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Abstract

Background

Whole rye (WR) consumption seems to be associated with beneficial health effects.

Although rye fiber and polyphenols are thought to be bioactive, the mechanisms behind the

health effects of WR have yet to be fully identified. This study in rats was designed to investi-

gate whether WR can influence the metabolism of n-3 and n-6 long-chain fatty acids (LCFA)

and gut microbiota composition.

Methods

For 12 weeks, rats were fed a diet containing either 50%WR or 50% refined rye (RR). The

WR diet provided more fiber (+21%) and polyphenols (+29%) than the RR diet. Fat intake

was the same in both diets and particularly involved similar amounts of essential (18-car-
bon) n-3 and n-6 LCFAs.

Results

TheWR diet significantly increased the 24-hour urinary excretion of polyphenol metabo-

lites–including enterolactone–compared with the RR diet. TheWR rats had significantly

more n-3 LCFA–in particular, eicosapentanoic (EPA) and docosahexanoic (DHA) acids–in

their plasma and liver. Compared with the RR diet, the WR diet brought significant changes

in gut microbiota composition, with increased diversity in the feces (Shannon and Simpson
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indices), decreased Firmicutes/Bacteroidetes ratio and decreased proportions of uncul-

tured Clostridiales cluster IA and Clostridium cluster IV in the feces. In contrast, no differ-

ence was found between groups with regards to cecummicrobiota. TheWR rats had lower

concentrations of total short-chain fatty acids (SCFA) in cecum and feces (p<0.05). Finally,

acetate was lower (p<0.001) in the cecum of WR rats while butyrate was lower (p<0.05) in

the feces of WR rats.

Interpretation

This study shows for the first time that WR consumption results in major biological modifica-

tions–increased plasma and liver n-3 EPA and DHA levels and improved gut microbiota pro-

file, notably with increased diversity–known to provide health benefits. Unexpectedly, WR

decreased SCFA levels in both cecum and feces. More studies are needed to understand

the interactions between whole rye (fiber and polyphenols) and gut microbiota and also the

mechanisms of action responsible for stimulating n-3 fatty acid metabolism.

Introduction
The consumption of whole grain cereals seems to be linked with a reduced risk of chronic dis-
ease [1]. However, the biological mechanisms responsible for these effects have yet to be identi-
fied [2,3]. Rye is a cereal commonly consumed in wholegrain form by European populations
[4,5]. Whole rye (WR) is rich in several potentially bioactive compounds found in the bran, the
outer part of the grain [5–7]. For instance, the polyphenols lignans–which are converted by
mammalian gut bacteria into enterodiol and enterolactone [6–8]–are antioxidant and express
hormonal activity thought to reduce the risk of hormone-mediated diseases [8]. They may also
interact with n-3 long-chain fatty acids (LCFA) metabolism, resulting in potential health bene-
fits [9]. Whereas the endogenous n-3 LCFA metabolism is partly regulated by sex hormones
[10–12], it is unknown whether rye polyphenols–which have hormonal activity [6–8]–can
affect n-3 metabolism. Indeed it has been reported that cereal polyphenols such as anthocya-
nins (from black corn) and phenolic acids (from wheat aleurone) increase plasma n-3 LCFA–
eicosapentanoic (EPA) and docosahexanoic (DHA) acid–concentrations in rats [13,14]. Like
most cereals, WR is an important source of fiber, especially arabinoxylans [15], which are
substrate for bacterial fermentation in the gastrointestinal tract [16]. The gut microbiota con-
sists of several hundred species of bacteria potentially important for human health [17].
Whether rye fiber increase fermentation in the gastrointestinal tract and selectively stimulates
some groups of bacteria has yet to be fully investigated [18]. Rye fiber may increase the bacte-
ria-induced generation of short-chain fatty acids (SCFA), which are also considered beneficial
for health [19–21]. The specific composition and activity of gut microbiota (at phyla, genus or
species level) are known to affect host metabolism and promote either health or alternatively
various diseases, including diabetes and obesity [22,23]. In fact, the effects of WR consumption
on these pathological states, either through its effect on gut microbiota or otherwise, are not
fully understood. Considering the current shortage of information on howWR provides health
benefits [24], this work in rats was primarily designed to investigate whether WR consumption,
as compared with refined rye (RR), can affect n-3 and n-6 LCFA metabolism and gut micro-
biota composition.
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Materials and Methods

Chemicals
Sodium hydroxide, citric acid, trans-ferulic acid, trans-isoferulic acid, sinapic acid, caffeic acid,
4-hydroxybenzoic acid, 3’-coumaric acid, 4’-coumaric acid, vanillic acid (3-methoxy-4-hydro-
xybenzoic acid), protocatechuic acid (3,4-dihydroxybenzoic acid), 3’,4’-dihydroxyphenylacetic
acid, 3-(3’-hydroxyphenyl)propionic acid, 3-(4’-hydroxyphenyl)propionic acid, 3-(3’,4’-dihy-
droxyphenyl)propionic acid (aka dihydrocaffeic acid), 3-(3’,5’-dihydroxyphenyl)propionic
acid, 3-(3’-methoxy-4’-hydroxyphenyl)propionic acid (aka dihydroferulic acid), and hippuric
acid were purchased from Sigma-Aldrich (St. Louis, MO, USA) as were secoisolariciresinol,
enterolactone and enterodiol. Homovanillic acid (3’-methoxy-4’-hydroxyphenylacetic acid)
was purchased from Extrasynthese (Genay Cedex, France). Ferulic acid-4’-O-sulphate diso-
dium salt, isoferulic acid-3’-O-β-D-glucuronide, and dihydrocaffeic acid-3’-O-sulphate sodium
salt were purchased from Toronto Research Chemical, (Toronto, Canada). Daidzein was pur-
chased in part from AASC. Ltd (Southampton, UK) and in part provided by Prof. Alan Crozier
(Department of Nutrition, University of California, Davis, CA, USA).

Experimental diets
Two experimental diets were prepared in this study. The first was obtained by mixing the stan-
dard diet flour (A03, SAFE Diets, France) with 50% refined rye (RR). The second was prepared
by mixing the same standard diet A03 flour with 50% whole rye (WR). The amount of nutri-
ents provided by the experimental diets was adjusted to the recommendations of the American
Institute of Nutrition Rodent Diets-93 [25].

Animals and experimental design
The rats were cared for in accordance with European Council Directive 86/609/EEC on the
care and use of laboratory animals (OJ L 358). Protocols were carried out under license from
the French Ministry of Agriculture (Permit Number: n° A380727) and approved by the
Committee on the Ethics of Animal Experiments of the University of Grenoble (Permit Num-
ber: no 113_ LBFA-FO-01). All efforts were made to minimize suffering.

Twenty-four male Wistar rats (Charles River Laboratories, l’Arbresle, France, baseline body
weight 75–100 g) were fed a standard diet (A04, SAFE Diets, France). They were housed in
individual cages under conditions of constant temperature and humidity and a standard light-
dark cycle (12 h/12 h). Tap water and standard diet were provided ad libitum.

The animals were acclimatized one week before being randomly distributed into two groups
(n = 12/group). The rats were then fed either the RR or the WR diet for 12 weeks. Weight and
food consumption were recorded weekly. One week before they were sacrificed, the rats' urine
was sampled in individual metabolic cages. At the end of the experiment, the rats' plasma was
sampled and stored at -80°C and the liver was dissected and stored at -80°C. For bacterial anal-
ysis, freshly voided feces were sampled in sterile tubes at the start and end of the experiment
(F0 and F12 respectively). The cecal content (Cae) was dissected and sampled in sterile tubes at
the time of sacrifice. All samples were immediately frozen at -80°C until further analysis.

Fatty acid analyses
Plasma and liver lipids were extracted in hexane/isopropanol as described above [26,27].
Plasma was selected as the main biological component involved in fatty acid distribution in the
body. The liver is the main organ where the endogenous synthesis of n-3 LCFA occurs in mam-
mals. In short, methylated fatty acids were extracted with hexane, separated, and quantified by
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GC using a 6850 Series gas chromatograph system (Agilent Technologies, Palo Alto, CA,
USA). Methyl ester peaks were identified by comparing their retention time to those of a stan-
dard mixture. Saturated, mono-, and poly-unsaturated fatty acid levels were expressed as a per-
centage of total fatty acids. Total cholesterol and triglycerides were measured using standard
methodology on a Synchron Clinical System LX20 (Beckma Coulter, Brea, CA, USA).

Analysis of polyphenolic compounds from refined and whole rye diets
Polyphenolic compounds were analyzed using an Accela UHPLC 1250 equipped with a linear
ion-trap mass spectrometer (LTQ XL, Thermo Fisher Scientific Inc., San Jose, CA, USA) fitted
with a heated-electrospray ionization probe (H-ESI-II; Thermo Fisher Scientific Inc.). Separa-
tion was performed using a BlueOrchid-1.8 C18 column (50 × 2 mm) (Knauer, Berlin, Ger-
many). Pure helium gas (99.9%) was used for collision-induced dissociation. The phenolic acid
fraction was extracted from rye pellets and analyzed using the same method as reported above
[14,28]. Other polyphenolic compounds such as lignans and flavonoids were extracted differ-
ently. In short, 150 mg of sample was defatted with 1.5 mL of hexane, vortexed for 2 minutes
and centrifuged at 9200 g for 15 minutes. Then the supernatant was removed. Polyphenols
were extracted from the residue using 2.5 mL of acidified MeOH:H2O (1M with HCl), 70:30 v/
v. The mixture was refluxed for 1 h at 70°C in a water bath. Then, the samples were cooled and
neutralized (pH 5–6) with NaOH, 2M. After that, 3 mL of ethyl acetate was added and samples
were agitated briefly for 1 minute in a vortex. The samples were then centrifuged at 9200 g for
15 minutes. Later, 1.5 mL of extract was reduced to dryness in vacuo and the residue was dis-
solved in a mobile phase mixture (MeOH:water 0.1% and formic acid, 50:50, v/v) and filtered
prior to UHPLC-MSn analysis. In detail, isoflavone and lignan analysis was carried out using
full scan, data-dependent MS3 scanning fromm/z 100 to 1500 in the negative ion mode. The
capillary T was 275°C while the source was maintained at 200°C. The sheath gas flow was 40
units, while auxiliary and sweep gases were set to 10 and 2 units, respectively. The source volt-
age was 4 kV. The capillary and tube lens voltages were -24 and -108 V, respectively. For
UHPLC, mobile phase A was 0.1% formic acid in water and phase mobile B was acetonitrile
with 0.1% formic acid. The mobile phase was pumped at a flow rate of 0.2 mL/min, with 0–2
min at 5% of B and 3–12 min at 5% to 50% of B. CID = 30 was used for MS2 and MS3 experi-
ments. Isoflavones were quantified in daidzein equivalent in full scan mode by extracting the
relative molecular ion for each compound, while lignans were quantified in the same mode but
in secoisolariciresinol equivalent. Xcalibur software (Thermo Fisher Scientific Inc., San Jose,
CA, USA) was used to perform data analysis.

Analysis of urinary phenolic metabolites
Urine samples of rats were diluted with 0.1% aqueous formic acid and filtered through a
0.45 μm nylon filter prior to UHPLC-MSn analysis using an Accela UHPLC 1250 equipped
with linear ion-trap mass spectrometer (LTQ XL, Thermo Fisher Scientific Inc., San Jose, CA,
USA) fitted with a heated-electrospray ionization probe (H-ESI-II; Thermo Fisher Scientific
Inc.). A preliminary analysis was carried out using full scan, data-dependent MS3 scanning
fromm/z 100 to 800 to carry out an initial investigation of the main urinary metabolites. Based
on information obtained, the main urinary metabolites were monitored in MS2 or MS3 mode.
The MS worked in negative ionization mode, with capillary temperature equal to 275°C, while
the source heater was set to 250°C. The sheath gas flow was 40 units, while auxiliary and sweep
gases were set to 5 units. The source voltage was 3 kV. The capillary voltage and tube lens were
-5 and -68 V, respectively. For UHPLC, mobile phase A was 0.1% formic acid in water and
mobile phase B was acetonitrile containing 0.1% formic acid. Separations were performed
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using a Kinetex PFP column (50 × 2.1 mm) with, 2.6 μm particle size (Phenomenex, Torrance,
CA, USA). The mobile phase, pumped at a flow rate of 0.2 mL/min, comprised 0–1 minutes at
2% B followed by 1–12 minutes at 2% to 35% B. All metabolites were fragmented in MS2 or
MS3 using a CID of 30, with the sole exception of enterodiol and enterolactone, for which a
CID of 40 in MS2 (for free forms) and in MS3 (for conjugated forms) was used. Helium gas was
used for CID. Free forms of phenolic acids were quantified in MS2 mode, while phenolic acid
conjugates were quantified in MS3 mode, except for enterodiol and enterolactone metabolites,
which were quantified using selective ion monitoring (SIM). 3-(3’,5’-dihydroxyphenyl)
propionic acid was quantified by means of the corresponding commercial standards, while
3’-coumaric acid was quantified as 4’-coumaric acid. Benzoic acid-O-sulphate and caffeic
acid-O-sulphate were quantified as 3-(4’-hydroxyphenyl)propionic acid-3’-O-sulphate (aka
dihydrocaffeic acid-3-O-sulphate) equivalents. Sinapic acid-4’-O-sulphate and sinapic acid-4’-
O-glucuronide were quantified as ferulic acid-4’-O-sulphate and isoferulic acid-4’-O-glucuro-
nide equivalents, respectively. The remaining metabolites were quantified using the reference
standard compound or a structurally-related reference compound as previously reported by
Calani and colleagues [28].

Compositional analysis of fecal and cecal microbiota with the HuGChip
Total DNA was extracted from fecal and cecal samples (n = 5 per group) using Qiagen’s DNA
Stool Kit (Qiagen, West Sussex, UK). DNA quantifications were performed using a NanoDrop
ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, Germany). Microbial
community analysis was performed using the Human Gut Chip (HuGChip) (GSE44752) as
described [29]. The HuGChip is a phylogenetic microarray consisting of 4,441 probes targeting
66 bacterial families. In short, prokaryotic 16S rRNA genes were amplified, labeled with Cy3
and Cy5 dyes and hybridized to the array. After washing and scanning, data were extracted
and background noise filtered out using Agilent Feature Extraction software 10.5.1.1 (Gene
Expression Omnibus Accession: GSE71726).

Short-chain fatty acids analysis in cecum and in fecal contents
Following appropriate dilution and ultrasonic extraction, the main SCFAs (Acetic, Butyrate,
Isobutyrate, Propionate) were analysed using gas chromatography (HP 6890 series, column
HPINNOWAX 30 m×250 μm×0.25 μm, split ratio = 25:1, Agilent Technologies). 2-Ethyl-buty-
rate was used as an internal standard [30].

Statistical analysis
The difference between the two groups for each fatty acid or each polyphenol metabolite was
analyzed using the unpaired Student’s t-test using Minitab software version 15 (GrimmerSoft,
Paris, France). Data on relative abundances of bacterial phyla and families as detected by the
HuGChip were analyzed using an ANOVA test followed by a Tukey-Kramer post-hoc test,
according to time and diet (GraphPad Prism v4 Software, San Diego CA, USA). Differences
were considered significant if p<0.05.

Simpson and ShannonWiener’s diversity indices were calculated using the Paleontological
Statistics (PAST) software [31]. Urinary excretion of phenolic metabolites distributions was
tested for normality and compared using the Student’s t-test (p<0.05). Statistical analyses were
performed with SPSS Version 20.0 (SPSS Inc., Chicago, IL, USA).
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Results

Macronutrient, fatty acid and polyphenol compositions in refined and
whole rye diets
Table 1 shows that the WR diet provided more fiber (+21%) and more polyphenols (+29%)
than the RR diet, while the other macronutrients did not differ. Dietary fatty acids in both
groups did not differ; in particular there was no difference in amounts of essential linoleic
(18:2n-6) and alpha-linolenic (18:3n-3) acids.

Several phenolic acids have been identified based on mass spectral characteristics reported
by Calani and colleagues for ferulates and phenolic acids [28] and in Additional Table 1 for lig-
nans and isoflavones. The sum of phenolic acids was 6.7 mg/g for RR and 9.8 mg/g for WR,
mostly being ferulate derivatives in bound form (Table 1). Ferulates were by far the most abun-
dant compounds in both WR and RR diets, while other polyphenolic compounds such as iso-
flavones and lignans were recovered in minor quantities.

Body weight and food consumption
Mean body weight after 12 weeks (396±31g vs. 397±36g) and average food intake after 12
weeks (26.5±2.6g/day vs. 26.9±3.0g/day) did not change in the RR andWR groups
respectively.

Urinary excretion of polyphenol metabolites
Several urinary polyphenol metabolites have been identified by mass spectral characteristics.
However, new urinary metabolites were identified through MSn analysis and reported in addi-
tional Table 2, including some isoflavone metabolites resulting from the intake of their parent
compounds. Among the many polyphenol metabolites identified in the urine of rats fed either
the RR or the WR diet, there was (as expected) a more than 4-fold increase in enterolactone
glucuronide in the WR rats (Table 2). The excretion of many metabolites of phenolic acid, and
particularly ferulic acid-O-sulphate and ferulic acid-O-glucuronide, 3-(phenyl)propionic acid-
O-sulphate and 3-(hydroxyphenyl)propionic acid-O-sulphate, caffeic acid and coumaric acid
O-sulphates and dihydroxyphenylacetic acid, was also higher in the WR rats compared with
the RR rats. All data are freely available (http://dx.doi.org/10.6084/m9.figshare.1528159).

Blood lipids, plasma and liver fatty acids profiles
Cholesterol– 0.50±0.08 and 0.53±0.08 g/L in the RR and WR group respectively–and triglycer-
ides– 1.13±0.45 vs. 1.00±0.43 g/L–did not differ in the two groups.

As regards hepatic fatty acid composition, the two major n-3 LCFAs, EPA and DHA, were
significantly higher (p<0.05) in the WR rats (Table 3). In addition, there was a significant
increase in the level of 18:4n-3 (p<0.05) associated with a nonsignificant decrease in the level
of 18:3n-3, these changes suggesting stimulation of the whole n-3 pathway in the liver of WR
rats. At the same time, there was a significant increase in the level of 18:3n-6 (p<0.001) and a
significant decrease in that of 18:2n-6 (p<0.05) with no other change for other n-6 fatty acids
(in particular 20:4n-6 and 22:4n-6); this data suggests partial stimulation of the n-6 pathway in
the liver of the WR rats compared with that of the RR rats.

In the plasma, levels of EPA and DHA were also significantly higher (p<0.05) in the WR
rats (Table 3). In contrast, compared with the hepatic data, there were no other differences in
n-3 or n-6 in the plasma of the WR and RR rats.

Unexpectedly, the levels of two saturated fatty acids (14:0 and 16:0) were significantly lower
in the plasma of the WR rats than in that of the RR rats.
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Microbiota profiling of feces and cecum
Fig 1 shows similar bacterial quantities in the feces and in the cecum of rats fed a diet contain-
ing WR or RR. Analyses of gut microbiota focused on identifying bacterial phyla and families
significantly differing in relative abundance between the two groups at baseline and after 12

Table 1. Macronutrient, fatty acid and polyphenol composition in refined and whole rye diets.

Refined rye Whole rye

Macronutrients (g/100g pellet)

Protein 14.8 14.4

Fat 2.50 2.70

Available carbohydrates 48.0 44.0

Fiber 13.9 16.9

Cellulose 2.30 2.90

Humidity 14.6 14.4

Ash 3.90 4.30

Fatty acids (% of total fatty acids)

C16:0 14.4 14.6

C18:0 2.72 2.39

C18:1n-9 19.4 19.2

C18:1n-7 1.28 1.34

C18:2n-6 53.7 53.9

C18:3 n-3 6.30 6.39

Total SFA1 17.6 17.5

Total MUFA2 21.0 20.8

Total (n-3) 7.30 7.44

Total (n-6) 53.9 54.1

Polyunsaturated/saturated 3.47 3.50

Polyphenols (mg/g pellet)

Phenolic acids

4’-coumaric acid 0.06 0.09

Caffeic acid 0.01 0.01

Trans-ferulic acid 1.04 1.59

Sinapic acid 0.03 0.05

Diferulic acids 5.09 7.40

Triferulic acids 0.46 0.71

Isoflavones

Glycitein 0.04 0.05

Daidzein 0.08 0.07

Genistein 0.18 0.15

Daidzein-7-O-glucoside 0.13 0.11

Genistein-7-O-glucoside 0.37 0.33

Glycitein-7-O-glucoside 0.02 nd

Lignans

Conidendrin 0.26 0.43

Trachelogenin 0.09 0.07

1: Saturated fatty acids
2: Monounsaturated fatty acids; nd: not detected.

doi:10.1371/journal.pone.0148118.t001
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weeks, or the abundance of which changed significantly within either the WR or the RR group
during the 12-week follow-up (Table 4). The fecal microbiota composition of the two groups
was the same at baseline and the factor time alone (0–12 weeks) had no significant effect on the
fecal microbiota. Considering the overall diversity of fecal samples, the RR andWR diets
induced an opposite effect with a significant increase of the Shannon and Simpson indexes
under WR, and a decrease under RR (Table 4).

At the phylum level, no significant effect of time�diet was detected, although a trend was
observed for Firmicutes (p = 0,067) and Bacteroidetes (p = 0,085), both affected by the diets in
an opposite manner: an increase of Firmicutes and Bacteroidetes was observed after 12 weeks of
RR andWR diet respectively, and, on the contrary, a decrease with the other diet (Table 5)
Some evolutions (cross-effect time�diet) were detected at the family level, encompassing signif-
icant increase with the RR diet and a decrease with the WR diet for Desulfovibrionaceae and for
some Firmicutes (Clostridium cluster XIV and uncultured Clostridiales IA, trend for Clostrid-
ium cluster IV (p = 0.060)). Inversely, Neisseriaceae were decreased under RR diet and
increased under WR diet. At the end of the experiment, the cecum content shows no significant
differences in diversity and bacterial composition between the two diets. All data are freely
available (http://dx.doi.org/10.6084/m9.figshare.1528160).

Short-chain fatty acids analysis
Fig 2 summarizes the main SCFA concentrations in the cecum and feces after 12 weeks. Total
SCFA levels were lower in the feces (287 vs. 318 μmol/g, p<0.05) and cecal content (119 vs.
195 μmol/g, p<0.001) of WR rats compared with RR rats. With regard to the cecal SCFA

Table 2. 24-hour urinary phenolic metabolites in refined and whole rye diets.

Compound, μmol excreted Refined rye Whole rye

3’-Coumaric acid 0.03 ±0.01 0.06 ±0.01*

Hydroxyphenylpropionic acid-like 0.18 ±0.04 0.28 ±0.06

3-(3’-Hydroxyphenyl)propionic acid 0.56 ±0.17 1.28 ±0.36

3’,4’-Dihydroxyphenylacetic acid nd 0.04 ±0.01

Dihydroxyphenylacetic acid 0.14 ±0.05 0.39 ±0.07*

Hippuric acid 21.90 ±3.33 28.61 ±5.12

3-(3’,5’-Dihydroxyphenyl)propionic acid nd 0.17 ±0.08

Enterolactone 0.07 ±0.02 0.10 ±0.05

Benzoic acid-O-sulphate 0.05 ±0.01 0.06 ±0.01

Coumaric acid-O-sulphate 0.22 ±0.06 0.57 ±0.13*

3-(Phenyl)propionic acid-O-sulphate 0.70 ±0.18 1.62 ±0.33*

Vanillic acid-4-O-sulphate 0.06 ±0.02 0.11 ±0.03

Caffeic acid-O-sulphate 0.05 ±0.01 0.20 ±0.05*

3-(Hydroxyphenyl)propionic acid-O-sulphate 0.54 ±0.12 1.45 ±0.17*

Ferulic acid-4’-O-sulphate 0.88 ±0.33 1.89 ±0.46*

Dihydroferulic acid-4’-O-sulphate 0.03 ±0.01 0.08 ±0.01*

Sinapic acid-4’-O-sulphate 0.02 ±0.01 0.04 ±0.01

Ferulic acid-4’-O-glucuronide 0.04 ±0.02 0.14 ±0.04*

Sinapic acid-4’-O-glucuronide 0.22 ±0.16 0.66 ±0.21

Enterolactone-O-glucuronide 0.07 ±0.02 0.32 ±0.10*

Data are expressed as mean values ± SEM, n = 6 per group; nd: not detected.

*: indicates p< 0.05.

doi:10.1371/journal.pone.0148118.t002
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profile, acetate levels were lower in WR rats (82 vs. 152 μmol/g, p<0.001) while isobutyrate
was lower (1.9 vs 7.9 μmol/g, p<0.01) in WR rats. In the fecal component, however, isobutyrate
was higher (5.6 vs. 1.1 μmol/g, p<0.05) while butyrate was lower (21 vs 42 μmol/g, p<0.01) in
WR rats, with no other significant difference as regards other SCFAs. Finally, total SCFA con-
centration was 1.5 (RR rats) to 2.6 (WR rats) times higher in feces than in cecal content.

Discussion

Summary
This study in rats definitely provides new data regarding the effects of WR consumption on
lipid metabolism and gut microbiota composition. We show for the first time that WR con-
sumption resulted in increased levels of EPA and DHA in both plasma and liver. The gut
microbiota profile was improved with increased overall diversity (as shown by the Simpson
and Shannon indexes), decreased Firmicutes/Bacteroidetes ratio and decreased Clostridium
cluster XIV and IA families in WR rats. The total amounts of SCFAs were unexpectedly
decreased by WR consumption in both the cecum and feces. These major biological effects can,
at least in part, explain the health benefits usually associated with whole grain rye consumption

Table 3. Plasma lipids and plasma and liver fatty acids (as % of total fatty acids) after 12 weeks.

Refined rye Whole rye Refined rye Whole rye

Plasma Liver

Fatty acids (%)

C14:0 0.41 ±0.08 0.22 ±0.08 *** 0.18 ±0.02 0.22 ±0.06

C16:0 20.7 ±1.4 18.7 ±1.8 ** 19.5 ±0.77 19.2 ±0.68

C16:1n-7 2.53 ±0.62 1.95 ±0.76 1.38 ±0.21 1.54 ±0.46

C18:0 6.95 ±0.77 7.66 ±1.19 14.7 ±0.27 15.0 ±1.2

C18:1n-9 12.3 ±2.5 10.6 ±2.9 7.68 ±0.60 8.34 ±1.1

C18:1n-7 2.56 ±0.42 2.33 ±0.47 3.47 ±0.32 3.29 ±0.68

C18:2n-6 23.7 ±1.8 23.1 ±1.9 20.2 ±1.10 18.8 ±0.73 *

C18:3n-6 0.31 ±0.07 0.32 ±0.12 0.19 ±0.02 0.26 ±0.03 ***

C20:0 0.05 ±0.02 0.07 ±0.05 0.03 ±0.005 0.03 ±0.003

C18:3n-3 (α-Linolenic) 1.09 ±0.25 1.08 ±0.18 0.61 ±0.05 0.59 ±0.09

C18:4n-3 0.07 ±0.02 0.07 ±0.03 0.03 ±0.01 0.05 ±0.01 *

C20:2n-6 0.11 ±0.02 0.12 ±0.02 0.17 ±0.02 0.16 ±0.02

C20:3n-9 0.17 ±0.05 0.17 ±0.03 0.14 ±0.04 0.14 ±0.03

C20:3n-6 0.33 ±0.07 0.36 ±0.08 0.49 ±0.10 0.51 ±0.16

C20:4n-6 22.6 ±5.0 22.6 ±5.5 23.5 ±0.46 23.3 ±1.68

C20:5n-3 (EPA) 1.31 ±0.21 1.51 ±0.23 * 0.64 ±0.10 0.75 ±0.06 *

C22:4n-6 0.32 ±0.07 0.35 ±0.05 0.30 ±0.03 0.33 ±0.02

C22:5n-3 0.69 ±0.11 0.77 ±0.13 0.86 ±0.08 0.92 ±0.08

C22:6n-3 (DHA) 3.84 ±0.47 4.31 ±0.60 * 5.75 ±0.32 6.34 ±0.36 *

Total 100 100 100 100

Values are means ± SD, n = 12 per group for the plasma and n = 6 per group for the liver

*: p<0.05

**: p<0.01

***: p<0.001.

doi:10.1371/journal.pone.0148118.t003
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and probably result from the increased consumption of polyphenols and fiber present in large
quantities (+29% and +21% respectively) in the WR compared with the RR diet.

Effect of whole rye on polyphenol excretion in urine
As expected [8], the lignan enterolactone was found to be present in significantly higher levels
in the urine of rats fed WR as plant lignans are localized in the aleurone and pericarp-testa cell
layers [7], giving a much higher concentration of lignans in the WR than in the RR diet. In the
same way, there were significantly more phenolic acid metabolites in the urine of rats treated
with WR. It is known that rye bran is a rich source of hydroxycinnamates such as ferulic and
coumaric acid [32–34]. It is known that the metabolism of polyphenols, in particular rye lig-
nans, occurs mainly in the gut and mostly under the influence of the microbiota [35, 36] as also
discussed below.

Fig 1. Bacterial quantities in the feces (F12) and in the cecum (Cae) of rats fed a diet containing whole
rye (WR) or refined rye (RR).

doi:10.1371/journal.pone.0148118.g001

Table 4. Microbial diversity in the feces at the start (F0) and after 12 weeks (F12) in the cecum of rats fed refined or whole rye.

Refined rye Whole rye

F0 F12† Cecum* F0 F12† Cecum*

Simpson index 0.92 ± 0.02 0.89 ± 0.03 0.91 ± 0.02 0.91 ± 0.01 0.94 ± 0.01 0.87 ± 0.05

Shannon index 2.58 ± 0.19 2.25 ± 0.20 2.50 ± 0.25 2.44 ± 0.10 2.88 ± 0.14 2.16 ± 0.37

Values are means ± SD; n = 5 per group. Different from F0
†significantly different (P<0.05; ANOVA test with Tukey-Kramer post-hoc test) considering (time*diet).
*No significant differences observed for the cecal microbiota considering rats fed refined or whole rye.

doi:10.1371/journal.pone.0148118.t004
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Effect of whole rye on EPA and DHA in liver and plasma
Proportions of plasma and liver n-3 EPA and DHA were significantly higher in rats fed the
WR diet. Among the compounds provided by WR, polyphenols may play a dominant role in
this. This is an explanation supported by our previous findings on the effects of wine polyphe-
nols in humans and polyphenol-rich cereals in rats, where polyphenol intake was associated

Table 5. Selected bacterial families in the feces at the start (F0) and after 12 weeks (F12) in the cecum (after 12 weeks) of rats fed a diet containing
refined rye or whole rye.

Phylum Family Refined rye (%) Whole rye (%)

F0 F12 Cecum F0 F12 Cecum

Firmicutes Clostridium cluster IV 10.5 ± 5.9 15. 4 ± 5.3 12.6 ± 3.7 11.7 ± 2.0 9.6 ± 2.3 13.6 ± 10.4

Clostridium cluster XIV† 8.6 ± 1.6 11. 1 ± 4.4 6.5 ± 4.2 9.0 ± 1.4 5.9 ± 1.1 9.5 ± 7.1

Uncultured clostridiales IA† 6.7 ± 4.6 9.94 ± 2.0 9.1 ± 2.8 8.9 ± 1.2 6.7 ± 1.5 8.0 ± 4.7

Bacteroidetes Bacteroidaceae 2.0 ± 2. 7 1.5 ± 3.3 3.4 ± 3.2 2.4 ± 3.3 5.1 ± 1.0 1.4 ± 3.1

Porphyromonadaceae 6.9 ± 1.9 6.8 ± 4.3 5.2 ± 3.7 7.3 ± 1.8 6.0 ± 1.8 4.1 ± 4.1

Prevotellaceae 10.1 ± 4.7 9.0 ± 6.5 7.0 ± 7.9 10. 7 ± 2.8 7.0 ± 3.9 14.3 ± 2.9

Coriobacteriaceae 8.8 ± 3.7 9.5 ± 2.9 7.6 ± 4.3 10.4 ± 2.6 7.0 ± 1.5 10.9 ± 8.0

Proteobacteria Desulfovibrionaceae† 8.7 ± 4.9 15.0 ± 1.3 9.2 ± 2.2 13.9 ± 1.8 7.5 ± 1.8 11.5 ± 4.1

Values are means ± SD; n = 5 per group.
†significantly different in feces (P<0.05; ANOVA test with Tukey-Kramer post-hoc test) considering (time*diet). No significant differences observed for the

cecal microbiota considering rats fed refined or whole rye.

doi:10.1371/journal.pone.0148118.t005

Fig 2. Levels of short chain fatty acids in cecal (Cae) and fecal (Fec) contents after 12 weeks of treatment.

doi:10.1371/journal.pone.0148118.g002
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with increased plasma n-3 LCFA [13, 14, 26, 27]. A study in patients receiving rye bread also
shows increased plasma n-3 LCFA [37] and supports the theory that rye polyphenols influence
the metabolism of n-3 LCFA.

In this study, increased proportions of EPA and DHA were observed in the liver for the first
time, suggesting that the main impact of WR on the n-3 synthesis pathway may be the stimula-
tion of endogenous n-3 LCFA synthesis in the liver. Indeed, there was a significant increase in
18:4n-3 (2nd step in DHA synthesis) in the liver associated with a nonsignificant decrease in
the essential fatty acid 18:3n-3 and a nonsignificant increase in 22:5n-3 (4th step). All of these
changes suggest stimulation of the whole n-3 fatty acid synthesis pathway in the liver [38]. In
other words, the entire hepatic system involved in n-3 synthesis, including elongases (addition
of carbons to the carbonyl chain) and delta-5 and delta-6 desaturase (addition of double-
bonds) enzymes is stimulated. At the same time, we observe a significant decrease in the essen-
tial fatty acid 18:2n-6 associated with a significant increase in 18:3n-6, suggesting that the first
stage of the n-6 synthesis pathway (desaturation) in the liver was stimulated by WR consump-
tion. The next stages of the n-6 synthesis pathway (elongation and second desaturation) were
apparently not affected as hepatic and plasma levels of the other n-6 LCFA were not different.
Thus, while affecting the same enzymatic system, rye polyphenol consumption affected the n-3
and n-6 synthesis pathways differently. We also reported this as a finding in our previous stud-
ies with anthocyanins and wheat phenolic acids [13, 14, 26, 27]. A possible explanation for this
is that some steps of the n-3 synthesis pathway, and notably DHA synthesis (last step), is partly
sex hormone-dependent [10–12, 39–42]. Rye lignans may partly explain our data in terms of
n-3 since they do have some estrogen-like activity [43, 44]. In contrast, the effect of wheat poly-
phenols, mainly phenolic acids with no estrogen-like effect, on the n-3 synthesis pathway was
limited as only plasma EPA was increased [14]. The effect of rye-derived enterolactone is quite
similar to that of anthocyanin pigments, that have been demonstrated to increase both EPA
and DHA [13, 26, 27]. However, while anthocyanins and enterolactone share some mecha-
nisms of action on the n-3 synthesis pathway, this is probably not through their estrogen-like
effect (described with enterolactone) since anthocyanins do not have any estrogen-like effect.

Another potential mechanism of action is the possibility that the antioxidant polyphenols
may protect n-3 LCFA from oxidative destruction. This is suggested by studies where polyphe-
nols reduced lipid peroxidation [45]. Finally, in a recent study involving growing gilts fed a
flax-seed containing diet [46], ileal flow of EPA and DHA exceeded their dietary intakes, indi-
cating net appearance of these fatty acids and suggesting that gut microbiota could stimulate
the n-3 synthesis pathway. In our study, however, we show only a marginal effect on cecal
microbiota, suggesting that if the gut microbiota is involved, this predominantly occurs in the
large intestine and not in the cecum or above the cecum. Another critical question that arises is
why the supposedly EPA (and DHA)-boosting mechanisms work on the n-3 and not the n-6
synthesis pathway, although the same enzymatic equipment and also the same antioxidant
(and supposedly protective) polyphenols are involved. While future studies need to be con-
ducted to investigate complex interactive mechanisms, this study clearly confirms a disconnec-
tion between n-3 and n-6 pathway regulation under the influence of polyphenols, whilst
providing no satisfactory explanation.

Whole rye-induced modification of the gut microbiota and short-chain
fatty acid production
The second main objective of this study was to examine whether WR consumption results in
significant changes in overall gut microbiota composition and some associated metabolic
effects. This was assessed by analyzing gut bacteria at phylum and family level and measuring
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SCFA in both feces and cecum. This comparison was done according to the results showing no
difference between bacterial quantities observed in the feces and in the cecum. We acknowl-
edge that a more specific approach at species level would have constituted a more precise
approach, at least qualitatively, but our main objective was to identify significant changes in
overall microbiota composition and diversity following WR consumption rather than very spe-
cific changes at species level. In fact the WR diet significantly increased microbial diversity in
the feces compared with the RR diet. Diversity is important in all ecosystems in order to pro-
mote both stability and adaptation. Gut microbiota diversity is becoming a new health indica-
tor whereas loss of diversity within the gut microbiota has been linked with an increased
number of pathological conditions [47, 48]. From these data, it can be said that the increased
gut microbiota diversity resulting fromWR consumption is definitely a potential health effect
of WR diet.

After 12 weeks of this study, a significant lower proportion of the phylum Firmicutes was
found in the WR rats, combined with a higher proportion of the phylum Bacteroidetes
although non-significant (p = 0.085) and thus a lower Firmicutes-to-Bacteroidetes ratio, which
is often, although not always, considered beneficial for the prevention of metabolic disorders
such as obesity and insulin resistance [22, 49–52]. Concomitantly the number of Firmicutes
(especially Clostridium cluster XIV and uncultured Clostridiales IA) decreased and the number
of Bacteriodetes (especially Bacteroidaceae) increased when following the WR diet, whereas the
opposite was observed in rats following the RR diet. This is in line with what has been observed
during studies in humans [53], indicating that a plant-based diet is associated with decreased
Clostridium cluster XIV and a higher Bacteroides-Prevotella ratio. In our study the WR diet
resulted in a more than 3-fold increase in mean Bacteroidaceae-Prevotellaceae ratio (0.72),
while this was unaffected by the RR diet: 0.17 compared to 0.20 and 0.22 at baseline. By con-
trast, an inverse effect is observed in the cecum, this ratio being 0.10 and 0.49 after 12 weeks
under the WR and the RR diet respectively (Table 5). This highlights the importance of assess-
ing the cecum in rat experiments, as further indicated by SCFA production: under the WR diet,
cecal SCFAs are reduced (compared with RR diet) and also differ qualitatively from the SCFAs
retrieved from the feces (Fig 2). These data are difficult to interpret because we cannot separate
two different phenomena in the gut (particularly above the cecum), i.e. the production and
intestinal absorption of SCFA. More investigation must be done to link the SCFA profile in the
gut with the SCFA profile in the body (suggesting potential health benefits). However this
could suggest that the microbiota of WR rats may be less efficient at extracting energy from a
given diet than the microbiota of RR rats, even in presence of nondigestible carbohydrates
(fiber).

Regarding specifically the SCFA issue, the main difference between the two groups observed
in our study concerns the absolute amounts of acetate in the cecum and of butyrate in the
feces. These results are in line with recent studies investigating the interaction between gut bac-
teria and polyphenols [54, 55]. In a study in rats, dietary polyphenols affected the growth of
certain families of bacteria, including Bifidobacterium and Prevotella, with a reduction in cecal
acetate levels, as in our own study [54]. In another study in humans, anthocyanin-rich wine
increased the fecal concentration of Bifidobacterium and the highest proportions of Bifidobac-
teria were associated with the highest urinary concentrations of anthocyanin metabolites, con-
firming these polyphenols as potential bacterial substrates [55]. These studies highlight the
importance of identifying and quantifying all polyphenol metabolites in urine and feces using
specific techniques such as isotopically labeled cyanidin-3-glucoside in humans [56]. Overall
these data indicate that both the nondigestible carbohydrates (fiber) and the polyphenols in the
WR diet were potential contributors to the changes observed in gut microbiota composition
and SCFA production.
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We also note that, in general, our data do not agree with certain studies in humans showing
that the fecal microbiotas of humans living in rural areas are enriched with Prevotella spp. [57,
58]. The difference may be due to long-term exposure to traditional diets rich in plant-derived
complex carbohydrates but poor in total energy intake [57, 58]. Our results contrast with those
observed in humans eating whole rye bread, where fecal proportions of the Bacteroides species
decreased after 6 weeks [59]. However, in this study patients had metabolic syndrome at base-
line (and supposedly the associated microbiota) and exposure to whole rye bread was very
short-term (6 weeks) and not long enough to provoke significant changes in microbiota com-
position. These examples highlights that studies should be carefully examined before drawing
any conclusions or before extrapolating animal data to humans. Finally, the Proteobacteria
phylum increased in WR rats after 12 weeks despite a significant drop in the Desulfovibriona-
ceae family. This might be beneficial to health as sulfate-reducing bacteria produce hydrogen
sulfide, whose effects in the gut are unclear but thought to be harmful [60, 61]. Viewed as a
whole, our data illustrate the complexity of gut microbiota physiology and the way the gut bac-
teria respond to dietary changes. Further studies using more sophisticated technology are
required in order to fully understand howWR influences gut microbiota and how in turn the
gut microbiota influences the metabolism of plant polyphenols. In particular, the effect of gut
microbiota on SCFA production is complex and cannot be explained by the stimulation of a
single phylum such as the Firmicutes or specific Firmicutes families either above or below the
cecum.

Taken all together, our results showed that WR consumption is associated with biological
modifications considered as health benefits. Indeed, it increased plasma and liver n-3 EPA and
DHA levels and improved gut microbiota profile, especially by increasing their diversity
known for their benefits against chronic diseases [9–22, 23].

Conclusions
Including WR in the diet increased plasma and hepatic concentrations of n-3 LCFA (as well as
urinary polyphenols), improved Firmicutes/Bacteroidetes ratio's and gut microbiota diversity.
These results demonstrated for the first time that WR consumption can result in several biolog-
ical modifications with potential health benefits. Although the exact mechanisms are not
clearly identified and require further investigation, our results provide new insights into the
possible health benefits of whole rye consumption. For instance, the effect of WR consumption
on rats with metabolic syndrome can be investigated.
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