fruit and vegetable
intake and low physical activity) were considered in this study
because they were suitable subjects to verify /) the distribution of
WG polyphenols among the main biological fluids by reducing
the interference of other major dietary sources of polyphenols
(35), 2) the hypothesis that WG polyphenols might prevent the
development of some pathophysiologic pathways that are possi-

bly unbalanced in these subjects (although they were still healthy)
(16), and 3) the interplay among circulating and excreted WG
polyphenols, gut microbial community composition, and health
benefits possibly induced by WG wheat consumption in a pop-
ulation at risk for developing chronic diseases (14, 36—40).

Biochemical data showed that among 15 phenolic acids
monitored in serum, urine, and feces, an 8-wk consumption of
WG resulted in a significant increase in urinary and fecal FA and
serum DHFA concentrations. The observation that FA concen-
tration can increase in the blood on WG wheat consumption was
conceptually in agreement with a previous study conducted in
healthy normal-weight subjects (9), whereas in a recent study in
overweight healthy subjects, a 4 wk-consumption of bread and
cereals enriched with an aleurone fraction failed to increase
serum FA (34). Interestingly, in the present study, WG con-
sumption also significantly increased serum DHFA concentra-
tion, which is positively correlated with serum FA, whereas
excreted DHFA correlated with urinary FA. DHFA is a well-
known microbial metabolite derived from FA and chlorogenic
acid, absorbable through the colon and retrievable in serum and
urine (14, 41-46). In this study, WG wheat represented the
unique dietary source of FA (~97 mg/d), differentiating the WG
from the control group, and therefore these findings indicated
that FA can be absorbed from WG wheat, is released in the gut,
and is mainly converted to DHFA by microbiota.

Moreover, the study of gut microbial communities showed that
FA was mostly retrieved in the blood and excreted in urine in
subjects harboring a low relative abundance of Bacteroidetes
(phylum) and Bifidobacteriales (order) at baseline. After 8 wk,
these subjects experienced an increase of Bacteroidetes and total
Firmicutes, although within Firmicutes, a reduction of Clos-
tridium relative abundance took place.

Previous in vitro studies showed that the release of FA in the
colon might be associated with wheat bran polysaccharide fer-
mentation and sustained by the action of bacterial extracellular
xylanase and FA esterase (47, 48). These enzymes are mainly
synthetized by bacterial species belonging to the genera Lacto-
bacillus and Roseburia (Firmicutes), Bifidobacterium (Actino-
bacteria), and Bacteroides and Prevotella (Bacteroidetes) in the
presence of arabinoxylans with esterified FA (49-53). Thus, it
can be hypothesized that in overweight/obese subjects who
showed a low abundance of Bacteroidetes and Bifidobacteriales,
Firmicutes were mainly responsible for the fermentation of WG
polysaccharides and the released FA once WG wheat was in-
troduced in the diets.

The contemporary observation of an increase in the relative
abundance of Prevotella and a significant positive correlation
between fecal FA and the abundance of the whole Bacteroidetes
(although not Prevotella alone) in WG subjects suggests that
Bacteroides may also have a role in intestinal release of WG FA.
These findings are in agreement with Lappi and coworkers (13),
who found a trend toward reduced Bacteroides and Prevotella and
increased Clostridium in Finnish subjects with metabolic syn-
drome who replaced rye bread with white wheat bread for 12 wk
(13). However, those authors concluded that dietary fats explained
Bacteroides changes better than did WG, whereas in the present
study, fats did not affect the WG-microbiota interplay.

Altogether, these findings suggest that in this study, the in-
testinal release of WG FA might be activated by Firmicutes and
sustained over time with the contribution of Bacteroidetes.
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TABLE 4

Plasma concentrations of inflammatory status markers over the study period'

WG (pg/mL) (n = 36)

WG compared

CTR (pg/mL) (n = 32) with CTR, P?

0 wk 4 wk 8 wk 0 wk 4 wk 8 wk Asyog Agog Agy
IL-6 575 7.5 69.5 =112 469 = 4.0 655 * 114 563 =75 602*+72 — —  —
IL-10 269 = 3.0 417 + 2.8 26.8 + 3.2* 28.8 £ 5.1 275 =43 279 =3.89 0.04 0.29 0.03
TNF- 3419 + 255 370.1 = 30.5 243.0 + 26.0** 3219 = 52.1 3149 + 50.3 329.8 + 50.6 0.15 0.04 0.20

'All values are means = SEMs. Data were log transformed before analysis. CTR, control group; WG, whole-grain group.
2P values for the difference between WG and CTR with respect to the pairwise time point differences (4) were calculated
when a significant treatment X time interaction was found; no significant differences were present between the groups at

baseline.

3p < 0.05 compared with baseline (ANOVA and Tukey post hoc test).
4P < 0.05 compared with 4 wk (ANOVA and Tukey post hoc test).

Moreover, the reduction of Clostridium in subjects experiencing
higher FA release might be attributable to competition with
other species or to a direct antimicrobial effect of FA toward
clostridia (54).

Data on inflammatory markers have shown a significant re-
duction of inflammatory TNF-« and a trend toward reduced IL-6
after 8 wk, as well as an increase of the anti-inflammatory IL-10
after 4 wk of WG consumption. Two previous intervention trials
demonstrated the ability of WG consumption to ameliorate
subclinical inflammation (12, 32), whereas many others studies
failed to find such a positive association (31, 33, 55, 56). In the
study by Katcher and coworkers (32), the reduction of in-
flammation followed the inclusion of WG in hypocaloric and
healthy diets, and in the study by Martinez and coworkers (12),
the nutritional composition of diets was not controlled.

The strong point of the present study is that the amelioration of
individual inflammatory status was found in the context of a
controlled energy and nutritionally balanced replacement of
refined wheat with WG wheat, and it was not accompanied by any
modification of body weight.

Moreover, the correlation between a reduced TNF-« and an
increased abundance of Bacteroides (as observed in subjects
with a higher bioaccessibility of FA) and Lactobacillus (known
for releasing feruloyl-esterase activity in the gut as discussed
above) provided a further potential link between the increase of
serum FA and the amelioration of inflammation in our subjects.
In addition, the trend toward an inverse correlation found be-
tween urinary FA and DHFA with PAI-1 concentration sug-

A PC2 (7%)

PC1 (47%)

gested a role for WG FA and its gut metabolite in triggering
mechanisms that may result in a reduced risk of cardiovascular
disease, diabetes, and others pathologies associated with obesity
and low-grade inflammatory status (57, 58).

PAI-1 is a well-known biomarker of cardiovascular disease
risk, metabolic syndrome (59), nonalcoholic fatty liver disease
(60), and cancers (61). An inverse association between WG
consumption and PAI-1 was found in a recent observational study
(62), but previous intervention studies failed to find a significant
effect of WG consumption on this marker (31, 63). The trend
found in this study might suggest that WG’s effects on metabolic
diseases may be better observed in subjects who have the ability
of releasing and metabolizing the FA bound to dietary fiber; this
may explain the conflicting evidence found thus far. According
to this hypothesis, the benefits of WG wheat polyphenols are
mediated by the metabolic activity of the gut microbiota, as
already observed for soybean- or ellagitannin-rich foods, whose
health benefits are linked to the ability of individual bacterial
taxa to convert genistein into equol and ellagitannins/ellagic acid
into urolithins, respectively (64, 65). On the other hand, it cannot
be excluded that other bioactive components in WG such as
resistant starch, betaine, and some minerals might have con-
tributed together with FA (directly or through their microbiota
metabolites but in the absence of a prebiotic effect) to ameliorate
inflammation (7).

In conclusion, in this study, it was demonstrated for the first
time that WG wheat FA is released and absorbed in the gut and is
likely metabolized by gut microbiota, and DHFA is the most

B PC2 (6%) .

PC3 (4%)

FIGURE 5 PC analysis of weighted (A) and unweighted (B) UniFrac distances for 16S ribosomal RNA gene sequence data from whole-grain subjects
before (orange dots) and after (green dots) 8 wk of intervention, as well as control subjects before (red dots) and after (blue dots) 8 wk of intervention. PC,

principal coordinates.
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abundant circulating metabolite in overweight/obese subjects.
Even though WG wheat did not cause significant modification of
microbial community composition or structure, there were sig-
nificant relationships between FA release in the gut and relative
abundance of Firmicutes at baseline and Bacteroidetes following
WG consumption. The increased abundance of these bacteria
together with Lactobacillus was associated with the ameliorated
inflammatory status of subjects receiving WG treatment, which
may suggest that WG FA may play a role in reducing the risk of
pathologies associated with subclinical inflammation. This was
also supported by evidence that a greater excretion of FA and
DHFA in urine, reflecting a better release, metabolism, and ab-
sorption of the compounds, was associated with a trend toward
lower PAI-1 plasma concentrations.

Because no specific correction was made for multiple com-
parisons, possibly leading to some false-positive findings, some
results of the study should be cautiously taken into account, and
a more detailed study may be warranted. The application of
a completer analysis instead of an intention-to-treat analysis of
data might also be seen as a study limitation. However, it was
preferred because dropouts in both groups left the study for
personal reasons within the first 3 wk, no data were available after
baseline, and the power of the study was unaffected by the ex-
clusion from analysis of those few dropouts (66).

In addition, in this study, unblinded participants might have led to
possible biases in psychological response and compliance to the
dietary interventions, whereas the blinded outcome assessors guar-
anteed unbiased interaction with participants and data collection.

However, from the viewpoint of public health and optimal
personalized nutrition, it can be concluded that in subjects at high
risk of developing chronic diseases (because of obesity and
unhealthy lifestyle), the modification of dietary habits alone,
through an isocaloric dietary replacement of refined wheat
products with 70 g WG wheat, can boost a positive immune
response, thereby possibly reducing the risk of developing
obesity-related diseases over the long term.

The authors’ responsibilities were as follows—PV and VF: designed the
research and had primary responsibility for the final content; PV, IM, AAR,
RG, and MAG: conducted the experiments and collected data; FT and SJ:
provided whole grain; PV and RF: analyzed bioavailability data; PV and IM:
analyzed data of inflammatory and metabolic disease markers; IM and LS:
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and all authors: read and approved the final manuscript. All authors declared
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