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Abstract
Aims Gut microbiota significantly impacts human health and is influenced by dietary changes. We evaluated the effects of 
diets naturally rich in polyphenols (PP) and/or long-chain n-3 polyunsaturated fatty acids (LCn3) on microbiota composition 
in an ancillary analysis of a randomized controlled trial in individuals at high cardiometabolic risk.
Methods Seventy-eight individuals with high waist circumference and at least one additional component of the metabolic 
syndrome were randomized to an isoenergetic 8-week diet: (a) low LCn3 and PP; (b) high LCn3; (c) high PP; or (d) high 
LCn3 and PP. Microbiota analysis was performed on feces collected before and after the intervention. DGGE analysis of 
the predominant bacteria, Eubacterium rectale and Blautia coccoides group (Lachnospiraceae, EREC), Clostridium leptum 
(Ruminococcaceae, CLEPT), Bacteroides spp., Bifidobacteria, and Lactobacillus group was performed. A quantitative real-
time PCR was performed for the same group, additionally including Atopobium cluster (Coriobatteriaceae). Before and 
after the intervention, participants underwent a 75 g OGTT and a high-fat test meal to evaluate glucose and lipid response.
Results Adherence to the four diets was optimal. PP significantly increased microbial diversity (p = 0.006) and CLEPT 
(p = 0.015), while it reduced EREC (p = 0.044). LCn3 significantly increased the numbers of Bifidobacteria (p = 0.041). 
Changes in CLEPT numbers correlated with changes in early insulin secretion (r = 0.263, p = 0.030). Changes in Atopobium 
numbers correlated with postprandial triglycerides in plasma (r = 0.266, p = 0.026) and large VLDL (r = 0.313, p = 0.009), 
and cholesterol in large VLDL (r = 0.319, p = 0.008).
Conclusions Diets naturally rich in PP or LCn3 influenced gut microbiota composition in individuals at high cardiometabolic 
risk. These modifications were associated with changes in glucose/lipid metabolism.
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Abbreviations
LCn3  Long-chain n-3 polyunsaturated fatty acid
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Introduction

Human gut microbiota is known to significantly impact 
health status of the host. Indeed, harmful alterations in the 
microbiota composition, known as dysbiosis, contribute 
to the pathogenesis of intestinal disorders as well as extra-
intestinal disorders, including metabolic diseases [1].

Cross-sectional studies have shown that the composition of 
the gut microbiota is altered in individuals with prediabetes or 
type 2 diabetes (T2D) compared with healthy controls [2–4].

In addition, the association between microbiota composi-
tion, obesity, and insulin resistance has been widely studied 
[5–7]. However, to date, no consistent footprint of the micro-
bial communities has been identified able to determine these 
adverse health conditions.

Internal and external factors are known to influence 
microbiota composition. Recently, genetics has shown 
to exert a minor role in defining microbiota composition, 
whereas it is more influenced by environmental factors [8]. 
Antibiotic therapies or fecal transplantations have dramatic 
but temporary effects on the host microbiota [9], while die-
tary changes represent a more feasible tool to induce long-
lasting modifications in the gut microbiota.

The effects of dietary changes on gut microbiota are 
still not well known, although modifications in microbiota 
composition have been observed after controlled changes 
of the habitual diet—e.g., weight-loss diet, Mediterranean 
diet, high-protein diet, high-fat diet, and probiotics and 
prebiotics [10–13]. In addition, specific dietary compounds 
may have selective effects on the microbiota. Among these, 
polyphenols and long-chain n-3 polyunsaturated fatty acids 
have raised interest since it has been hypothesized that their 
beneficial metabolic effects could be mediated, at least in 
part, by changes in the microbiota.

Evidence from randomized clinical trial is controver-
sial, and even less information is available on the interplay 
between changes in microbiota and metabolic effects [14, 
15]. In addition, to the best of our knowledge, no interven-
tions combining polyphenols and long-chain n-3 polyunsatu-
rated fatty acids have been carried out.

Therefore, this study aimed to evaluate whether dietary 
polyphenol, long-chain n-3 polyunsaturated fatty acids, or 
their combination could influence microbiota composition 
in individuals at high cardiometabolic risk participating in 
a medium-term nutritional trial. In addition, we explored 
the association between the dietary induced changes in 
microbiota and fasting and post-challenge glucose and lipid 
metabolism.

Materials and methods

Experimental design

The study design has been described in detail previously 
[16] and was registered at clinicaltrial.gov (NCT01154478). 
Briefly, 78 high-risk individuals (33 M/45 F), with high 
waist circumference (above 102 cm for men and 88 cm 
for women), and at least one more feature of the metabolic 
syndrome according to NCEP-ATPIII criteria [17] com-
pleted this nutritional trial. The participants were randomly 
assigned to one of four dietary interventions for the dura-
tion of 8 weeks. The four diets differed only for long-chain 
n-3 polyunsaturated fatty acids (LCn3) and/or polyphenols 
(PP): (a) low LCn3&PP, diet low in LCn3 (1.5 g/day) and 
PP (365 mg/day); (b) high LCn3, diet high in LCn3 (4 g/
day) and low in PP (363 mg/day); (c) high PP, diet high 
in PP (2903 mg/day) and low in LCn3 (1.4 g/day); and (d) 
high LCn3&PP, diet high in PP (2861 mg/day) and LCn3 
(4 g/day).

The difference in LCn3 and/or polyphenols amount was 
obtained through the selection of natural foods and bever-
ages. In particular, the main dietary sources of LCn3 were 
salmon, dentex, and anchovies. Polyphenols were provided 
by decaffeinated green tea and coffee, dark chocolate, blue-
berry jam, extra-virgin olive oil, and polyphenol-rich veg-
etables (rocket salad, fennels, onions).

At baseline and after the 8-week intervention, all partici-
pants underwent a 75-g oral glucose tolerance test (OGTT) 
to evaluate indices of glucose tolerance and insulin secretion 
[18]. Two days after the OGTT, participants underwent a 
high-fat meal challenge having the same foodstuff charac-
terizing their assigned diet to evaluate postprandial lipids 
response. In particular, meals were prepared with rice, but-
ter, parmesan cheese, bresaola (cured beef meat), and white 
bread, with intakes of olive oil, salmon, and decaffeinated 
green tea differing in order to obtain a similar composition 
as the assigned diet [18]. In addition, before and after the 
8-week intervention, fecal samples were collected at home 
in a plastic container, stored overnight at − 20 °C, and there-
after transferred freezed to the laboratory to be stored at 
− 80 °C. The samples were shipped frozen to VTT where 
they were stored at − 80 °C until the analysis.

Analysis of fecal microbiota

DNA was extracted as described by Maukonen et al. [19] 
from 0.2 g of sample. Partial 16S rRNA gene was ampli-
fied for the analysis of predominant bacteria, Eubacterium 
rectale—Blautia coccoides (EREC) (clostridial cluster XIV) 
[20], Clostridium leptum (CLEPT) (clostridial cluster IV) 
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[19], Bacteroides spp., Bifidobacteria and Lactobacillus 
group (comprised of the genera Lactobacillus, Leuconostoc, 
Pediococcus, and Weissella) as previously described [19, 
21–23]. Denaturing gradient gel electrophoresis (DGGE) 
analyses of the predominant bacteria EREC, CLEPT, Bac-
teroides spp., Lactobacillus group, and Bifidobacteria were 
performed as previously described to study the diversity of 
bacterial populations [22, 23]. In addition, a quantitative 
real-time PCR of the predominant bacteria EREC, CLEPT, 
Bacteroides spp., Lactobacillus group, Bifidobacteria, and 
Atopobium cluster (comprised of genera such as Atopobium, 
Collinsella, and Eggerthella) were performed as previously 
described to assess the numbers of bacteria [23, 24].

Biochemical measurements

Large VLDL (Svedberg flotation unit, Sf 60–400) was iso-
lated from plasma by discontinuous density gradient ultra-
centrifugation [25]. Cholesterol, triglyceride, and glucose 
concentrations were assayed by enzymatic methods (Roche 
Molecular Biochemicals, Mannheim, Germany) on ABX 
Pentra 400 (HORIBA Medical, Montpellier, France).

Insulin concentrations were measured by an enzyme-
linked immunosorbent assay (ELISA; DIAsource Immu-
noAssays S.A., Nivelles, Belgium) on Triturus Analyzer 
(Diagnostics Grifols, S.A., Barcelona, Spain).

Statistical analyses

All data are expressed as mean ± SEM unless otherwise 
stated. The effects of LCn3, polyphenols, and the interaction 
between LCn3 and polyphenols on microbiota composition 
(expressed as absolute changes: 8 weeks minus baseline) 
were evaluated by two-factor ANOVA. The associations 
between microbiota composition and the main metabolic 

outcomes observed in the trial were explored by Pearson’s 
correlation analyses. A p value < 0.05 was considered signif-
icant. Statistical analysis was performed according to stand-
ard methods using the Statistical Package for Social Sciences 
software 25.0 (SPSS/PC; SPSS, Chicago, IL, USA).

Results

Subjects and compliance to dietary intervention

Baseline characteristics of the participants that could affect 
microbiota composition were not different between the 
groups observed in Table 1. Dietary compliance was optimal 
in all experimental groups, as shown by (1) the evaluation of 
the 7-day food records filled in during the study [16], (2) the 
detection of plasma long-chain PUFA-containing triglycer-
ides after the high-LCn3 diets [26], and (3) the assessment 
of the phenolic metabolites profile in the 24-h urine collec-
tion [27].

Changes in the gut microbiota

An increase in the diversity of fecal predominant bacteria 
(evaluated as number of bands in DGGE) was observed after 
the polyphenol-rich diets, whereas the diversity decreased 
after low-LCn3&PP and High-LCn3 diets (p = 0.006 for 
polyphenol effect, Fig. 1). No changes in the diversity of the 
other groups (EREC, CLEPT, Bacteroides, Bifidobacteria, 
Lactobacilli) were detected (data not shown).

Polyphenols significantly reduced the numbers of EREC 
(as determined by qPCR) while increasing the numbers of 
CLEPT (p = 0.044 and p = 0.015, respectively, Fig. 2).

Table 1  Baseline characteristics 
of the participants in the dietary 
intervention trial

Data are M ± SD
HOMA homeostasis model assessment, LCn3 long-chain n-3 polyunsaturated fatty acid, PP polyphenols

Low
LCn3&PP

High
LCn3

High
PP

High
LCn3&PP

p value
(ANOVA)

Gender (M/F) 8/12 8/11 9/11 8/11
Age (years) 54 ± 9 56 ± 8 53 ± 9 55 ± 9 0.645
Body mass index (kg/m2) 33 ± 3 32 ± 4 32 ± 3 30 ± 3 0.126
Fasting plasma glucose (mg/dl) 104 ± 12 104 ± 12 100 ± 9 103 ± 11 0.498
Fasting plasma insulin (μU/ml) 17 ± 5 20 ± 7 21 ± 6 17 ± 6 0.220
HOMA 4.45 ± 5 5.24 ± 7 5.09 ± 6 4.50 ± 6 0.351
Fasting total cholesterol (mg/dl) 194 ± 38 191 ± 26 194 ± 34 193 ± 27 0.992
Fasting HDL-cholesterol (mg/dl) 43 ± 10 41 ± 11 43 ± 9 44 ± 14 0.855
Fasting triglyceride (mg/dl) 120 ± 47 138 ± 68 120 ± 60 125 ± 78 0.787
Systolic blood pressure (mmHg) 120 ± 7 121 ± 12 126 ± 16 119 ± 9 0.231
Diastolic blood pressure (mmHg) 76 ± 8 74 ± 7 76 ± 9 73 ± 8 0.663
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A “bifidogenic effect” was detected for LCn3 at the end 
of the intervention (p = 0.041 for LCn3 effect, Fig. 2). No 
changes were observed for Lactobacillus group and Atopo-
bium cluster numbers (Fig. 2).

Diversity and numbers of bacteria were not affected by 
the interaction between polyphenol and LCn3.

Bivariate association

In the four groups combined, the absolute changes of the 
CLEPT were correlated with the changes in the early insu-
lin secretion during OGTT (0–30 min; r = 0.263, p = 0.030) 
(Fig. 3).

A strong correlation was found between the changes in 
Atopobium cluster and postprandial triglycerides in plasma 
(r = 0.266, p = 0.026) and large VLDL (r = 0.313, p = 0.009), 
and cholesterol in the large VLDL (r = 0.319, p = 0.008) 
(Fig. 3).

Discussion

Diet is a main determinant of gut microbiota composition. 
Despite the relevance of the interplay between diet and 
microbiota in terms of human health, there are little data 
about how specific dietary changes interact with microbial 
communities and the role of such interactions on cardiomet-
abolic risk factors. In this study, we focused on two dietary 
components: polyphenols and long-chain n-3 polyunsatu-
rated fatty acids that have been hypothesized to exert their 

metabolic effects through changes in microbiota composition 
[14, 15]. Moreover, to the best of our knowledge, this is the 
first study aimed to evaluate the effect of the combination of 
these two dietary components on microbiota composition.

The main finding of this study is that a polyphenol-rich 
diet increases the diversity of fecal predominant bacteria 
(evaluated as number of bands in DGGE). Previous studies 
have shown that plant-based diets are associated with an 
increased bacterial diversity compared to Western-type diet 
[28–30]. At the same time, mounting evidence suggests that 
maintaining or increasing bacterial diversity is one of the 
key activities of plant-based diets for the prevention of car-
diometabolic diseases [31–33]. Previous studies described 
dietary patterns that result from multiple dietary changes, 
and therefore, it is difficult to assess the effect of individual 
dietary components on the microbiota and health outcomes. 
Although the evidence for major dietary changes in the pre-
vention of cardiometabolic diseases is outstanding, it does 
not provide clear information on how and how much each 
dietary component may contribute to the beneficial effect. 
Polyphenols are widely represented in plant-derived foods 
suggesting that the metabolic benefits associated with plant-
based diets may be due, at least in part, to their polyphenol 
content. In fact, the polyphenol-rich diet used in our inter-
vention showed multiple favorable effects related to glu-
cose/lipid metabolism [16, 18, 34, 35]. The present study 
shows that a polyphenol-rich diet affects microbial composi-
tion independently of the other dietary components. Three 
metagenomic studies [32, 33, 36] have previously shown that 
increased microbial diversity was associated with enhanced 
metabolic health. In this light, our data provide additional 
information on the mechanisms behind the beneficial effect 
of dietary polyphenols on cardiometabolic diseases.

As for the effects on specific bacterial species, in the pre-
sent study polyphenols reduced Eubacterium rectale—Blau-
tia coccoides (clostridial cluster XIV) numbers, while they 
increased Clostridium leptum numbers (clostridial cluster 
IV). This finding is in line with previous studies demonstrat-
ing a selective antimicrobial effect of phenolic compounds 
[37, 38]. The clinical implications of this effect related to 
phenolic compounds are unknown. However, it supports 
the potential to develop tailored dietary changes to obtain 
specific modifications in the microbiota. This approach rep-
resents a tool that can be part of advanced “precision nutri-
tion” strategies for preventing and managing cardiometa-
bolic diseases [39, 40].

Interestingly, we detected a clear bifidogenic effect of 
LCn3. This finding has been reported in two previous stud-
ies with LCn3 supplementation [41, 42]. However, it is note-
worthy that in our trial the increase in the numbers of Bifi-
dobacteria was obtained through the consumption of fatty 
fish three times/week, thus representing a feasible approach 
easily transferable to real-life setting.
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Fig. 1  Changes in fecal bacterial diversity (number of bands) between 
baseline and after the dietary intervention in the four experimental 
groups. White bar: low LCn3&PP, diet low in LCn3 and PP; light 
gray bar: high LCn3, diet rich in LCn3 and low in PP; dark gray bar: 
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Fig. 2  Absolute changes of 
bacterial species between 
baseline and after the dietary 
intervention in the four 
experimental groups. White 
bar: low LCn3&PP, diet low in 
LCn3 and PP; light gray bar: 
high LCn3, diet rich in LCn3 
and low in PP; dark gray bar: 
high PP, diet rich in PP and 
low in LCn3; black bar: high 
LCn3&PP, diet rich in PP and 
LCn3. LCn3 long-chain n-3 
polyunsaturated fatty acid, PP 
polyphenols. Mean ± SEM. * 
two-factor ANOVA
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As for the relation between changes in microbial species 
and host metabolism, the increase in the Clostridium leptum 
numbers was directly correlated with the early insulin secre-
tion, an index of good glucose tolerance. Clostridium leptum 
group contains numerous butyrate-producing species, and 
butyrate has shown to influence glucose homeostasis, likely 
improving insulin secretion [43, 44]. Unfortunately, we did 
not perform any measurement of fecal or plasma butyrate to 
test this hypothesis.

In our trial, Atopobium group numbers were not influ-
enced significantly by polyphenols or LCn3 or their com-
bination. However, it highly correlated with postprandial 
plasma lipids, in particular in the large VLDL fractions. In 
a previous study carried out in healthy subjects [45], an asso-
ciation between Collinsella spp., the predominant member 
of Atopobium group, and fasting plasma lipid concentrations 
was observed. Intriguingly, a recent cross-sectional study 
[46] found an increased bacterial count of Atopobium group 
in patients with ischemic stroke compared to age- and sex-
matched controls. Therefore, it could be hypothesized that 
the link between increased count of Atopobium numbers and 

cardiometabolic disease may be explained by a worse lipid 
profile.

A limitation of our study was that we only amplified cer-
tain bacterial species; therefore, it remains unknown whether 
small changes in not-so-abundant species might have 
affected clinical outcomes. In addition, we did not perform 
any measurement of fecal metabolome to assess microbial 
metabolites (i.e., short-chain fatty acids or phenolic com-
pounds) that could represent the connection between diet, 
microbiota, and the metabolism of glucose and lipids [47, 
48].

In conclusion, the present study demonstrates that diets 
naturally rich in polyphenols or long-chain n-3 polyunsat-
urated fatty acids can modulate gut microbiota and these 
changes are related to an improvement in the cardiometa-
bolic risk profile.

These findings provide new information for future inves-
tigations on the interplay between dietary changes and 
microbiota composition that may help to develop tailored 
nutritional approach for preventing cardiometabolic disease 
in humans.
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