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Abstract: Obesity is a pandemic carrying the heavy burden of multiple and serious co-morbidities
including metabolic syndrome, type 2 diabetes and cardiovascular diseases. The pathophysiological
processes leading to the accumulation of body fat slowly evolve to fat accumulation in other
body compartments than subcutaneous tissue. This abnormal fat deposition determines insulin
resistance which in turn causes blood glucose and lipid metabolism derangement, non-alcoholic
fatty liver disease, hypertension, and metabolic syndrome. All these conditions contribute to
increase the cardiovascular risk of obese people. Several randomized clinical trials demonstrated that
moderate weight loss (5–10%) in obese patients improves obesity-related metabolic risk factors and
coexisting disorders. Therefore, nutritional strategies able to facilitate weight management, and in the
meantime positively influence obesity-associated cardiovascular risk factors, should be implemented.
To this aim, a suitable option could be dietary fibres that may also act independently of weight loss.
The present narrative review summarizes the current evidence about the effects of dietary fibres
on weight management in obese people. Moreover, all of the different cardiovascular risk factors
are individually considered and evidence on cardiovascular outcomes is summarized. We also
describe the plausible mechanisms by which different dietary fibres could modulate cardio-metabolic
risk factors. Overall, despite both epidemiological and intervention studies on weight loss that
show statistically significant but negligible clinical effects, dietary fibres seem to have a beneficial
impact on main pathophysiological pathways involved in cardiovascular risk (i.e., insulin resistance,
renin-angiotensin, and sympathetic nervous systems). Although the evidence is not conclusive,
this suggests that fibre would be a suitable option to counteract obesity-related cardio-metabolic
diseases also independently of weight loss. However, evidence is not consistent for the different risk
factors, with clear beneficial effects shown on blood glucose metabolism and Low Density Lipoprotein
(LDL) cholesterol while there is fewer, and less consistent data shown on plasma triglyceride and
blood pressure. Ascribing the beneficial effect of some foods (i.e., fruits and vegetables) solely to their
fibre content requires more investigation on the pathophysiological role of other dietary components,
such as polyphenols.

Keywords: dietary fibre; obesity; diabetes type 2; hypertension; dyslipidemia; cardiovascular risk;
metabolic syndrome; insulin resistance

Nutrients 2018, 10, 943; doi:10.3390/nu10070943 www.mdpi.com/journal/nutrients

http://www.mdpi.com/journal/nutrients
http://www.mdpi.com
https://orcid.org/0000-0001-6549-4476
http://www.mdpi.com/2072-6643/10/7/943?type=check_update&version=1
http://dx.doi.org/10.3390/nu10070943
http://www.mdpi.com/journal/nutrients


Nutrients 2018, 10, 943 2 of 33

1. Introduction

1.1. Pathophysiology of Obesity and Related Cardiovascular Risk Factors

Obesity is a worldwide pandemic currently involving 600 million adults and 40 million
children prior to 5 years of age [1]. The obesity-related burden is mainly carried out by multiple,
serious co-morbidities including metabolic syndrome, type 2 diabetes and cardiovascular diseases.

The pathophysiological processes leading to the aberrant accumulation of body fat evolve slowly
over time driven by the interaction of gene and environment in the complex system that regulates
energy balance [2,3]. Both central and peripheral signals are involved in the regulation of short and
long–term energy balance. Central signals start from brain regions inside and outside the hypothalamus
presiding over cognitive processes, hedonic effects of food consumption, memory, and attention.
Peripheral signals arise from each district of the body including the microbiome and cells within
adipose tissue, stomach, pancreas, and other organs [3].

The disruption of this intricate network that physiologically counteracts variations of food intake
and/or physical activity in order to keep body weight constant leads to the constitutional activation
of orexigenic signals with a chronic positive energy balance leading to the deposition of energy
oversupply in triglyceride form.

Adipose tissue is physiologically deputed to store lipids at a variety of anatomical sites that differ
in metabolic and physiological characteristics. Subcutaneous adipose tissue is the body compartment
with the highest fat storing capacity. Obesity occurs when fat amount exceeds the holding ability of
subcutaneous depots. This determines the inflammation of adipose tissue, which contributes to the
insulin resistance that is often present in patients with obesity [3,4].

The threshold saturation of subcutaneous adipose tissue is mainly genetically determined and is
associated with advanced disruption of glucose metabolism such as type 2 diabetes [5].

Visceral adipose tissue is a less wide compartment whose expansion, in particular at
mesenchymal and omental level, is associated with higher risk of diabetes and cardiovascular disease.
The “overcrowded” subcutaneous adipose tissue and the visceral fat are dysfunctional compartments
with abnormal enzymatic lipolytic activities [6], secreting inappropriate types and amounts of cytokines
and adipokines that regulate glucose and lipids metabolism with paracrine and endocrine mechanisms
(Figure 1).
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Figure 1. Pathophysiological mechanisms by which excessive adipose tissue leads to metabolic
dysfunction and common chronic diseases. RAS: renin-angiotensin system; SNS: sympathetic nervous
system; FFA: free fatty acids; IL-6: interleukin-6; IL-1β: interleukin-1β; TNF-α: tumor necrosis factor-α.
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The first consequence of adipose tissue dysfunction is the inappropriate lipolysis of stored
triglycerides. The resultant increase of circulating free fatty acids, in turn, determines insulin-resistance,
deregulation of hepatic glucose metabolism and eventually, the occurrence of diabetes [7,8]. The higher
concentration of free fatty acids, together with the stimulation of de novo lipogenesis and the inhibition
of beta-oxidation and hepatic Very Low Density Lipoprotein (VLDL) secretion, makes available more
substrate for triglyceride synthesis in the liver. The hepatic deposition of the triglyceride surplus
determines non-alcoholic fatty liver disease, an ominous condition potentially evolving in end-stage
liver disease and associated with a higher risk of diabetes and cardiovascular disease, characterized by
a wide spectrum of hepatic histologic abnormalities ranging from simple steatosis to cirrhosis [9].

Both adipose tissue dysfunction and ectopic fat deposition contribute to the genesis of
atherosclerotic dyslipidemia, i.e., high plasma triglyceride; low High Density Lipoprotein (HDL)
cholesterol; high LDL cholesterol; fasting; and postprandial alterations of lipoprotein composition
associated with cardiovascular disease [10–12].

Obesity is often associated with chronic over-activity of the sympathetic nervous system.
This, in combination with the activation of renin–angiotensin–aldosterone system and mechanical
stress-inducing renal compression, may account for the high prevalence of high blood pressure in
obese people [13].

1.2. Dietary Fibre

Dietary fibre is defined as “the edible part of plants or their extracts, or analogous carbohydrates,
that are resistant to digestion and absorption in the human small intestine, and undergoes
complete or partial fermentation in the large intestine” [14]. Several classification systems have been
proposed for dietary fibres. Taking into account their main properties (i.e., viscosity, water solubility,
and fermentation rate), dietary fibre can be classified into four main groups, as reported in Table 1,
in which we summarized the concepts of McRorie et al. [15].

1. Non-viscous, insoluble, non-fermentable fibre. It is an insoluble fibre that is very poorly fermented
in the intestine. It has mechanical and laxative effects, contributing to regulate digestive function.
Bran, cellulose, hemicellulose and lignin are the main fibres representative of this group.

2. Non-viscous, soluble, fermentable fibre. It is quickly and greatly fermented by the intestinal
microbiota. It may have a prebiotic effect, but it does not induce laxative effects. Inulin, dextrin,
oligosaccharides, resistant starch are the main fibres representative of this group.

3. Viscous, soluble, fermentable fibre. It can form a viscous gel that reduces nutrient absorption
in the intestine. Moreover, it is rapidly fermented by the intestinal microbiota. Pectin, β-glucan,
guar gum, and glucomannan are the main fibres representative of this group.

4. Viscous, soluble, non-fermentable fibre. It reduces the absorption of nutrients due to its viscosity
and exerts laxative effects. Psyllium and methylcellulose are the main fibres representative of
this group.

Several randomized clinical trials demonstrated that moderate weight loss (5–10%) in
obese patients improves obesity-related metabolic risk factors and coexisting disorders [16–18].
Therefore, nutritional strategies able to modify, induce and maintain weight loss should be implemented.
These strategies may need qualitative dietary modifications that could favorably affect mechanisms
behind obesity and associated cardiometabolic risk factors development. Increasing the consumption
of dietary fibre may be a strategy contributing to this purpose.

Thus, the aim of the present narrative review is to summarize the current evidence on the
effects of dietary fibres on (a) weight management in obese people and (b) obesity-associated
cardio-metabolic diseases. We have comprehensively examined the evidence from observational
studies and randomized controlled trials performed in humans to evaluate the effects of fibres on
clinical outcomes including cardiovascular events. We also describe the plausible mechanisms by
which dietary fibres could modulate cardio-metabolic outcomes.
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Literature searching for this narrative review was conducted by searching PubMed databases for
epidemiological studies, randomized controlled clinical trials, and meta-analyses on adults published
in the English language, during the last 10 years, also considering, if available, previous most relevant
reference trials. We used as keywords “detary fibre OR fibre” and separate search terms for obesity
and each of the cardiovascular risk factors. The search yielded 531 articles for “obesity OR weight
management OR waist circumference OR body weight OR abdominal obesity”, 397 articles for “insulin
resistance OR blood glucose OR diabetes risk”, 577 articles for “dyslipidemia OR lipids OR cholesterol
OR triglycerides”, 132 articles for “cardiovascular risk OR cardiovascular risk factors”, 32 studies for
“non alcoholic fatty liver disease”. This narrative review includes: (1) the meta-analyses of randomized
clinical trials; (2) clinical trials not available in the meta-analyses that added significant information and
are published in journals in the highest impact factor quartile in the “Endocrinology and Metabolism”
or “Nutrition and Dietetics“ areas; (3) epidemiological studies published in journals in the highest
impact factor quartile in the “Endocrinology and Metabolism” or “Nutrition and Dietetics” areas.
We excluded studies not specifically related to each issue of interest and reviews.

Table 1. Functional properties and main sources of dietary fibres, according to McRorie et al. [15]

Fibres
Functional Properties

Main Sources
Viscosity Solubility Fermentation

Bran

Low Low Low

Wholegrain

Cellulose Vegetables

Hemicellulose Vegetables

Lignin Seeds

Inulin

Low High High

Roots and tubers

Dextrin Chemically altered wheat and corn starch

Oligosaccharides Fruits, vegetables, legumes, grains

Resistant starch

Type I: Wholegrain; Type II: High-amylose maize starch, raw
potato and banana; Type III: Cooked and cooled starchy foods;
Type IV: Chemically modified starches; Type V:
Amylose-lipid complex

Pectin

High High High

Fruits, vegetables, legumes

β-Glucan Oat and barley

Glucomannan Tuberous roots of the Konjac plant

Guar gum Leguminous seed plants (guar, locust bean), seaweed extracts
(carrageenan, alginates), microbial gums (xanthan, gellan)

Psyllium
High High Low

Husks of ripe seeds from Plantago ovate

Methylcellulose Food additive

2. Body Weight Regulation

2.1. Epidemiological Studies

Data from nine large epidemiological studies, two cross-sectional [19,20] and seven longitudinal
studies [21–27] consistently demonstrate that fibre intake is favourably associated with outcomes
related to weight management (i.e., BMI, body weight, percentage of body fat, and waist circumference).
Longitudinal studies clearly demonstrate that high consumption of dietary fibre, generally more
than 10 g/1000 kcal/day or about 20 g/day in most studies, is associated with a body weight
loss ranging from 1.2 to 3.6 kg in 8–12 years of follow-up [21–23]. In the EPIC-Potsdam cohort,
beneficial effects of fibres on body weight also persisted over time as shown by the fact that individuals
with the greatest intake of dietary fibre (13.5 g/1000 kcal/day) were more able to maintain body
weight or to prevent excess weight gain over 4 years of follow-up than to those with the smallest
intake (8.8 g/1.000 kcal/day) [24]. Beneficial effects of fibres on body weight were observed in all
cohorts irrespective of baseline body weight status (normal-weight, overweight or obese) of the
study participants.
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Observational studies also show that a higher intake of dietary fibres is associated with a healthier
distribution of body fat. In a cross-sectional observation [19], individuals in the highest quintile of
fibre intake (11.3 g/1000 kcal) compared with those in the lowest quintile (6.6 g/1000 kcal) had a
smaller waist circumference (82.9 vs. 86.1 cm). In a longitudinal study, overweight youth who had
decreased dietary fibre intake from year 1 to year 2 (mean decrease 3 g/1000 kcal) compared with
participants who had increased dietary fibre intake (mean increase 3 g/1000 kcal) had a significant
increase in visceral adipose tissue (+21% vs. −4%) [25]. Similarly, an inverse association between cereal
fibre intake (highest quintile vs. lowest quintile) with percent body fat (34.7% (32.8–36.6) vs. 31.5%
(29.4–33.5); Ptrend = 0.004) and trunk fat mass (42.8% (40.2–45.4) vs. 37.8% (35.0–40.6); Ptrend = 0.001)
was shown by McKeown et al. [20].

Epidemiological evidence also shows a beneficial effect of fibre on weight management
considering total dietary fibre or cereal fibre intake. In a 6.5-year follow-up large European study,
10 g/day of total fibre intake was associated with a weight reduction of 39 g/year and a waist
circumference reduction of 0.08 cm/year, while 10 g/day in whole grain fibre intake was associated
with a weight reduction of 77 g/year and a waist circumference reduction of 0.10 cm/year [26]. In The
Health Professionals Follow-up Study, over an 8-year follow-up period, for each 20 g/day increase
in total dietary fibres, weight gain was reduced by 1.2 kg, while for each 20 g/day increase in cereal
fibres weight gain was reduced by 0.81 kg [27].

In all the epidemiological studies reported above, the adjustment for confounders, including other
dietary components and energy intake, did not influence or only modestly attenuated the association
between dietary fibre intake and weight outcomes.

2.2. Randomized Controlled Trials

In the last decades, a large amount of clinical trials have been conducted to investigate the
possible effects of fibre on outcomes related to body weight changes. These trials focused on the
effects of different types of fibre—i.e., fibres from whole grain, pulses, fruit and vegetables, and fibre
supplements—and some of these trials have been included in previously published meta-analyses
reported in Table 2.
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Table 2. Published meta-analyses of RCTs evaluating the effects of different types of fibre on body weight regulation.

Author, Year [Reference] Study Design

Study
Population
Participants

Age
BMI

Health Status

Intervention and Doses Duration Weeks Observed Effects

Pol, 2013 [28] Meta-analysis of 26 RCTs

2060 M/F
18–70 years

18.5–35.8 kg/m2

Healthy

Whole grain (mean dose: 84.1 g/day)
vs. refined grain 2–16

= BW
↓ body fat: −0.48%

vs.
refined grain

Kim, 2016 [29] Meta-analysis of 21 RCTs

940 M/F
47–57 years

27.6–31.4 kg/m2

Metabolic syndrome

Dietary pulses (mean dose: 142 g/day)
vs. control 4–12

↓ BW: −0.34 kg
vs.

control

Mytton, 2014 [30] Meta-analysis of 8 RCTs

1026 M/F
30–75 years

23.7–37.8 kg/m2

Healthy

High fruit and vegetables
vs. low fruit and vegetables consumption

(mean dose difference in vegetables and fruit consumption
between arms 133 g/day)

4–52
↓ BW: −0.54 kg

vs.
low fruit and vegetables

Thompson, 2017 [31] Meta-analysis of 12 RCTs

609 M/F
20–70 years

25–35 kg/m2

Healthy

Soluble fibre supplementation (mean dose: 18.5 g/day)
vs. control 2–17

↓ BMI: −0.84 kg
↓ BW: −2.52 kg
↓ body fat: −0.41%

vs.
control

= No significant difference; ↓ significant decrease; BMI: body mass index; BW: body weight; F: female; M: male; n.a.: not available; RCT: randomized, controlled trial; WC:
waist circumference.
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In contrast with epidemiological evidence, the results of clinical trials evaluating the effect of fibres
from whole grain on weight reduction are limited and not consistent. In a meta-analysis of 26 studies,
Pol et al. [28] showed that whole grain intake compared to refined grain had no effect on body weight,
although it slightly reduced the percentage of body fat. Seven of these trials compared whole with
refined grain in weight-loss diets, while the other 19 studies were performed on isoenergetic conditions.
The daily whole grain intake ranged from 18.2 to 150 g/day and the trials’ duration ranged from 2 to
16 weeks. In a “review of meta-analyses” [32], the reductions in body weight, BMI, and abdominal
obesity observed in individuals with the highest dietary whole grain intake were not significantly
different from individuals consuming non-whole grain foods or refined grain. In a more recent RCT,
not included in the previous meta-analysis, Kirwan et al. [33] showed that an 8-week whole grain
vs. refined grain diet (29 vs. 21 g/day fibre intake) in 40 overweight/obese adults induced a similar
effect on weight loss (−3%), fat loss (−6%), and waist circumference (−2 cm) with no significant
difference between diets. The discrepancy between epidemiological studies and RCTs could be related
to differences in study design, short duration of trials, selected populations, and the type and amount
of whole grain foods consumed.

With regard to fibre from pulses, a meta-analysis of 21 trials showed a significant weight reduction
of 0.34 kg in diets containing dietary pulses (median intake of 132 g/day or about 1 serving/day)
compared with diets without dietary pulse, over a median duration of 6 weeks [29]. The effect on body
weight reduction was observed in trials testing both low-calories and no calorie restricted diets; in
6 trials, a reduction in body fat percentage (−0.34%) was also observed [29].

With respect to fruit and vegetables, the meta-analysis by Mytton et al. [30], including 8 randomized
trials, showed a significant weight reduction of 0.68 kg with diets rich in fruit and vegetables (in the
absence of specific advice to decrease consumption of other foods) compared to diets poor in fruit
and vegetables. The study duration ranged from 4 to 52 weeks and the mean difference in high vs. low
fruit and vegetables intake for trial’s arms was 133 g/day (ranging from 50 to 456 g).

Concerning the effects on body weight of fibre from pulses, and even more from fruits and
vegetables, the influence of other components such as polyphenols should be considered.

Studies on the effects of soluble fibre supplementation seem to support a per se beneficial effect
of this type of fibre. Thompson et al. [31] in a meta-analysis of 12 RCTs in overweight and obese
adults, reported that soluble fibre supplementation, compared to placebo, reduced BMI by 0.84 kg/m2,
body weight by 2.52 kg, and body fat by 0.41%. The soluble fibres were used as supplements in the
form of manno-oligosaccharides, galacto-oligosaccharides, fructo-oligosaccharides, β-glucan, flaxseed
mucilage, mannans and dextrin. The mean soluble fibre dose was 18.5 g/day (range: 3–34 g/day) and
the trials’ duration ranged from 2 to 17 weeks (Table 2).

In conclusion, evidence from RCTs indicates that low-fermentable fibres intake, mostly from
whole grain, does not affect body weight; this could be related to the heterogeneity of experimental
settings in which whole grains have been tested. Fermentable fibres from other sources (pulses, fruits
and vegetables) induced a statistically significant but clinically irrelevant reduction in body weight
that, however, was prevalently obtained in isocaloric conditions.

2.3. Possible Mechanisms of Fibre Effects on Body Weight Regulation

In the small intestine, by creating a mechanical barrier and increasing intraluminal viscosity,
soluble and insoluble fibre delay intestinal transit and reduce glucose and free fatty acid absorption
with a consequent increment in fat oxidation and reduction in fat storage. Furthermore, the reduction
in glucose absorption can also decrease insulin secretion, preventing the risk of reactive hypoglycemia
during the post-absorption period and reducing hunger [34,35]. In the small intestine, the role of
dietary fibre on gastrointestinal hormone secretion should be also considered. In particular, a fibre-rich
meal may favour the release of cholecystokinin, a peptide involved in gastric emptying regulation and
hypothalamic satiety nucleus stimulation [36].
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Dietary fibre also increases glucagon-like peptide-1, a gut hormone involved in satiety control,
gastric emptying and small intestine transit [37]. Finally, in the large intestine, fibre is fermented
by intestinal bacteria and influences microbiota composition [38,39]. Short-chain fatty acids (SCFAs)
derived from intestinal bacteria (acetic, propionic and butyric acids) could positively influence body
weight regulation by different mechanisms: decreasing gastric emptying and prolonging satiety,
improving insulin sensitivity and modulating glucose and lipid oxidation [40–42]. With respect
to microbiota composition, dietary fibre can increase Bacteroidetes and Actinobacteria, which are
predominant in lean individuals, and decrease the prevalence of Firmicutes and Proteobacteria, which
are dominant in obese individuals [43]; the beneficial impact on microbiota could explain the possible
fibre effect on body weight regulation mediated by increasing caloric extraction from food [44].

3. Insulin Resistance, Type 2 Diabetes Risk, and Blood Glucose Control in Diabetes

3.1. Epidemiological Studies

To the best of our knowledge, epidemiological evidence on the association between dietary
fibre intake and insulin resistance only comes from a secondary analysis of the Insulin Resistance
Atherosclerosis Study [45]. The results of this US cross-sectional study showed that higher intakes of
whole grains were associated with increased insulin sensitivity, evaluated by minimal model analyses
of the frequently sampled intravenous-glucose-tolerance test. This association remained statistically
significant also after adjusting for potential confounders.

3.2. Randomized Controlled Trials

The available evidence from clinical trials on insulin resistance comes mainly from studies
investigating the effects of whole grains (Table 3). Since, to the best of our knowledge, no meta-analysis
on the effect of fibre from whole grain specifically on insulin-resistance exists, we reported the evidence
by individual RCTs. With the only exception of the study by Pereira and colleagues [46] who observed
a significant reduction of insulin resistance after a 6-week diet based on wholegrain products, trials
evaluating the effect of wholegrain have consistently found no changes of insulin resistance/sensitivity
in overweight/obese people [47–54]. This lack of effects on insulin resistance from wholegrains was
observed independently of (1) the methodology applied for insulin resistance measurement, (2) body
weight changes after the intervention, and (3) exposure time to fibre consumption (ranging from 3 to
16 weeks).
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Table 3. Published RCTs evaluating the effects of fibre from whole grain or other sources on insulin resistance.

Author, Year [Reference] Study Design

Study
Population
Participants

Age
BMI

Health Status

Intervention and Doses Duration Weeks Observed Effects

Fibre from whole grain

Pereira, 2002 [46] RCT

11 M/F
41.6 years
30.2 kg/m2

Hyperinsulinemic

Whole-grain products
(fibre 28 g/day)
vs.
refined-grain products
(fibre 18 g/day)

6

↑ Insulin sensitivity
(euglycemic hyperinsulinemic clamp tests):
+0.07 × 10−4 mmol·kg−1·min−1

per pmol/L
= BW
vs.
refined-grain products

Juntunen, 2003 [47] RCT

20 F
59 years
28 kg/m2

Healthy

Rye whole-grain bread
(fibre 46 g/day)
vs.
White wheat bread
(fibre 14 g/day)

8

= Insulin sensitivity
(FSIGT)
= BW
vs.
White wheat bread

McIntosh, 2003 [48] RCT

28 M
40–65 years
30 kg/m2

Healthy

Rye whole-grain diet
(fibre 32 g/day)
vs.
Wheat whole-grain diet
(fibre 32 g/day)
vs.
Low fibre diet
(fibre 19 g/day)

4

= Insulin resistance (HOMA)
= BW
vs.
Low fibre diet

Andersson, 2007 [49] RCT

30 M/F
59 years
28.3 kg/m2

Healthy

Whole-grain products
(fibre 18 g/day)
vs.
refined-grain products
(fibre 6 g/day)

6

= Insulin sensitivity (euglycemic hyperinsulinemic
clamp tests)
↑ BW
vs.
refined-grain products

Katcher, 2008 [50] RCT

47 M/F
46 years
36 kg/m2

Metabolic syndrome

Whole-grain products
(fibre 12.9 g/1000 kcal)
vs.
refined-grain products
(fibre 9.7 g/1000 kcal)

12

= Insulin sensitivity
(ISI index during OGTT)
↓BW
vs.
refined-grain products
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Table 3. Cont.

Author, Year [Reference] Study Design

Study
Population
Participants

Age
BMI

Health Status

Intervention and Doses Duration Weeks Observed Effects

Giacco, 2010 [51] RCT

15 M/F
55 years
27 kg/m2

Healthy

Whole-grain products
(fibre 32 g/day)
vs.
refined-grain products
(fibre 20 g/day)

3

= Insulin resistance (HOMA)
= BW
vs.
refined-grain products

Brownlee, 2010 [52] RCT

216 M/F
46 years
30 kg/m2

Healthy

Whole-grain products
(60 g/day)
vs.
Whole-grain products
(120 g/day)
vs.
refined-grain products

16

= Insulin sensitivity (QUICKI)
= BW
vs.
refined-grain products

Giacco, 2013 [53] RCT

133 M/F
40–65 years
31.4 kg/m2

Metabolic syndrome

Whole-grain products
(fibre 33 g/day)
vs.
refined-grain products
(fibre 20 g/day)

12

= Insulin sensitivity
(FSIGT)
= BW
vs.
refined-grain products

Giacco, 2014 [54] RCT

54 M/F
40–65 years
31.7 kg/m2

Metabolic syndrome

Whole-grain products
(fibre 33 g/day)
vs.
refined-grain products
(fibre 20 g/day)

12

= Insulin resistance (HOMA)
= BW
vs.
refined-grain products

Fibre from other sources

He, 2016 [55] Meta-analysis of 18 RCTs

298 M/F
53 years
26 kg/m2

Any

Oat-based products
(20–136 g/day)
vs.
β-glucan extract
(3–10 g/day)
vs.
refined-grain products

4-12

= Insulin resistance (HOMA)
= BW
vs.
refined-grain products

Hashizume, 2012 [56] RCT

30 M/F
60.6 years
72.5 kg/m2

Metabolic syndrome

Resistant maltodextrin
(27 g/day)
vs.
placebo

12

↓ Insulin resistance (HOMA): −0.5%
= BW
vs.
placebo
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Table 3. Cont.

Author, Year [Reference] Study Design

Study
Population
Participants

Age
BMI

Health Status

Intervention and Doses Duration Weeks Observed Effects

Li, 2010 [57] RCT

120M
31 years
24.5 kg/m2

Healthy

NUTRIOSE *
(27 g/day)
vs.
placebo

12 ↓ Insulin resistance (HOMA): −12%
↓ BW: −1.5 kg

Johnston, 2010 [58] RCT

20 M/F
47.6 years
30.8 kg/m2

Metabolic syndrome

Resistant starch
(40 g/day)
vs.
placebo

12

↑ Insulin sensitivity (euglycemic hyperinsulinemic
clamp tests tests):
+0.9 mg·kg−1·min−1

per pmol/L
= BW
vs.
placebo

Robertson, 2012 [59] RCT

15 M/F
48.9 years
33.8 kg/m2

Metabolic syndrome

Resistant starch
(40 g/day)
vs.
placebo

8

↓ Insulin resistance (HOMA): −0.4%
= BW
vs.
placebo

= No significant difference; ↓ significant decrease; ↑ significant increase; BMI: body mass index; BW: body weight; HOMA: Homeostatic model assessment; ISI: insulin sensitivity index;
F: female; FSIGT: Frequently sampled intravenous glucose tolerance test; M: male; n.a.: not available; NSP: nonstarchy polysaccharides; OGTT: oral glucose tolerance test; QUICKI:
Quantitative insulin sensitivity check index. * NUTRIOSE is a soluble fibre.
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Looking at other types of fibre, the main findings allow different conclusions to be drawn. In a
meta-analysis evaluating the effects of cereal fibre (β-glucan) on HOMA index, He et al. [55] concluded
that oat-based products, β-glucan extract, and refined-grain products did not differently influence insulin
resistance in overweight, otherwise healthy, individuals. These results are in contrast with two previous
trials evaluating the effects of a 12-week supplementation of soluble fibres (resistant maltodextrin [56] and
NUTRIOSE [57]) that detected a significant reduction of insulin resistance evaluated by the HOMA index.
Finally, as observed in two studies [58,59], resistant starch supplementation (40 g/day) seems to be
effective in improving insulin resistance/sensitivity. The effects of soluble fibre and resistant starch on
insulin-resistance were observed independently of body weight changes as reported in Table 3.

3.3. Possible Mechanisms of Fibre Effects on Insulin Resistance

Mechanisms underlying the effects of soluble fibre consumption on insulin resistance can be firstly
ascribed to the fermentation process with the consequent production of SCFAs. Indeed, increased SCFAs
production has been related to the improvement of insulin sensitivity in several intervention trials [60–62].
Moreover, recent data in animals show that different types of fibre are able to differently influence SCFAs
production with consequent different effects on pathophysiological properties of adipose tissue related
to insulin resistance such as browning. This would confirm also that independently of the induction of
clinically relevant body weight changes, dietary fibre could act on mechanisms behind the association
between adiposity and insulin resistance [63].

However, the prebiotic effect of fibre may also play a role. It has been observed that
obesity-related dysbiosis may lead to the development of insulin resistance [64,65]. Several studies
have demonstrated that fibre intake can influence microbiota composition, favouring bacterial species
that do not contain the detrimental compounds that trigger endotoxemia (i.e., lipopolysaccharides and
peptidoglycans) [66]. Therefore, by relieving endotoxemia, fibre consumption could reduce insulin
resistance. It must also be considered that high fibre diets are often lower in fat, with some fats,
i.e., saturated and trans fatty acids, also known to favour endotoxemia and inflammation leading to
insulin resistance.

Finally, animal studies support the activity of fibre in modulating the expression of the
insulin-responsive glucose transporter type 4 (GLUT-4) in the skeletal muscle, thus improving insulin
sensitivity [67,68].

3.4. Diabetes Risk

The beneficial effects of dietary fibre on insulin-resistance imply that they can also impact on
diabetes risk. We selected five epidemiological studies suggesting that a high fibre intake reduces the
risk of diabetes. One of the first large-scale studies [69] on 65,173 women between 40 and 65 years
of age, showed an inverse association between risk of diabetes and fibre intake, mainly from cereals.
More recently, a meta-analysis of 19 cohort studies by the InterAct Consortium has shown the consistency
of results over time, with a summary diabetes RR per 10 g/day increase in intake of 0.91 (95% CI 0.87,
0.96) for total fibre, 0.75 (95% CI 0.65, 0.86) for cereal fibre, 0.95 (95% CI 0.87, 1.03) for fruit fibre and 0.93
(95% CI 0.82, 1.05) for vegetable fibre [70]. Taken as a whole, these data from cohort studies indicate that
insoluble/non-viscous/cereal fibre is protective against diabetes while soluble/viscous/fruit fibre give
little protection [69,70]. It is of interest to underline that most of these findings come from cohort studies
conducted in the United States (~85%) where cereals are the predominant source of dietary fibre followed
by more meagre proportions from vegetables and fruit sources [71–73]. In all these epidemiological studies,
the adjustment for confounders did not influence or only modestly attenuated the association between
dietary fibre intake and diabetes risk. On the other hand, it should be taken into account that current
observational evidence [74–76] and the results of a large randomized controlled trial, the PREDIMED
study [77], demonstrated an inverse association between the adherence to the Mediterranean diet
and diabetes incidence during a median follow-up of 4 years; indicating that this dietary pattern is
the most useful dietary approach to reduce diabetes risk. Although it is not possible to isolate the
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effects of fibre from those of other beneficial components, the high intake of wholegrain cereals, fruits,
and vegetables characterising the Mediterranean diet supports a relevant role for all types of dietary
fibre in reducing diabetes risk.

3.5. Blood Glucose Control

Dietary fibre does not only reduce diabetes risk but also influences blood glucose control
in diabetes. Our search revealed 215 studies on this topic, but only one cross-sectional and six
meta-analyses of RCTs were included. Vitale and colleagues [78] showed in a cross-sectional analysis
on 2573 people with type 2 diabetes that a consumption of fibre ≥15 g/1000 kcal was associated with
a significantly lower HbA1c compared with a fibre intake <10 g/1000 kcal. In line with these findings,
two meta-analysis of RCT studies in people with type 2 diabetes have shown that increasing fibre
intake, in particular soluble fibres, significantly decreases blood glucose concentration and HbA1c
levels [79,80] (Table 4).
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Table 4. Published meta-analyses of RCTs evaluating the effects of different types of fibre on blood glucose control.

Author, Year [Reference] Study Design

Study
Population
Participants

Age
BMI

Health Status

Intervention and Doses Duration Weeks Observed Effects

Post, 2002 [79] Meta-analysis of 15 RCTs

400 M/F
52–69 years
23.4–32.5 kg/m2

Type 2 diabetes

High fibre diet
vs.
low-fibre diet
(4–40 g/day)

3–12

↓ Fasting glucose:−15 mg/dL
↓ HbA1c: −0.26%
vs.
low-fibre diet
(4–40 g/day)

Silva, 2013 [80] Meta-analysis of 13 RCTs

605 M/F
62 years
n.a.
Type 2 diabetes

High fibre foods
vs.
low-fibre foods
(3–22.5 g/day)

8–24

↓ Fasting glucose:−9.97 mg/dL
↓ HbA1c: −0.55%
vs.
low-fibre foods

Gibb, 2015 [81] Meta-analysis of 35 RCTs

1075 M/F
52.3 years
n.a.
Type 2 diabetes

Psyllium
(3–10 g/day)
vs.
placebo

2–26

↓ Fasting glucose: −37 mg/dL
↓ HbA1c: −0.97%
vs.
placebo

Schwingshackl, 2018 [82] Meta-analysis of 56 RCTs

4937 M/F
44–67 years
25–43 kg/m2

Type 2 diabetes

Mediterranean diet
vs.
control diet

3–48

↓ Fasting glucose: −11.0 mg/dL
↓ HbA1c: −0.32%
vs.
control diet

Marventano, 2017 [83] Meta-analysis of 14 RCTs

377 M/F
50 years
28 kg/m2

Healthy

Whole-grain products
vs.
refined-grain products

2–16

= Fasting glucose
= Fasting insulin
vs.
refined-grain products

Thompson, 2017 [31] Meta-analysis of 12 RCTs

200 M/F
20–70 years
25–45 kg/m2

Healthy

Soluble fibre
supplementation
(3–34 g/day)
vs.
Non-fibre placebo

2–17

↓ Fasting glucose: −3.0 mg/dL
↓ Fasting insulin: −2.29 µU/mL
↓ BW: −2.52 kg
vs.
Non-fibre placebo

= No significant difference; ↓ significant decrease; ↑ significant increase; BMI: body mass index; BW: body weight; F: female; M: male.
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Looking at specific type of fibres, psyllium supplementation has shown to significantly improve
fasting glucose and HbA1c concentrations in type 2 diabetic patients [81]. Fruit consumption has also
been inversely associated with blood glucose control, which may be mediated in part by dietary fibre,
although studies in this area are somewhat lacking [84,85].

Similarly to the effects on diabetes risk, the Mediterranean diet, with its high fibre content together
with other beneficial components, has been shown to reduce fasting plasma glucose and Hb1Ac in a
recent meta-analysis by Schwingshackl et al. [82] on 4937 men and women with type 2 diabetes.

Direct effects of dietary fibre on postprandial glucose metabolism are also supported by the only
study available on patients with type 1 diabetes in which a high-fibre (20.8 g) meal acutely blunted
postprandial blood glucose response and reduced pre-meal insulin needs with respect to a low-fibre
meal (7.8 g) [86].

As for healthy individuals, the meta-analysis of Marventano et al. [83], assessing the acute and
medium/long-term effects on blood glucose levels in 1033 subjects, showed significant reductions of
the glucose post-prandial iAUC (0–120 min) by −29.7 mmol min/L (95% CI: −43.56, −15.8), and the
insulin post-prandial iAUC (0–120 min) by −2.01 nmol min/L (95% CI: −2.88, −1.14) with wholegrain
foods in acute tests but no effects on fasting glucose and insulin in medium-term interventions.

A recent meta-analysis [31] focusing on blood glucose metabolism effects of soluble fibre
supplementation showed that fibre supplements, independently of caloric restriction, improved
insulin resistance and reduced fasting blood glucose and insulin concentrations by 0.17 mmol/L and
15.9 pmol/L, respectively, in overweight/obese people. Moreover, fibre-type-based meta-regressions
showed a greater effect for non-viscous fermentable soluble fibres than viscous fermentable fibres [31].

3.6. Possible Mechanisms of Fibre Effects on Blood Glucose Control

The potential mechanisms of action of dietary fibre on glycaemic control include delay of
gastric emptying; effect on hormonal regulation of digestion and absorption; alteration of enzymatic
action, particularly amylases; and delay of sugar absorption through reduction in rates of diffusion,
interactions with the mucosa or down-regulation of glucose transporters. These are linked to the
physical-chemical properties of dietary fibres, particularly the ability of some dietary fibres to increase
viscosity of intestinal contents, thus offering numerous opportunities to affect the regulation of glucose
and insulin metabolism [18].

3.7. Conclusions

Epidemiological and intervention trials data are not consistent for all type of dietary fibres
when showing beneficial effects on insulin resistance, risk of diabetes and glucose metabolism
in healthy and mainly in obese individuals with or without diabetes. The epidemiological data
suggest that low-fermentable cereal fibre is more suitable for reducing the risk of diabetes as well
as for glycaemic control than other sources. RCTs show conflicting results (Table 3), most of them
showing that foods containing viscous fibre may reduce the glycaemic response whereas foods that
are rich in insoluble/non viscous, low-fermentable fibre, such as whole wheat, have little effect on
blood glucose levels. Therefore, taking into account the beneficial effects of fibre intake on insulin
resistance—i.e., the main pathophysiological process leading to blood glucose disruption in obesity
(Figure 1), and on blood glucose control, the consumption of foods rich in fibre should be encouraged to
prevent or improve blood glucose metabolism derangement that typically occurs in people with obesity.

4. Dyslipidaemia

4.1. Epidemiological Studies

Two epidemiological studies met the study’s inclusion criteria. A cross-sectional analysis in
22,915 participants of the EPIC Norfolk study showed that a mean fibre intake of 18.5 g/day was
inversely associated with serum cholesterol and triglycerides levels [87]. Recently, Vitale et al. [88] in
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type 2 diabetes patients enrolled from the TOSCA.IT study, observed that in a sub-group of subjects not
on any lipid-lowering drug, dietary fibre intake was significantly associated with lower LDL-cholesterol
and triglyceride plasma levels. These associations remained statistically significant also after the
adjustment for multiple confounders.

4.2. Randomized Controlled Trials

In recent years, several intervention trials focused on the cholesterol-lowering effects of diets rich
in different types of fibre (Table 5). Overall, the body of evidence from RCTs shows that fibre-enriched
diets, mainly characterized by higher intake of legumes, fruit and vegetables, reduces LDL-cholesterol
plasma levels.

Data on the effects of wholegrain-based diets on plasma lipid levels are still limited and
controversial (Table 5). Indeed, a cholesterol-lowering effect of wholegrain intake has been found
in some studies [89,90]; however, this reduction did not reach the statistical significance in all
meta-analyses of RCTs [91,92]. The lack of conclusive evidence may be due to the huge variability of
grain types, doses and time of exposure in the different studies.

Among grain-derived fibres, only β-glucans from oat and barley, i.e., soluble fibre, have been
demonstrated to improve lipids concentrations. In particular, a β-glucans dose > 3 g/day was indicated
as the effective dose to achieve a significant reduction of LDL-cholesterol concentration [93–96].

In a meta-analysis of intervention studies with legume-rich diets (80–440 g/day), characterized
by high amount of psyllium, pectin and guar gum, a significant reduction of LDL-cholesterol by
−8.0 mg/dL was observed [97].

The cholesterol-lowering effects have also been ascribed to supplements of other soluble
fibres from fruits, vegetables and legumes, such as pectin, guar gum, and psyllium [98,99].
The cholesterol-lowering effects of these fibres given as supplements have been summarized by
Pirro et al. [100], who reported that soluble fibre supplementation reduced plasma LDL-cholesterol
levels on average by 4% to 14%, with possible variations related to the different doses used in the
various studies.

Finally, a recent meta-analysis of 20 RCTs has shown that inulin-type fructans (mean dose:
14 g/day) may significantly reduce LDL-cholesterol concentrations [101], with no effect on the other
lipids (HDL-cholesterol and triglycerides).

As for the effect of fibre-rich foods or fibre supplementation on HDL-cholesterol, the overall
evidence indicates no relevant effects (Table 5).

As for plasma triglyceride levels, while no effect has been detected on fasting triglycerides (Table 5),
several studies have demonstrated a triglyceride-lowering effect of fibre during the postprandial period.
In particular, a 4-week fibre-rich diet (mainly soluble fibre, 28 g/1000 kcal) significantly affected
chylomicron-triglyceride response in overweight-obese patients with type 2 diabetes [102–104]. A relevant
reduction of postprandial plasma triglyceride response was also observed in subjects with metabolic
syndrome after a 12-week wholegrain rich-diet [54]. However, further studies are needed to clarify
this issue.
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Table 5. Published meta-analyses of RCTs evaluating the effects of fibre from whole grain or other sources on serum lipids and two clinical trials also evaluating the
postprandial lipid response.

Author, Year [Reference] Study Design

Study
Population
Participants

Age
BMI

Health Status

Intervention and Doses Duration Weeks Observed Effects

Fibre from whole grain

Ye, 2012 [89] Meta-analysis of 21 RCTs

1281 M/F
20–74 years
n.a.
Healthy/Hypertension

Whole-grain diet
vs.
control diet

4–16

↓ TC: −32 mg/dL
↓ LDL-C: −28 mg/dL
= BW
vs.
control

Hollander, 2015 [90] Meta-analysis of 24 RCTs
2275 M/F
18–75 years
≥18 kg/m2 Dyslipidemia

Whole-grain products
(fibre 20 g/day)
vs.
refined-grain products
(fibre 14 g/day)

2–16

↓ TC: −5.0 mg/dL
↓ LDL-C: −3.0 mg/dL
No effect on HDL-C and TG
= BW
vs.
refined products

Kelly, 2017 [92] Meta-analysis of 9 RCTs

1414 M/F
24–70 years
n.a.
Any

Whole-grain products
(fibre 21 g/day)
vs.
control products
(fibre 13 g/day)

12–16

No effect on TC and LDL-C
= BW
vs.
control products

Giacco, 2014 [54] RCT

54 M/F
57 ± 8 years
32 ± 5kg/m2

Metabolic syndrome

Whole-grain products
(fibre 40 g/day)
vs.
refined-grain products
(fibre 22 g/day)

12

Postprandial TG (IAUC) −43%
= BW
vs.
refined products

Fibre from other sources

Hartley, 2016 [91] Meta-analysis of 23 RCTs

1513 M/F
≥18 years
n.a.
High CV risk

Fibre supplementation
(1.2–27.5 g/day)
vs.
control diet

12

↓ TC: −8.0 mg/dL
↓ LDL-C: −5.0 mg/dL
No effect on TG
= BW
vs.
control

Whitehead, 2014 [93] Meta-analysis of 28 RCTs
1914 M/F
25–63 years
Any

Oat β-glucan supplementation
(≥3 g/day)
vs.
refined products

2–12

↓ TC: −12 mg/dL
↓ LDL-C: −10 mg/dL
vs.
refined products
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Table 5. Cont.

Author, Year [Reference] Study Design

Study
Population
Participants

Age
BMI

Health Status

Intervention and Doses Duration Weeks Observed Effects

Zhu, 2015 [94] Meta-analysis of 17 RCTs

916 M/F
54 years
27 kg/m2

Hypercholesterolemia

Oat/Barley β-glucan-rich diet
(5 g/day)
vs.
control diet

7

↓ TC: −10 mg/dL
↓ LDL-C: −8.0 mg/dL
No effect on HDL-C and TG
vs.
control

Ho, 2016 [95] Meta-analysis of 14 RCTs

723 M/F
47 years
26.1 kg/m2

Any

Barley β-glucan-rich diet
(6 g/day)
vs.
control diet

4
↓ LDL-C: −10 mg/dL
vs.
control

Ho, 2016 [96] Meta-analysis of 56 RCTs

3745
50 years
27 kg/m2

Any

Oat β-glucan-rich diet
(4 g/day)
vs.
control diet

6
↓ LDL-C: −7.0 mg/dL
vs.
control

Bazzano, 2011 [97] Meta-analysis of 10 RCTs

268 M/F
18–66 years
n.a.
Dyslipidemia

Non-Soy Legume diet
(80–440 g/day; fibre 23 g/day)
vs.
control diet
(fibre 18 g/day)

3–8

↓ TC: −11.8 mg/dL
↓ LDL-C: −8.0 mg/dL
No effect on HDL-C and TG
= BW
vs.
control

Ha, 2014 [99] Meta-analysis of 26 RCTs

1037 M/F
29–64 years
≥18 kg/m2

Any

Legume-rich diet
(130 g/day; fibre 26 g/day)
vs.
control diet
(fibre 20 g/day)

3–48

↓ LDL-C: −7.0 mg/dL
No effect on HDL-C
= BW
vs.
control

Liu, 2017 [101] Meta-analysis of 20 RCTs

607 M/F
18–67years
19–39 kg/m2

Any

Inulin-type fructans supplementation
(7.4–30 g/day)
vs.
control diet

2.5–24

↓ LDL-C: −6.0 mg/dL
= BW
vs.
control

De Natale, 2009 [102] RCT

18 M/F
59 ± 5 years
27 ± 3 kg/m2

Type 2 diabetes

High-Carbohydrate/High-Fibre diet
(fibre 28 g/1000 kcal)
vs.
High–MUFA/Low-Carbohydrate diet
(fibre 8 g/1000 kcal)

4

Postprandial TG (IAUC) −31%
= BW
vs.
High–MUFA/Low-Carbohydrate
diet

= No significant difference; ↓ significant decrease; BMI: body mass index; BW: body weight; F: female; HDL-C: High-density lipoprotein cholesterol; IAUC: Incremental area under the
curve; LDL-C: Low-density lipoprotein cholesterol; M: male; MUFA: monounsaturated fatty acids; n.a.: not available; TC: total cholesterol; TG: Triglycerides.
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4.3. Possible Mechanisms of Fibre Effects on Dyslipidaemia.

The mechanisms that have been proposed to explain the effect of soluble fibre on LDL cholesterol
levels may be linked to its viscosity that inhibits the intestinal uptake of dietary cholesterol and the
reabsorption of bile [105]. Furthermore, soluble fibre may increase faecal excretion of bile acids and
enhance hepatic conversion of cholesterol into bile acids. Finally, soluble fibre may be fermented by
colonic microbiota with the production of short-chain fatty acids that have shown to inhibit hepatic
cholesterol synthesis [105]. Acting on intestinal cholesterol absorption, fibre intake could not only
reduce LDL cholesterol, but also blunt atherogenic dyslipidaemia—high triglycerides, postprandial
lipoproteins/remnants—by reducing substrate availability for hepatic lipoprotein production that is
generally increased in obesity. This was previously shown in a postprandial study with ezetimibe—an
intestinal-cholesterol inhibitor—in overweight patients with type 2 diabetes [106]. Moreover, as previously
shown in humans, the reduction of plasma cholesterol absorption by means of a holistic nutritional
approach including increased consumption of soluble fibres also reduces the small and dense LDL fraction
that is increased in all insulin-resistant states including obesity [107].

As for the effects on postprandial triglycerides, it has been suggested that dietary fibre slows
down and reduces the absorption of fat in the small intestine, thus decreasing the production of
chylomicrons [108]. Moreover, because of the improved postprandial insulin sensitivity [54, 102] and
the consequent reduction of free fatty acid spill-over from adipose tissue and inhibition of de novo
lipogenesis and ApoB100 synthesis, VLDL production is also reduced. This reduced production of both
intestinal and hepatic lipoproteins is a main pathway through which dietary fibres disrupt deleterious
mechanisms leading to obesity-related atherogenic dyslipidaemia.

4.4. Conclusions

Soluble/high fermentable fibre intake represents an important dietary strategy to influence
plasma cholesterol levels in healthy, diabetic, dyslipidemic, and high cardio-metabolic risk individuals.
In particular, a well-documented LDL-cholesterol-lowering effect has been demonstrated for added fibre.
Very few data are available for other components of atherogenic dislipidemia associated with obesity:
high triglyceride and low HDL cholesterol levels.

5. Blood Pressure/Hypertension

5.1. Epidemiological Studies

Hypertension is a major independent risk factor for CVD [109]. We selected five epidemiological
studies highlighting the relationship between dietary fibre consumption and blood pressure levels.
Data from the French Nutrition and Health Survey (ENNS 2006–2007), including 18–74 year old
participants, showed that dietary fibre and whole grains were inversely and linearly associated with
systolic blood pressure [110]. In line with this trend, results from a prospective study in adolescent
females showed that a 7.1 g/day increase in dietary intake of total fibre was associated with a 0.96 and
0.62 mmHg decrease in mean systolic and diastolic blood pressures, respectively, 5 years later [111].
Recently, Aljuraiban and colleagues [112] investigated the cross-sectional associations between BP
and total, insoluble and soluble fibre intake among 2195 free-living US participants, aged 40–59 years,
from the INTERnational study on Macro/micronutrients and blood Pressure (INTERMAP) study.
After multivariable adjustment for possible dietary and other lifestyle confounders, the results showed
that a higher total fibre intake of 6.8 g/1000 kcal was associated with a 1.69 mmHg lower systolic
blood pressure (SBP; 95% CI: −2.97, −0.41) and a higher insoluble fibre intake of 4.6 g/1000 kcal
was associated with a 1.81 mmHg lower SBP (95% CI: −3.65, 0.04), whereas soluble fibre was not
associated with BP. Raw fruit was the main source of total and insoluble fibre, followed by whole
grains and vegetables.

These results are in line with findings of a previous cross-sectional analysis including
5961 middle-aged men and women of the Supplementation in Vitamins and Mineral Antioxidants
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(SUVIMAX) study, reporting that participants in the highest quartiles had a lower risk of hypertension
of 29% for total and 32% for insoluble dietary fibre intakes, with no association reported for soluble
fibre intake. In particular, the results showed that 5 g/day higher total fibre intake was associated with
a 12% lower risk of hypertension [113].

As for whole-grain, a large prospective study in 28,926 middle-aged and older US health
professional women [114], found that a lower risk of hypertension began with whole-grain
consumption of 1–2 and 2–4 servings/day or 43–58% of total grains as whole grains. In addition,
a whole-grain consumption of >4 servings/day or consumption of 58% of total grains as whole grains,
or both, was associated with even greater reductions in the risk of hypertension, suggesting a potential
role for increasing whole-grain intake in the primary prevention of hypertension and its cardiovascular
complications. The association between hypertension and whole-grain intake remained significant
also after an additional adjustment for fibres, suggesting that the protective effect of whole grains
may be partly due to the fibrous parts of whole grains. Nevertheless, fibres may not be the only
component contributing to a reduced risk of hypertension, because other whole grain components
(such as antioxidants, phytosterols, vitamins, and minerals) may also contribute to its beneficial effects
on hypertension development. In all the epidemiological studies reported above, the adjustment for
confounders did not influence or only modestly attenuated the association between dietary fibre intake
and weight outcomes.

5.2. Randomized Controlled Trials

According to inclusion criteria, five meta-analyses of RCTs were selected. The evidence from
these clinical trials is highly variable rendering the findings inconclusive (Table 6), at least for some
types of fibre. Earlier meta-analyses of RCTs showed that total dietary fibre consumption significantly
reduced BP, without describing the effects by fibre types [115,116]. Instead, Evans and colleagues [117],
performed a detailed analysis of RCTs focusing on the effects of types of fibre differing for their
chemical structure on BP in non-diseased populations. The authors found that diets rich in β-glucans,
provided as oat bran, oat meals or oat beta-glucan-soluble powder, compared with wheat-based control
products, reduced SBP by 2.9 mmHg (95% CI: 0.9–4.9) and DBP by 1.5 mmHg (95% CI: 0.2–2.7) for a
median difference in beta-glucans of 4 g, whereas little or no statistical evidence of impact on BP of the
other types of dietary fibre was found. A more recently published Cochrane Review showed no effect
of soluble fibre on blood pressure [91], suggesting that the effect may depend on the type of viscous
soluble fibre. In this regard, a just published systematic review and meta-analysis of RCTs evaluated
the BP effects of different types of viscous fibre supplementation (β-glucan from oat and barley, guar
gum, konjac, pectin and psyllium) [118]. Overall, the results showed that viscous fibre reduced SBP
(−1.59 mmHg (95% CI: −2.72, −0.46)) and DBP (−0.39 mmHg (95% CI: −0.76, −0.01)) at a median
dose of 8.7 g/day (1.45–30 g/day) over a median follow-up of 7 weeks. Within the fibre types, SBP
reductions were observed only for supplementation using psyllium fibre (−2.39 mmHg (95% CI: −4.62,
−0.17)), while for beta-glucan, which also has highly viscous properties, only a trend to SBP and DBP
reductions was observed.
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Table 6. Published meta-analyses of RCTs evaluating the effects of different types of fibre on blood pressure.

Author, Year
[Reference] Study Design

Study
Population
Participants

Age
BMI

Health Status

Intervention and Doses Duration Weeks Observed Effects

Streppel, 2005 [115] Meta-analysis of 24 RCTs

1404 M/F
23–63 years

n.a.
normotensive and

hypertensive

Soluble/insoluble fibre supplementation
(mean dose: 11.5 g/day)
vs.
placebo

2–24

↓ SBP: −1.13 mm Hg
↓ DBP: −1.26 mmHg
= BW
vs.
placebo

Hartley, 2016 [91] Meta-analysis of 23 RCTs

1513 M/F
≥18 years

n.a.
any

Soluble/insoluble fibre supplementation
(1.2–27.5 g/day)
vs.
control diet

12

↓ DBP: −1.77 mmHg
= BW
vs.
control diet

Whelton, 2005 [116] Meta-analysis of 25 RCTs

1477 M/F 16–85 years
n.a.

normotensive and
hypertensive

Fruit/vegetables/cereals/pectins/
guar gum rich diets or supplementation
(10.7 g/day) *
vs.
control diet/placebo

2–26

↓ DBP: −1.65 mm Hg
In hypertensive subjects:
↓ SBP: −5.95 mm Hg
↓ DBP: −4.20 mmHg
↓ BW in n.9 RCTs
vs.
control diet/placebo

Evans, 2015 [117] Meta-analysis of 28 RCTs
1333 M/F 29–60 years

n.a.
healthy

Whole oats, oat
bran-supplemented foods or oat-based breakfast cereals
(mean dose: 4 g/day)
vs.
wheat-based foods

6–14

↓ SBP: −2.7 mm Hg
↓ DBP: −1.5 mmHg
= BW
vs.
wheat-based foods

Khan, 2018 [118] Meta-analysis of 22 RCTs

1430 M/F
15–69 years

n.a.
any

Viscous fibre supplementation
(b-glucan from
oats and barley, guar gum, konjac, pectin and psyllium
supplementation)
(fibre 8.7 g/day)
vs.
control products

4–24

↓ SBP: −1.59 mm Hg
↓ DBP: −0.39 mmHg
Psyllium fibre supplementation:
↓ SBP: −2.39 mm Hg
= BW
vs.
control products

* Doses are reported as mean difference in intake between intervention vs. control groups; = no significant difference; ↓ significant decrease; BMI: body mass index; BW: body weight; DBP:
diastolic blood pressure; F: female M: male; n.a.: not available; SBP: systolic blood pressure.
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The conflicting results may be due to several factors, including the difficulty to isolate the effect
of weight reduction from that of fibre supplementation alone; the disparity in clinical blood pressure
measuring devices; the high variability of the exposure time to fibre consumption (4–24 weeks);
the differences in vehicle of supplementation of dietary fibres (capsules or food sources); and the lack
of details about the viscous properties of the consumed fibres.

However, overall findings demonstrate a modest but significant reduction of SBP and DBP
following viscous soluble fibre supplementation, in particular beta-glucans from oat and psyllium.

5.3. Possible Mechanisms of Fibre Effects on Blood Pressure

Several mechanisms may explain the blood pressure lowering effect of soluble viscous fibres
including multiple pathways specifically implicated in the insurgence of hypertension in obese
people, i.e., sympathetic nervous system and angiotensin system activation (Figure 1). As extensively
discussed above, viscous soluble fibres delay gastric emptying and increase satiety and the viscosity of
digesta, thus slowing the absorption of glucose and reducing the insulin response in the postprandial
phase [114]. Postprandial insulin levels, and more in general, insulin resistance and hyperinsulinemia
conditions, may affect blood pressure by increasing renal sodium reabsorption and sympathetic
nervous system activation [119,120]. Another mechanism through which viscous fibres, in particular
beta-glucans, might improve BP levels may be linked to their LDL-cholesterol-lowering action.
Indeed, LDL seems to up-regulate the angiotensin-I receptor gene expression in vascular smooth
muscle cells, leading to an elevated functional response of the vascular muscle cell to angiotensin
II stimulation, which could conceivably affect BP [121]. Finally, it is also plausible that some other
associated beneficial component of viscous soluble fibre-based foods may be responsible for the
reduction in BP, such as phenolic compounds.

5.4. Conclusions

The overall body of evidence on the effect of fibre intake on blood pressure is not
completely conclusive. It suggests a beneficial role of soluble/viscous/high-fermentable fibres on
the reduction of SBP and DBP, although definitive conclusions on their specific doses cannot be drawn.
However, increasing viscous fibre consumption, when particularly low, may contribute to an additional
component in the reduction of CVD risk of obese people by acting, also independently of weight
reduction, on specific pathophysiological mechanisms leading to hypertension development in obesity.

6. Non Alcoholic Fatty Liver Disease

6.1. Epidemiological Studies

Epidemiological studies, in particular one longitudinal, nine case-control and four cross-sectional
studies, have shown that fibre intake—from whole grains, fruits and vegetables—in NAFLD patients is
lower than in healthy individuals with a mean fibre intake of 22.4 vs. 27.7 g/day, respectively [122–125].
A review of seven epidemiological studies confirms this trend [126]. Furthermore, an inverse
association between fibre-rich dietary patterns—i.e., Mediterranean diet or DASH diet [127]—and
NAFLD prevalence has been observed in many epidemiological studies [128]. Although this inverse
association between fibre intake and NAFLD prevalence remains statistically significant also after
the adjustment for multiple confounders, it is also possible that it may be related to a “multifactorial
dietary pattern” in which high fibre content, low glycemic index and low fat content could all together
play an important role on the course of NAFLD.

6.2. Randomized Controlled trials

Taking into account this consideration, only limited research regarding the effects on NAFLD
of fibre alone—i.e., excluding studies in which fibre represented a part of a multifactorial dietary
intervention—has been done. To this respect, Bozzetto et al. [129] showed that an 8-week high-fibre
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low-glycemic index diet did not influence liver fat content in overweight/obese patients with type
2 diabetes. To our knowledge, only one trial investigated the effects of oligofructose, a non-digestible
carbohydrate, on NAFLD outcomes [130]. In this 4-week randomized, cross-over trial, a decrease
in ALT and AST was observed after 16 g/day of oligofructose intake compared to maltodextrine in
patients with NASH. However, no change in liver fat was observed at ultrasound.

In conclusion, epidemiological studies clearly demonstrate that high consumption of dietary
fibre, in particular when included in a healthy “multifactorial dietary pattern”, is associated with a
lower risk of NAFLD. However, randomized trials sufficiently long, with an adequate sample size and
histological endpoints investigating the possible effect of fibre alone on NAFLD, are missing.

6.3. Possible Mechanisms of Fibre Effects on NAFLD

Many different mechanisms could explain the potential beneficial role of fibre in NAFLD; most
of them—such as lower energy density and satiation leading to body fat reduction—have been
described above. Furthermore, fibre can positively affect liver fat content by decreasing glucose
absorption, lowering the hepatic influx of glucose and decreasing de novo lipogenesis [131]; in addition,
the fibre content of foods can positively act on the gut microbiome, a possible mediator by which
nutrients may influence liver fat content [132]. Dietary fibres also increase glucagon-like peptide-1 [37],
a gut hormone whose decreased postprandial plasma levels were associated with fat content [133].

7. Cardiovascular Disease

A systematic review and dose-response meta-analysis of 22 cohort studies, reported an inverse
association between total dietary fibre intake and risk of CVD and coronary heart disease (CHD)
(RR: 0.91, 95% CI: 0.88–0.94 and 0.91, 95% CI: 0.87–0.94, respectively for each 7 g/day increase in
total dietary fibre) [134]. Insoluble fibre and fibre from cereal and vegetable sources were inversely
associated with risk of CVD and CHD, whereas fibre from fruit was associated only with a lower
CVD risk. In line with this trend, Wu and colleagues [135] focused on the association between
different types of fibre (cereal, fruit and vegetable fibre) and the incidence of all coronary events
and mortality, quantitatively estimating their dose-response relationships in a meta-analysis of
cohort studies. The results showed that especially fibre from cereals and fruits were inversely associated
with the incidence of all coronary events (RR: 0.92; 95% CI: 0.85–0.99 and RR: 0.92; 95% CI: 0.86–0.98,
respectively) and mortality (RR: 0.81, 95% CI: 0.72–0.92 and RR: 0.68, 95% CI: 0.43–1.07, respectively).
Besides, both soluble and insoluble fibres showed a similar and significant inverse association with
incidence of CHD and mortality. The favourable inverse association between cereal fibre and CVD risk
was also supported by Ye and colleagues [89] in a meta-analysis of prospective cohort studies, in which
the authors investigated the relation between whole grain and fibre intake and risk of CVD. The results
showed that compared with those who rarely or never consumed whole grains, those reporting an
average of 48–80 g/day of whole grains (3–5 serving/day) had a 21% reduction in CVD risk (RR: 0.79,
95% CI: 0.74–0.85). In this study, an inverse association was also found between total and cereal fibre
and CVD risk.

Moreover, data from the National Health and Nutrition Examination Survey from 2005 to 2010, in
which a total of 11,113 subjects aged 20 to 79 years with no history of CVD, showed that dietary fibre
consumption was associated with a low-to-medium overall lifetime CVD risk [136]. This protective
effect was extended also to a Mediterranean cohort of elderly adults at high risk for CVD, as reported
by an observational cohort analysis of the PREDIMED trial [137] that showed that dietary fibre intake
was associated with a reduction in all-cause mortality (RR: 0.63; 95% CI: 0.46–0.86).

In line with these results, a more recent meta-analysis of 15 prospective cohort studies that
included a large number of subjects (n = 1,409,014) from the general population with low CVD risk,
showed a reduced risk of mortality from CVD and CHD with increasing intake of dietary fibre [138].
Overall, participants who had a high intake of dietary fibre (mean 29.6 g/day for CVD mortality and
23.2 g/day for CHD mortality) had a reduction in CVD mortality by 23% and CHD mortality by 24%,
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respectively, compared with those who had a low intake of dietary fibre (mean 14.0 g/day for CVD
mortality and 12.5 g/day for CHD mortality). This dose-response meta-analysis also showed that a
10 g/day increase of dietary fibre intake was inversely associated with a reduction in mortality from
CVD by 9% and from CHD by 11%. Consistent with previous studies, results from this meta-analysis
also reported that cereal fibre had a stronger inverse association with risks of CVD and CHD than
other types of fibre.

Although extensive evidence supports the protective relationship of dietary fibre, especially fibre
from cereals with CVD and CHD risk, it is difficult to determine causality of this association because of
the observational nature of the studies on this topic and the lack of long-term randomized controlled
trials on patients with CVD.

7.1. Possible Mechanisms of Fibre Effects on Cardiovascular Disease

There are many potential mechanisms through which dietary fibre may act on individual
cardiovascular risk factors, i.e., hypertension, central obesity, insulin resistance, and dyslipidemia,
which have been discussed in detail in the above paragraphs. Moreover, in addition to fibre, many
other potentially beneficial compounds within high fibre foods (fruit, vegetables, whole-grain cereals)
could have protective effects (such as antioxidants, phytosterols, vitamins and microelements), so that
the combination of these bioactive compounds could have a synergistic beneficial action against CVD.

7.2. Conclusion

The overall body of evidence from epidemiological studies suggests that a greater dietary fibre
intake, especially cereal fibre, is associated with a lower risk of both CVD and CHD, and death.
These findings support the current dietary recommendations to increase the intake of dietary fibre,
through an increase of plant-based foods as part of a healthy diet.

8. Conclusions

In conclusion, although not conclusively, evidences globally show that dietary fibre given in
particular in the context of a fibre-enriched diet may beneficially influence all parameters of body
weight management and metabolic disorders related to obesity with consequent advantages on global
cardiovascular risk.

Evidence strength varies among metabolic conditions with some inconsistences between
observational studies and clinical trials due to differences in duration of trials, selected populations,
and type and amount of fibre consumed. Most of high-fermentable (inulin, β-glucan, glucomannan, guar
gum and pectin) and some other low-fermentable fibres (psyllium and hydroxypropylmethylcellulose,
HPMC) have been shown to significantly reduce plasma LDL cholesterol levels and improve blood
pressure control (β-glucan and psyllium), while only high-fermentable fibres showed a beneficial effect
on body weight and insulin resistance.

Moreover, low-fermentable fibre has also been shown to improve blood glucose and postprandial
triglyceride levels. Evidence from RCT shows that dietary fibre does not affect HDL-cholesterol and
fasting triglyceride plasma levels in clinical trials, while less explored are the effects on non-alcoholic
fatty liver disease.

No trials explored the specific effects of fibre on cardiovascular events. However, intervention
studies exploring the effects of dietary patterns characterized by a high dietary fibre intake such as
the Mediterranean Diet show a reduction in cardiovascular risk in people adhering to this lifestyle
approach [139].

Dietary fibres act through different pathophysiological mechanisms involving different sites of action
(Figure 2). In particular, dietary fibre increases satiety by different effects at the level of the gastrointestinal
tract, contributing to disrupt mechanisms leading to positive energy balance. Another relevant pathway
is the production of SCFA, that improving both adipose tissue and hepatic insulin resistance acts on a
key metabolic crossway from which the pathogenesis of all obesity-associated cardiovascular risk starts.
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Each of these effects differently influences cardio-metabolic health outcomes. However, this plurality of
effects and functionalities suggests that a dietary approach including foods containing all types of fibre
would be suitable to globally prevent and treat obesity and related disorders.

Although many of the nutritional studies reported above were designed to induce weight loss,
beneficial effects of fibre were also observed in isocaloric conditions or in normal-weight individuals.
This suggests that fibres may act on metabolic disorders independently of their weight-lowering effects.
Therefore, an isocaloric dietary approach in which foods rich in saturated fatty acids and simple sugars
are substituted with fibre-rich food is suitable for managing cardiometabolic risk in obese people
non-compliant to calorie-restricted dietary regimen.

Moreover, it should be taken into account that rich-fibre foods are also rich in other beneficial
components, such as polyphenols, that may have contributed to the beneficial effects observed on
individual cardiovascular risk factors.

Nutrients 2018, 10, x FOR PEER REVIEW  25 of 34 

obesity-associated cardiovascular risk starts. Each of these effects differently influences 

cardio-metabolic health outcomes. However, this plurality of effects and functionalities suggests 

that a dietary approach including foods containing all types of fibre would be suitable to globally 

prevent and treat obesity and related disorders. 

Although many of the nutritional studies reported above were designed to induce weight loss, 

beneficial effects of fibre were also observed in isocaloric conditions or in normal-weight 

individuals. This suggests that fibres may act on metabolic disorders independently of their 

weight-lowering effects. Therefore, an isocaloric dietary approach in which foods rich in saturated 

fatty acids and simple sugars are substituted with fibre-rich food is suitable for managing 

cardiometabolic risk in obese people non-compliant to calorie-restricted dietary regimen.  

Moreover, it should be taken into account that rich-fibre foods are also rich in other beneficial 

components, such as polyphenols, that may have contributed to the beneficial effects observed on 

individual cardiovascular risk factors. 

 

Figure 2. Plausible mechanisms of action whereby fibre may influence body weight and its related 

common chronic diseases.CCK: cholecystokinin; GIP: gastric inhibitory peptide; GLP-1: glucagon 

like peptide 1; SCFA: short chain fatty acids. 

Author Contributions: All authors contributed to the preparation of this review and approved the text. The 

authors’ responsibilities were as follows: “Conceptualization, L.B., A.A.R. and G.A.; Writing-Original Draft 

Preparation, L.B., G.C., G.D.P., P.C., C.V., M.V.; Writing-Review & Editing, L.B., G.C.; Methodology, M.V., C.V., 

P.C.; Visualization, L.B., G.C., G.A.; Supervision, A.A.R. and G.A. 

Funding: This research received no external funding.  

Acknowledgments: We are grateful to Rosanna Scala for editing the manuscript. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. The GBD 2015 Obesity Collaborators. Health Effects of Overweight and Obesity in 195 

Countries over 25 Years. N. Engl. J. Med. 2017, 377, 13–27. 

2. Pigeyre, M.; Yazdi, F.T.; Kaur, Y.; Meyre, D. Recent progress in genetics, epigenetics and 

metagenomics unveils the pathophysiology of human obesity. Clin. Sci. 2016, 130, 943–986. 

3. Van der Klaauw, A.A.; Farooqi, I.S. The hunger genes: Pathways to obesity. Cell 2015, 161, 119–

132. 

4. Grant, R.W.; Dixit, V.D. Adipose tissue as an immunological organ. Obesity 2015, 23, 512–518. 

Figure 2. Plausible mechanisms of action whereby fibre may influence body weight and its related
common chronic diseases.CCK: cholecystokinin; GIP: gastric inhibitory peptide; GLP-1: glucagon like
peptide 1; SCFA: short chain fatty acids.

Author Contributions: All authors contributed to the preparation of this review and approved the text.
The authors’ responsibilities were as follows: “Conceptualization, L.B., A.A.R. and G.A.; Writing-Original
Draft Preparation, L.B., G.C., G.D.P., P.C., C.V., M.V.; Writing-Review & Editing, L.B., G.C.; Methodology, M.V.,
C.V., P.C.; Visualization, L.B., G.C., G.A.; Supervision, A.A.R. and G.A.

Funding: This research received no external funding.

Acknowledgments: We are grateful to Rosanna Scala for editing the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. The GBD 2015 Obesity Collaborators. Health Effects of Overweight and Obesity in 195 Countries over
25 Years. N. Engl. J. Med. 2017, 377, 13–27.

2. Pigeyre, M.; Yazdi, F.T.; Kaur, Y.; Meyre, D. Recent progress in genetics, epigenetics and metagenomics
unveils the pathophysiology of human obesity. Clin. Sci. 2016, 130, 943–986. [CrossRef] [PubMed]

3. Van der Klaauw, A.A.; Farooqi, I.S. The hunger genes: Pathways to obesity. Cell 2015, 161, 119–132. [CrossRef]
[PubMed]

http://dx.doi.org/10.1042/CS20160136
http://www.ncbi.nlm.nih.gov/pubmed/27154742
http://dx.doi.org/10.1016/j.cell.2015.03.008
http://www.ncbi.nlm.nih.gov/pubmed/25815990


Nutrients 2018, 10, 943 26 of 33

4. Grant, R.W.; Dixit, V.D. Adipose tissue as an immunological organ. Obesity 2015, 23, 512–518. [CrossRef]
[PubMed]

5. Bozzetto, L.; Prinster, A.; Mancini, M.; Giacco, R.; De Natale, C.; Salvatore, M.; Riccardi, G.; Rivellese, A.A.;
Annuzzi, G. Liver fat in obesity: Role of type 2 diabetes mellitus and adipose tissue distribution. Eur. J.
Clin. Investig. 2011, 41, 39–44. [CrossRef] [PubMed]

6. Costabile, G.; Annuzzi, G.; Di Marino, L.; De Natale, C.; Giacco, R.; Bozzetto, L.; Cipriano, P.; Santangelo, C.;
Masella, R.; Rivellese, A.A. Fasting and post-prandial adipose tissue lipoprotein lipase and hormone-sensitive
lipase in obesity and type 2 diabetes. J. Endocrinol. Investig. 2011, 34, 110–114. [CrossRef] [PubMed]

7. Tchkonia, T.; Thomou, T.; Zhu, Y.; Karagiannides, I.; Pothoulakis, C.; Jensen, M.D.; Kirkland, J.L. Mechanisms and
metabolic implications of regional differences among fat depots. Cell MeTable 2013, 17, 644–656. [CrossRef]
[PubMed]

8. Kaur, J. A comprehensive review on metabolic syndrome. Cardiol. Res. Pract. 2014, 2014, 943162. [CrossRef]
[PubMed]

9. Neuschwander-Tetri, B.A.; Caldwell, S.H. Nonalcoholic steatohepatitis: Summary of an AASLD single
topic conference. Hepatology 2003, 37, 1202–1219. [CrossRef] [PubMed]

10. Masulli, M.; Patti, L.; Riccardi, G.; Vaccaro, O.; Annuzzi, G.; Ebbesson, S.O.; Fabsitz, R.R.; Howard, W.J.;
Otvos, J.D.; Roman, M.J.; et al. Relation among lipoprotein subfractions and carotid atherosclerosis in
Alaskan Eskimos (from the GOCADAN Study). Am. J. Cardiol. 2009, 104, 1516–1521. [CrossRef] [PubMed]

11. McCullough, A.J. The clinical features, diagnosis and natural history of nonalcoholic fatty liver disease.
Clin. Liver Dis. 2004, 8, 521–533. [CrossRef] [PubMed]

12. Annuzzi, G.; Rivellese, A.A.; Wang, H.; Patti, L.; Vaccaro, O.; Riccardi, G.; Ebbesson, S.O.; Comuzzie, A.G.;
Umans, J.G.; Howard, B.V. Lipoprotein subfractions and dietary intake of n − 3 fatty acid: The Genetics
of Coronary Artery Disease in Alaska Natives study. Am. J. Clin. Nutr. 2012, 95, 1315–1322. [CrossRef]
[PubMed]

13. Hall, J.E.; da Silva, A.A.; do Carmo, J.M.; Dubinion, J.; Hamza, S.; Munusamy, S.; Smith, G.; Stec, D.E.
Obesity-induced hypertension: Role of sympathetic nervous system, leptin, and melanocortins. J. Biol. Chem.
2010, 285, 17271–17276. [CrossRef] [PubMed]

14. DeVries, J.W. The definition of dietary fibre. Cereal Foods World 2001, 46, 112–129.
15. McRorie, J.W., Jr. Evidence-based approach to fiber supplements and clinically meaningful health benefits,

part 1: What to look for and how to recommend an effective fiber therapy. Nutr. Today 2015, 50, 82–89.
[CrossRef] [PubMed]

16. Apovian, C.M.; Aronne, L.J.; Bessesen, D.H.; McDonnell, M.E.; Murad, M.H.; Pagotto, U.; Ryan, D.H.;
Still, C.D.; Endocrine Society. Pharmacological management of obesity: An Endocrine Society clinical
practice guideline. J. Clin. Endocrinol. MeTab. 2015, 100, 342–362. [CrossRef] [PubMed]

17. Garve, W.T.; Mechanick, J.I.; Brett, E.M.; Garber, A.J.; Hurley, D.L.; Jastreboff, A.M.; Nadolsky, K.;
Pessah-Pollack, R.; Plodkowski, R.; Reviewers of the AACE/ACE Obesity Clinical Practice Guidelines.
American Association of Clinical Endocrinologists and American College of Endocrinology comprehensive
clinical practice guidelines for medical care of patients with obesity. Endocr. Pract. 2016, 22, S1–S203.
[CrossRef] [PubMed]

18. American College of Cardiology/American Heart Association Task Force on Practice Guidelines, Obesity
Expert Panel, 2013. Expert Panel Report: Guidelines (2013) for the management of overweight and obesity
in adults. Obesity 2014, 22, S41–S410.

19. Newby, P.K.; Maras, J.; Bakun, P.; Muller, D.; Ferrucci, L.; Tucker, K.L. Intake of whole grains, refined grains,
and cereal fibre measured with 7-d diet records and associations with risk factors for chronic disease. Am. J.
Clin. Nutr. 2007, 86, 1745–1753. [CrossRef] [PubMed]

20. McKeown, N.M.; Yoshida, M.; Shea, M.K.; Jacques, P.F.; Lichtenstein, A.H.; Rogers, G.; Booth, S.L.;
Saltzman, E. Whole-Grain Intake and Cereal Fibre Are Associated with Lower Abdominal Adiposity in
Older Adults. J. Nutr. 2009, 139, 1950–1955. [CrossRef] [PubMed]

21. Liu, S.; Willett, W.C.; Manson, J.E.; Hu, F.B.; Rosner, B.; Colditz, G. Relation between changes in
intakes of dietary fibre and grain products and changes in weight and development of obesity among
middle-aged women. Am. J. Clin. Nutr. 2003, 78, 920–927. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/oby.21003
http://www.ncbi.nlm.nih.gov/pubmed/25612251
http://dx.doi.org/10.1111/j.1365-2362.2010.02372.x
http://www.ncbi.nlm.nih.gov/pubmed/20825466
http://dx.doi.org/10.1007/BF03347469
http://www.ncbi.nlm.nih.gov/pubmed/20926921
http://dx.doi.org/10.1016/j.cmet.2013.03.008
http://www.ncbi.nlm.nih.gov/pubmed/23583168
http://dx.doi.org/10.1155/2014/943162
http://www.ncbi.nlm.nih.gov/pubmed/24711954
http://dx.doi.org/10.1053/jhep.2003.50193
http://www.ncbi.nlm.nih.gov/pubmed/12717402
http://dx.doi.org/10.1016/j.amjcard.2009.07.021
http://www.ncbi.nlm.nih.gov/pubmed/19932785
http://dx.doi.org/10.1016/j.cld.2004.04.004
http://www.ncbi.nlm.nih.gov/pubmed/15331061
http://dx.doi.org/10.3945/ajcn.111.023887
http://www.ncbi.nlm.nih.gov/pubmed/22572646
http://dx.doi.org/10.1074/jbc.R110.113175
http://www.ncbi.nlm.nih.gov/pubmed/20348094
http://dx.doi.org/10.1097/NT.0000000000000082
http://www.ncbi.nlm.nih.gov/pubmed/25972618
http://dx.doi.org/10.1210/jc.2014-3415
http://www.ncbi.nlm.nih.gov/pubmed/25590212
http://dx.doi.org/10.4158/EP161365.GL
http://www.ncbi.nlm.nih.gov/pubmed/27219496
http://dx.doi.org/10.1093/ajcn/86.5.1745
http://www.ncbi.nlm.nih.gov/pubmed/18065595
http://dx.doi.org/10.3945/jn.108.103762
http://www.ncbi.nlm.nih.gov/pubmed/19726588
http://dx.doi.org/10.1093/ajcn/78.5.920
http://www.ncbi.nlm.nih.gov/pubmed/14594777


Nutrients 2018, 10, 943 27 of 33

22. Ludwig, D.S.; Pereira, M.A.; Kroenke, C.H.; Hilner, J.E.; Van Horn, L.; Slattery, M.L.; Jacobs, D.R. Dietary fibre,
weight gain, and cardiovascular disease risk factors in young adults. JAMA 1999, 282, 1539–1546. [CrossRef]
[PubMed]

23. Koh-Banerjee, P.; Franz, M.; Sampson, L.; Liu, S.; Jacobs, D.R.J.; Spiegelman, D.; Willett, W.; Rimm, E.
Changes in whole-grain, bran, and cereal fibre consumption in relation to 8-yr weight gain among men.
Am. J. Clin. Nutr. 2004, 80, 1237–1245. [CrossRef] [PubMed]

24. Schulz, M.; Nothlings, U.; Hoffmann, K.; Bergmann, M.M.; Boeing, H. Identification of a food pattern
characterized by high-fibre and low-fat food choices associated with low prospective weight change in the
EPIC-Potsdam cohort. J. Nutr. 2005, 135, 1183–1189. [CrossRef] [PubMed]

25. Davis, J.N.; Alexander, K.E.; Ventura, E.E.; Toledo-Corral, C.M.; Goran, M.I. Inverse relation between dietary
fibre intake and visceral adiposity in overweight Latino youth. Am. J. Clin. Nutr. 2009, 90, 1160–1166.
[CrossRef] [PubMed]

26. Du, H.; van der A, D.L.; Boshuizen, H.C.; Forouhi, N.G.; Wareham, N.J.; Halkjær, J.; Tjønneland, A.;
Overvad, K.; Jakobsen, M.U.; Boeing, H.; et al. Dietary fibre and subsequent changes in body weight and
waist circumference in European men and women. Am. J. Clin. Nutr. 2010, 91, 329–336. [CrossRef] [PubMed]

27. Koh-Banerjee, P.; Chu, N.F.; Spiegelman, D.M.; Rosner, B.; Colditz, G.; Willett, W.; Rimm, E. Prospective study
of the association of changes in dietary intake, physical activity, alcohol consumption, and smoking with 9-y
gain in waist circumference among 16,587 US men. Am. J. Clin. Nutr. 2003, 78, 719–727. [CrossRef] [PubMed]

28. Pol, K.; Christensen, R.; Bartels, E.M.; Raben, A.; Tetens, I.; Kristensen, M. Whole grain and body
weight changes in apparently healthy adults: A systematic review and meta-analysis of randomized
controlled studies. Am. J. Clin. Nutr. 2013, 98, 872–884. [CrossRef] [PubMed]

29. Kim, S.J.; de Souza, R.J.; Choo, V.L.; Ha, V.; Cozma, A.I.; Chiavaroli, L.; Mirrahimi, A.; Blanco Mejia, S.;
Di Buono, M.; Bernstein, A.M.; et al. Effects of dietary pulse consumption on body weight: A systematic
review and meta-analysis of randomized controlled trials. Am. J. Clin. Nutr. 2016, 103, 1213–1223. [CrossRef]
[PubMed]

30. Mytton, O.T.; Nnoaham, K.; Eyles, H.; Scarborough, P.; Mhurchu, C.N. Systematic review and meta-analysis
of the effect of increased vegetable and fruit consumption on body weight and energy intake. BMC Public
Health 2014, 14, 886–897. [CrossRef] [PubMed]

31. Thompson, S.V.; Hannon, B.A.; An, R.; Holscher, H.D. Effects of isolated soluble fibre supplementation on
body weight, glycemia, and insulinemia in adults with overweight and obesity: A systematic review and
meta-analysis of randomized controlled trials. Am. J. Clin. Nutr. 2017, 106, 1514–1528. [CrossRef] [PubMed]

32. McRae, M.P. Health Benefits of Dietary Whole Grain: An Umbrella Review of Meta-analyses. J. Chiropr. Med.
2017, 16, 10–18. [CrossRef] [PubMed]

33. Kirwan, J.P.; Malin, S.K.; Scelsi, A.R.; Kullman, E.L.; Navaneethan, S.D.; Pagadala, M.R.; Haus, J.M.; Filion, J.;
Godin, J.P.; Kochhar, S.; et al. A Whole-Grain Diet reduces Cardiovascular Risk Factors in Overweight and
Obese Adults: A Randomized Controlled Trial. J. Nutr. 2016, 146, 2244–2251. [CrossRef] [PubMed]

34. Papathanasopoulos, A.; Camilleri, M. Dietary Fibre Supplements: Effects in Obesity and Metabolic Syndrome
and Relationship to Gastrointestinal Functions. Gastroenterology 2010, 138, 65–72. [CrossRef] [PubMed]

35. Karl, J.P.; Saltzman, E. The Role of Whole Grains in Body Weight Regulation. Adv. Nutr. 2012, 3, 697–707.
[CrossRef] [PubMed]

36. Sanchez, D.; Miguel, M.; Aleixandre, A. Dietary fibre, gut peptides, and adipocytokines. J. Med. Food 2012,
15, 223–230. [CrossRef] [PubMed]

37. Costabile, G.; Griffo, E.; Cipriano, P.; Vetrani, C.; Vitale, M.; Mamone, G.; Rivellese, AA.; Riccardi, G.;
Giacco, R. Subjective satiety and plasma PYY concentration after wholemeal pasta. Appetite 2018, 125,
172–181. [CrossRef] [PubMed]

38. Williams, B.A.; Grant, L.J.; Gidley, M.J.; Mikkelsen, D. Gut Fermentation of Dietary Fibres: Physico-Chemistry
of Plant Cell Walls and Implications for Health. Int. J. Mol. Sci. 2017, 18, 2203. [CrossRef] [PubMed]

39. Dahiya, D.K.; Puniya, M.; Shandilya, U.K.; Dhewa, T.; Kumar, N.; Kumar, S.; Puniya, A.K.; Shukla, P.
Gut Microbiota Modulation and Its Relationship with Obesity Using Prebiotic Fibres and Probiotics:
A Review. Front. Microbiol. 2017, 8, 563. [CrossRef] [PubMed]

40. Sleeth, M.L.; Thompson, E.L.; Ford, H.E.; Zac-Varghese, S.E.; Frost, G. Free fatty acid receptor 2 and nutrient
sensing: A proposed role for fibre, fermentable carbohydrates and short-chain fatty acids in appetite regulation.
Nutr. Res. Rev. 2010, 23, 135–145. [CrossRef] [PubMed]

http://dx.doi.org/10.1001/jama.282.16.1539
http://www.ncbi.nlm.nih.gov/pubmed/10546693
http://dx.doi.org/10.1093/ajcn/80.5.1237
http://www.ncbi.nlm.nih.gov/pubmed/15531671
http://dx.doi.org/10.1093/jn/135.5.1183
http://www.ncbi.nlm.nih.gov/pubmed/15867301
http://dx.doi.org/10.3945/ajcn.2009.28133
http://www.ncbi.nlm.nih.gov/pubmed/19793854
http://dx.doi.org/10.3945/ajcn.2009.28191
http://www.ncbi.nlm.nih.gov/pubmed/20016015
http://dx.doi.org/10.1093/ajcn/78.4.719
http://www.ncbi.nlm.nih.gov/pubmed/14522729
http://dx.doi.org/10.3945/ajcn.113.064659
http://www.ncbi.nlm.nih.gov/pubmed/23945718
http://dx.doi.org/10.3945/ajcn.115.124677
http://www.ncbi.nlm.nih.gov/pubmed/27030531
http://dx.doi.org/10.1186/1471-2458-14-886
http://www.ncbi.nlm.nih.gov/pubmed/25168465
http://dx.doi.org/10.3945/ajcn.117.163246
http://www.ncbi.nlm.nih.gov/pubmed/29092878
http://dx.doi.org/10.1016/j.jcm.2016.08.008
http://www.ncbi.nlm.nih.gov/pubmed/28228693
http://dx.doi.org/10.3945/jn.116.230508
http://www.ncbi.nlm.nih.gov/pubmed/27798329
http://dx.doi.org/10.1053/j.gastro.2009.11.045
http://www.ncbi.nlm.nih.gov/pubmed/19931537
http://dx.doi.org/10.3945/an.112.002782
http://www.ncbi.nlm.nih.gov/pubmed/22983848
http://dx.doi.org/10.1089/jmf.2011.0072
http://www.ncbi.nlm.nih.gov/pubmed/22181071
http://dx.doi.org/10.1016/j.appet.2018.02.004
http://www.ncbi.nlm.nih.gov/pubmed/29427691
http://dx.doi.org/10.3390/ijms18102203
http://www.ncbi.nlm.nih.gov/pubmed/29053599
http://dx.doi.org/10.3389/fmicb.2017.00563
http://www.ncbi.nlm.nih.gov/pubmed/28421057
http://dx.doi.org/10.1017/S0954422410000089
http://www.ncbi.nlm.nih.gov/pubmed/20482937


Nutrients 2018, 10, 943 28 of 33

41. Kasubuchi, M.; Hasegawa, S.; Hiramatsu, T.; Ichimura, A.; Kimura, I. Dietary gut microbial metabolites,
short-chain fatty acids, and host metabolic regulation. Forum Nutr. 2015, 7, 2839–2849. [CrossRef] [PubMed]

42. Giacco, R.; Della Pepa, G.; Luongo, D.; Riccardi, G. Whole grain intake in relation to body weight: From
epidemiological evidence to clinical trials. Nutr. Metab. Cardiovasc. Dis. 2011, 21, 901–908. [CrossRef]
[PubMed]

43. Parkar, S.G.; Stevenson, D.E.; Skinner, M.A. The potential influence of fruit polyphenols on colonic microflora
and human gut health. Int. J. Food Microbiol. 2008, 124, 295–298. [CrossRef] [PubMed]

44. Simpson, H.L.; Campbell, B.J. Review article: Dietary fibre-microbiota interactions. Aliment. Pharmacol. Ther.
2015, 42, 158–179. [CrossRef] [PubMed]

45. Liese, A.D.; Roach, A.K.; Sparks, K.C.; Marquart, L.; D’Agostino, R.B., Jr.; Mayer-Davis, E.J. Whole-grain intake
and insulin sensitivity: The Insulin Resistance Atherosclerosis Study. Am. J. Clin. Nutr. 2003, 78, 965–971.
[CrossRef] [PubMed]

46. Pereira, M.A.; Jacobs, D.R., Jr.; Pins, J.J.; Raatz, S.K.; Gross, M.D.; Slavin, J.L.; Seaquist, E.R. Effect of whole
grains on insulin sensitivity in overweight hyperinsulinemic adults. Am. J. Clin. Nutr. 2002, 75, 848–855.
[CrossRef] [PubMed]

47. Juntunen, K.S.; Laaksonen, D.E.; Poutanen, K.S.; Niskanen, L.K.; Mykkänen, H.M. High fiber rye bread and
insulin secretion and sensitivity in healthy postmenopausal women. Am. J. Clin. Nutr. 2003, 77, 385–391.
[CrossRef] [PubMed]

48. McIntosh, G.H.; Noakes, M.; Royle, P.J.; Foster, P.R. Whole grain rye and wheat foods and markers of bowel
health in overweight middle aged men. Am. J. Clin. Nutr. 2003, 77, 967–974. [CrossRef] [PubMed]

49. Andersson, A.; Tengblad, S.; Karlström, B.; Kamal Eldin, A.; Landberg, R.; Basu, S.; Aman, P.; Vessby, B.
Whole grain foods do not affect insulin sensitivity or markers of lipid peroxidation and inflammation in
healthy, moderately overweight subjects. J. Nutr. 2007, 137, 1401–1407. [CrossRef] [PubMed]

50. Katcher, H.I.; Legro, R.S.; Kunselman, A.R.; Gillies, P.J.; Demers, L.M.; Bagshaw, D.M.; Kris-Etherton, P.M.
The effects of a whole grain enriched hypocaloric diet on cardiovascular disease risk factors in men and
women with metabolic syndrome. Am. J. Clin. Nutr. 2008, 87, 79–90. [CrossRef] [PubMed]

51. Giacco, R.; Clemente, G.; Cipriano, D.; Luongo, D.; Viscovo, D.; Patti, L.; Di Marino, L.; Giacco, A.;
Naviglio, D.; Bianchi, M.A.; et al. Effects of the regular consumption of wholemeal wheat foods on
cardiovascular risk factors in healthy people. Nutr. Metab. Cardiovasc. Dis. 2010, 20, 186–194. [CrossRef]
[PubMed]

52. Brownlee, I.A.; Moore, C.; Chatfield, M.; Richardson, D.P.; Ashby, P.; Kuznesof, S.A.; Jebb, S.A.; Seal, C.J.
Markers of cardiovascular risk are not changed by increased whole grain intake: The WHOLEheart study, a
randomised, controlled dietary intervention. Br. J. Nutr. 2010, 104, 125–134. [CrossRef] [PubMed]

53. Giacco, R.; Lappi, J.; Costabile, G.; Kolehmainen, M.; Schwab, U.; Landberg, R.; Uusitupa, M.; Poutanen, K.;
Pacini, G.; Rivellese, A.A.; et al. Effects of rye and whole wheat versus refined cereal foods on metabolic risk
factors: A randomised controlled two-centre intervention study. Clin. Nutr. 2013, 32, 941–949. [CrossRef]
[PubMed]

54. Giacco, R.; Costabile, G.; Della Pepa, G.; Anniballi, G.; Griffo, E.; Mangione, A.; Cipriano, P.; Viscovo, D.;
Clemente, G.; Landberg, R.; et al. A whole-grain cereal-based diet lowers postprandial plasma insulin and
triglyceride levels in individuals with metabolic syndrome. Nutr. Metab. Cardiovasc. Dis. 2014, 24, 837–844.
[CrossRef] [PubMed]

55. He, L.X.; Zhao, J.; Huang, Y.S.; Li, Y. The difference between oats and beta-glucan extract intake in the
management of HbA1c, fasting glucose and insulin sensitivity: A meta-analysis of randomized controlled trials.
Food Funct. 2016, 7, 1413–1428. [CrossRef] [PubMed]

56. Hashizume, C.; Kishimoto, Y.; Kanahori, S.; Yamamoto, T.; Okuma, K.; Yamamoto, K. Improvement effect
of resistant maltodextrin in humans with metabolic syndrome by continuous administration. J. Nutr.
Sci. Vitaminol. 2012, 58, 423–430. [CrossRef] [PubMed]

57. Li, S.; Guerin-Deremaux, L.; Pochat, M.; Wils, D.; Reifer, C.; Miller, L.E. NUTRIOSE dietary fiber
supplementation improves insulin resistance and determinants of metabolic syndrome in overweight
men: A double-blind, randomized, placebo-controlled study. Appl. Physiol. Nutr. MeTable 2010, 35, 773–782.
[CrossRef] [PubMed]

58. Johnston, K.L.; Thomas, E.L.; Bell, J.D.; Frost, G.S.; Robertson, M.D. Resistant starch improves insulin
sensitivity in metabolic syndrome. Diabet. Med. 2010, 27, 391–397. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/nu7042839
http://www.ncbi.nlm.nih.gov/pubmed/25875123
http://dx.doi.org/10.1016/j.numecd.2011.07.003
http://www.ncbi.nlm.nih.gov/pubmed/22036468
http://dx.doi.org/10.1016/j.ijfoodmicro.2008.03.017
http://www.ncbi.nlm.nih.gov/pubmed/18456359
http://dx.doi.org/10.1111/apt.13248
http://www.ncbi.nlm.nih.gov/pubmed/26011307
http://dx.doi.org/10.1093/ajcn/78.5.965
http://www.ncbi.nlm.nih.gov/pubmed/14594783
http://dx.doi.org/10.1093/ajcn/75.5.848
http://www.ncbi.nlm.nih.gov/pubmed/11976158
http://dx.doi.org/10.1093/ajcn/77.2.385
http://www.ncbi.nlm.nih.gov/pubmed/12540398
http://dx.doi.org/10.1093/ajcn/77.4.967
http://www.ncbi.nlm.nih.gov/pubmed/12663299
http://dx.doi.org/10.1093/jn/137.6.1401
http://www.ncbi.nlm.nih.gov/pubmed/17513398
http://dx.doi.org/10.1093/ajcn/87.1.79
http://www.ncbi.nlm.nih.gov/pubmed/18175740
http://dx.doi.org/10.1016/j.numecd.2009.03.025
http://www.ncbi.nlm.nih.gov/pubmed/19502018
http://dx.doi.org/10.1017/S0007114510000644
http://www.ncbi.nlm.nih.gov/pubmed/20307353
http://dx.doi.org/10.1016/j.clnu.2013.01.016
http://www.ncbi.nlm.nih.gov/pubmed/23462537
http://dx.doi.org/10.1016/j.numecd.2014.01.007
http://www.ncbi.nlm.nih.gov/pubmed/24598599
http://dx.doi.org/10.1039/C5FO01364J
http://www.ncbi.nlm.nih.gov/pubmed/26840185
http://dx.doi.org/10.3177/jnsv.58.423
http://www.ncbi.nlm.nih.gov/pubmed/23419401
http://dx.doi.org/10.1139/H10-074
http://www.ncbi.nlm.nih.gov/pubmed/21164548
http://dx.doi.org/10.1111/j.1464-5491.2010.02923.x
http://www.ncbi.nlm.nih.gov/pubmed/20536509


Nutrients 2018, 10, 943 29 of 33

59. Robertson, M.D.; Wright, J.W.; Loizon, E.; Debard, C.; Vidal, H.; Shojaee-Moradie, F.; Russell-Jones, D.;
Umpleby, A.M. Insulin-sensitizing effects on muscle and adipose tissue after dietary fiber intake in men and
women with metabolic syndrome. J. Clin. Endocrinol. MeTable 2012, 97, 3326–3332. [CrossRef] [PubMed]

60. Layden, B.T.; Yalamanchi, S.K.; Wolever, T.M.; Dunaif, A.; Lowe, W.L., Jr. Negative association of acetate with
visceral adipose tissue and insulin levels. Diabetes Metab. Syndr. Obes. 2012, 5, 49–55. [CrossRef] [PubMed]

61. Canfora, E.E.; Jocken, J.W.; Blaak, E.E. Short-chain fatty acids in control of body weight and insulin sensitivity.
Nat. Rev. Endocrinol. 2015, 11, 577–591. [CrossRef] [PubMed]

62. Vetrani, C.; Costabile, G.; Luongo, D.; Naviglio, D.; Rivellese, A.A.; Riccardi, G.; Giacco, R. Effects of
whole-grain cereal foods on plasma short chain fatty acid concentrations in individuals with the metabolic
syndrome. Nutrition 2016, 32, 217–221. [CrossRef] [PubMed]

63. Weitkunat, K.; Stuhlmann, C.; Postel, A.; Rumberger, S.; Fankhänel, M.; Woting, A.; Petzke, K.J.; Gohlke, S.;
Schulz, T.J.; Blaut, M.; et al. Short-chain fatty acids and inulin, but not guar gum, prevent diet-induced
obesity and insulin resistance through differential mechanisms in mice. Sci Rep. 2017, 7, 6109. [CrossRef]
[PubMed]

64. Harris, K.; Kassis, A.; Major, G.; Chou, C.J. Is the gut microbiota a new factor contributing to obesity and its
metabolic disorders? J. Obes. 2012, 2012, 879151. [PubMed]

65. Caricilli, A.M.; Saad, M.J. The role of gut microbiota on insulin resistance. Nutrients 2013, 5, 829–851.
[CrossRef] [PubMed]

66. Da Silva, S.T.; dos Santos, C.A.; Bressan, J. Intestinal microbiota; relevance to obesity and modulation by
prebiotics and probiotics. Nutr. Hosp. 2013, 28, 1039–1048. [PubMed]

67. Cameron-Smith, D.; Habito, R.; Barnett, M.; Collier, G.R. Dietary guar gum improves insulin sensitivity in
streptozotocin-induced diabetic rats. J. Nutr. 1997, 127, 359–364. [CrossRef] [PubMed]

68. Song, Y.J.; Sawamura, M.; Ikeda, K.; Igawa, S.; Yamori, Y. Soluble dietary fibre improves insulin sensitivity
by increasing muscle GLUT-4 content in stroke-prone spontaneously hypertensive rats. Clin. Exp. Pharmacol.
Physiol. 2000, 27, 41–45. [CrossRef] [PubMed]

69. Salmerón, J.; Manson, J.E.; Stampfer, M.J.; Colditz, G.A.; Wing, A.L.; Willett, W.C. Dietary fibre, glycaemic
load, and risk of non-insulin-dependent diabetes mellitus in women. JAMA 1997, 277, 472–477. [CrossRef]
[PubMed]

70. The InterAct Consortium. Dietary fibre and incidence of type 2 diabetes in eight European countries:
The EPIC-InterAct study and a meta-analysis of prospective studies. Diabetologia 2015, 58, 1394–1408.

71. King, D.E.; Mainous, A.G.; Lambourne, C.A. Trends in dietary fibre intake in the United States, 1999–2008.
J. Acad. Nutr. Diet. 2012, 112, 642–648. [CrossRef] [PubMed]

72. McGill, C.R.; Fulgoni, V.L.; Devareddy, L. Ten-year trends in fibre and whole grain intakes and food sources
for the United States population: National health and nutrition examination survey 2001–2010. Nutrients
2015, 7, 1119–1130. [CrossRef] [PubMed]

73. Fungwe, T.V.; Bente, L.; Hiza, H. Food Supply and Dietary Fibre: Its Availability and Effect on Health; Nutrition
Insights 36; USDA Center for Nutrition Policy and Promotion: Alexandria, VA, USA, 2007.

74. Lindström, J.; Peltonen, M.; Eriksson, J.G.; Louheranta, A.; Fogelholm, M.; Uusitupa, M.; Tuomilehto, J.
High-fibre, low-fat diet predicts long-term weight loss and decreased type 2 diabetes risk: The Finnish
Diabetes Prevention Study. Diabetologia 2006, 49, 912–920. [CrossRef] [PubMed]

75. Von Ruesten, A.; Feller, S.; Bergmann, M.M.; Boeing, H. Diet and risk of chronic diseases: Results from
the first 8 years of follow-up in the EPIC-Potsdam study. Eur. J. Clin. Nutr. 2013, 67, 412–419. [CrossRef]
[PubMed]

76. InterAct, Consortium; Romaguera, D.; Guevara, M.; Norat, T.; Langenberg, C.; Forouhi, N.G.; Sharp, S.;
Slimani, N.; Schulze, M.B.; Buijsse, B.; et al. Mediterranean diet and type 2 diabetes risk in the European
Prospective Investigation into Cancer and Nutrition (EPIC) study: The InterAct project. Diabetes Care 2011,
34, 1913–1918.

77. Martinez-Gonzalez, M.A.; Salas-Salvado, J.; Estruch, R.; Corella, D.; Fito, M.; Ros, E. Benefits of the
Mediterranean diet: Insights from the PREDIMED study. Prog. Cardiovasc. Dis. 2015, 58, 50–60. [CrossRef]
[PubMed]

http://dx.doi.org/10.1210/jc.2012-1513
http://www.ncbi.nlm.nih.gov/pubmed/22745235
http://dx.doi.org/10.2147/DMSO.S29244
http://www.ncbi.nlm.nih.gov/pubmed/22419881
http://dx.doi.org/10.1038/nrendo.2015.128
http://www.ncbi.nlm.nih.gov/pubmed/26260141
http://dx.doi.org/10.1016/j.nut.2015.08.006
http://www.ncbi.nlm.nih.gov/pubmed/26706023
http://dx.doi.org/10.1038/s41598-017-06447-x
http://www.ncbi.nlm.nih.gov/pubmed/28733671
http://www.ncbi.nlm.nih.gov/pubmed/22315672
http://dx.doi.org/10.3390/nu5030829
http://www.ncbi.nlm.nih.gov/pubmed/23482058
http://www.ncbi.nlm.nih.gov/pubmed/23889619
http://dx.doi.org/10.1093/jn/127.2.359
http://www.ncbi.nlm.nih.gov/pubmed/9039840
http://dx.doi.org/10.1046/j.1440-1681.2000.03198.x
http://www.ncbi.nlm.nih.gov/pubmed/10696527
http://dx.doi.org/10.1001/jama.1997.03540300040031
http://www.ncbi.nlm.nih.gov/pubmed/9020271
http://dx.doi.org/10.1016/j.jand.2012.01.019
http://www.ncbi.nlm.nih.gov/pubmed/22709768
http://dx.doi.org/10.3390/nu7021119
http://www.ncbi.nlm.nih.gov/pubmed/25671414
http://dx.doi.org/10.1007/s00125-006-0198-3
http://www.ncbi.nlm.nih.gov/pubmed/16541277
http://dx.doi.org/10.1038/ejcn.2013.7
http://www.ncbi.nlm.nih.gov/pubmed/23388667
http://dx.doi.org/10.1016/j.pcad.2015.04.003
http://www.ncbi.nlm.nih.gov/pubmed/25940230


Nutrients 2018, 10, 943 30 of 33

78. Vitale, M.; Masulli, M.; Rivellese, A.A.; Babini, A.C.; Boemi, M.; Bonora, E.; Buzzetti, R.; Ciano, O.;
Cignarelli, M.; Cigolini, M.; et al. Influence of dietary fat and carbohydrates proportions on plasma lipids,
glucose control and low grade inflammation in patients with type 2 diabetes—The TOSCA.IT Study. Eur. J.
Nutr. 2016, 55, 1645–1651. [CrossRef] [PubMed]

79. Post, R.E.; Mainous, A.G.; King, D.E.; Simpson, K.N. Dietary fibre for the treatment of type 2 diabetes
mellitus: A meta-analysis. J. Am. Board Fam. Med. 2012, 25, 16–23. [CrossRef] [PubMed]

80. Silva, F.M.; Kramer, C.K.; de Almeida, J.C.; Steemburgo, T.; Gross, J.L.; Azevedo, M.J. Fiber intake and
glycemic control in patients with type 2 diabetes mellitus: A systematic review with meta-analysis of
randomized controlled trials. Nutr. Rev. 2013, 71, 790–801. [CrossRef] [PubMed]

81. Gibb, R.D.; McRorie, J.W., Jr.; Russell, D.A.; Hasselblad, V.; D’Alessio, D.A. Psyllium fiber improves glycemic
control proportional to loss of glycemic control: A meta-analysis of data in euglycemic subjects, patients at
risk of type 2 diabetes mellitus, and patients being treated for type 2 diabetes mellitus. Am. J. Clin. Nutr.
2015, 102, 1604–1614. [CrossRef] [PubMed]

82. Schwingshackl, L.; Chaimani, A.; Hoffmann, G.; Schwedhelm, C.; Boeing, H. A network meta-analysis
on the comparative efficacy of different dietary approaches on glycaemic control in patients with type 2
diabetes mellitus. Eur. J. Epidemiol. 2018. [CrossRef] [PubMed]

83. Marventano, S.; Vetrani, C.; Vitale, M.; Godos, J.; Riccardi, G.; Grosso, G. Whole Grain Intake and Glycaemic
Control in Healthy Subjects: A Systematic Review and Meta-Analysis of Randomized Controlled Trials.
Nutrients 2017, 19, 9. [CrossRef] [PubMed]

84. Christensen, A.S.; Viggers, L.; Hasselström, K.; Gregersen, S. Effect of fruit restriction on glycemic control in
patients with type 2 diabetes—A randomized trial. Nutr. J. 2013, 12, 29. [CrossRef] [PubMed]

85. Muraki, I.; Imamura, F.; Manson, J.E.; Hu, F.B.; Willett, W.C.; van Dam, R.M.; Sun, Q. Fruit consumption
and risk of type 2 diabetes: Results from three prospective longitudinal cohort studies. BMJ 2013, 347, f5001.
[CrossRef] [PubMed]

86. Bozzetto, L.; Alderisio, A.; Giorgini, M.; Barone, F.; Giacco, A.; Riccardi, G.; Rivellese, A.A.; Annuzzi, G.
Extra-Virgin Olive Oil Reduces Glycemic Response to a High-Glycemic Index Meal in Patients With Type 1
Diabetes: A Randomized Controlled Trial. Diabetes Care 2016, 39, 518–524. [CrossRef] [PubMed]

87. Wu, K.; Bowman, R.; Welch, A.A.; Luben, R.N.; Wareham, N.; Khaw, K.-T.; Bingham, S.A. Apolipoprotein
E polymorphisms, dietary fat and fibre, and serum lipids: The EPIC Norfolk study. Eur. Heart J. 2007,
28, 2930–2936. [CrossRef] [PubMed]

88. Vitale, M.; Masulli, M.; Cocozza, S.; Anichini, R.; Babini, A.C.; Boemi, M.; Bonora, E.; Buzzetti, R.;
Carpinteri, R.; Caselli, C.; et al. Sex differences in food choices, adherence to dietary recommendations and
plasma lipid profile in type 2 diabetes e The TOSCA.IT study. Nutr. Metab. Cardiovasc. Dis. 2016, 26, 879–885.
[CrossRef] [PubMed]

89. Ye, E.; Chacko, S.; Chou, E.; Kugizaki, M.; Liu, S. Greater whole-grain intake is associated with lower risk of
type 2 diabetes, cardiovascular disease, and weight gain. J. Nutr. 2012, 142, 1304–1313. [CrossRef] [PubMed]

90. Hollander, P.; Ross, A.; Kristensen, M. Whole-grain and blood lipid changes in apparently healthy adults:
A systematic review and meta-analysis of randomized controlled studies. Am. J. Clin. Nutr. 2015, 102, 556–572.
[CrossRef] [PubMed]

91. Hartley, L.; May, M.D.; Loveman, E.; Colquitt, J.L.; Rees, K. Dietary fibre for the primary prevention of
cardiovascular disease. Cochrane Database Syst. Rev. 2016. [CrossRef] [PubMed]

92. Kelly, S.A.; Hartley, L.; Loveman, E.; Colquitt, J.L.; Jones, H.M.; Al-Khudairy, L.; Clar, C.; Germanò, R.;
Lunn, H.R.; Frost, G.; et al. Whole grain cereals for the primary or secondary prevention of cardiovascular
disease. Cochrane Database Syst. Rev. 2017, 8. [CrossRef] [PubMed]

93. Whitehead, A.; Beck, E.J.; Tosh, S.; Wolever, T.M.S. Cholesterol-lowering effects of oat β-glucan: A meta-analysis
of randomized controlled trials. Am. J. Clin. Nutr. 2014, 100, 1413–1421. [CrossRef] [PubMed]

94. Zhu, X.; Sun, X.; Wang, M.; Zhang, C.; Cao, Y.; Mo, G.; Liang, J.; Zhu, S. Quantitative assessment of the
effects of β-glucan consumption on serum lipid profile and glucose level in hypercholesterolemic subjects.
Nutr. Metab. Cardiovasc. Dis. 2015, 25, 714–723. [CrossRef] [PubMed]

95. Ho, H.V.; Sievenpiper, J.L.; Zurbau, A.; Blanco Mejia, S.; Jovanovski, E.; Au-Yeung, F.; Jenkins, A.L.; Vuksan, V.
A systematic review and meta-analysis of randomized controlled trials of the effect of barley β-glucan on
LDL-C, non-HDL-C and apoB for cardiovascular disease risk reduction. Eur. J. Clin. Nutr. 2016, 70, 1239–1245.
[CrossRef] [PubMed]

http://dx.doi.org/10.1007/s00394-015-0983-1
http://www.ncbi.nlm.nih.gov/pubmed/26303195
http://dx.doi.org/10.3122/jabfm.2012.01.110148
http://www.ncbi.nlm.nih.gov/pubmed/22218620
http://dx.doi.org/10.1111/nure.12076
http://www.ncbi.nlm.nih.gov/pubmed/24180564
http://dx.doi.org/10.3945/ajcn.115.106989
http://www.ncbi.nlm.nih.gov/pubmed/26561625
http://dx.doi.org/10.1007/s10654-017-0352-x
http://www.ncbi.nlm.nih.gov/pubmed/29302846
http://dx.doi.org/10.3390/nu9070769
http://www.ncbi.nlm.nih.gov/pubmed/28753929
http://dx.doi.org/10.1186/1475-2891-12-29
http://www.ncbi.nlm.nih.gov/pubmed/23497350
http://dx.doi.org/10.1136/bmj.f5001
http://www.ncbi.nlm.nih.gov/pubmed/23990623
http://dx.doi.org/10.2337/dc15-2189
http://www.ncbi.nlm.nih.gov/pubmed/26861923
http://dx.doi.org/10.1093/eurheartj/ehm482
http://www.ncbi.nlm.nih.gov/pubmed/17982164
http://dx.doi.org/10.1016/j.numecd.2016.04.006
http://www.ncbi.nlm.nih.gov/pubmed/27212622
http://dx.doi.org/10.3945/jn.111.155325
http://www.ncbi.nlm.nih.gov/pubmed/22649266
http://dx.doi.org/10.3945/ajcn.115.109165
http://www.ncbi.nlm.nih.gov/pubmed/26269373
http://dx.doi.org/10.1002/14651858.CD011472.pub2
http://www.ncbi.nlm.nih.gov/pubmed/26758499
http://dx.doi.org/10.1002/14651858.CD005051.pub3
http://www.ncbi.nlm.nih.gov/pubmed/28836672
http://dx.doi.org/10.3945/ajcn.114.086108
http://www.ncbi.nlm.nih.gov/pubmed/25411276
http://dx.doi.org/10.1016/j.numecd.2015.04.008
http://www.ncbi.nlm.nih.gov/pubmed/26026211
http://dx.doi.org/10.1038/ejcn.2016.89
http://www.ncbi.nlm.nih.gov/pubmed/27273067


Nutrients 2018, 10, 943 31 of 33

96. Ho, H.V.T.; Sievenpiper, J.L.; Zurbau, A.; Blanco Mejia, S.; Jovanovski, E.; Au-Yeung, F.; Jenkins, A.L.; Vuksan, V.
The effect of oat β-glucan on LDL-cholesterol, non-HDL-cholesterol and apoB for CVD risk reduction: A
systematic review and meta-analysis of randomised-controlled trials. Br. J. Nutr. 2016, 116, 1369–1382. [CrossRef]
[PubMed]

97. Bazzano, L.; Thompson, A.; Tees, M.; Nguyen, C.; Winham, D. Non-Soy Legume Consumption Lowers
Cholesterol Levels: A Meta-Analysis of Randomized Controlled Trials. Nutr. Metab. Cardiovasc. Dis. 2011,
21, 94–103. [CrossRef] [PubMed]

98. Bernstein, A.M.; Titgemeier, B.; Kirkpatrick, K.; Golubic, M.; Roizen, M.F. Major Cereal Grain Fibres and
Psyllium in Relation to Cardiovascular Health. Nutrients 2013, 5, 1471–1487. [CrossRef] [PubMed]

99. Ha, V.; Sievenpiper, J.L.; de Souza, R.J.; Jayalath, V.H.; Mirrahimi, A.; Agarwal, A.; Chiavaroli, L.;
Blanco Mejia, S.; Sacks, F.M.; Di Buono, M.; et al. Effect of dietary pulse intake on established therapeutic
lipid targets for cardiovascular risk reduction: A systematic review and meta-analysis of randomized
controlled trials. CMAJ 2014, 186, 252–262. [CrossRef] [PubMed]

100. Pirro, M.; Vetrani, C.; Bianchi, C.; Mannarino, M.R.; Bernini, F.; Rivellese, A.A. Joint position statement on
“Nutraceuticals for the treatment of hypercholesterolemia” of the Italian Society of Diabetology (SID) and
of the Italian Society for the Study of Arteriosclerosis (SISA). Nutr. Metab. Cardiovasc. Dis. 2017, 27, 2–17.
[CrossRef] [PubMed]

101. Liu, F.; Prabhakar, M.; Ju, J.; Long, H.; Zhou, H.W. Effect of inulin-type fructans on blood lipid profile and
glucose level: A systematic review and meta-analysis of randomized controlled trials. Eur. J. Clin. Nutr. 2017,
71, 9–20. [CrossRef] [PubMed]

102. De Natale, C.; Annuzzi, G.; Bozzetto, L.; Mazzarella, R.; Costabile, G.; Ciano, O.; Riccardi, G.;
Rivellese, A.A. Effects of a Plant-Based High-Carbohydrate/High-Fibre Diet Versus High-Monounsaturated
Fat/Low-Carbohydrate Diet on Postprandial Lipids in Type 2 Diabetic Patients. Diabetes Care 2009, 32, 2168–2173.
[CrossRef] [PubMed]

103. Bozzetto, L.; De Natale, C.; Di Capua, L.; Della Corte, G.; Patti, L.; Maione, S.; Riccardi, G.; Rivellese, A.A.;
Annuzzi, G. The association of hs-CRP with fasting and postprandial plasma lipids in patients with type 2
diabetes is disrupted by dietary monounsaturated fatty acids. Acta Diabetol. 2013, 50, 273–276. [CrossRef]
[PubMed]

104. Bozzetto, L.; Annuzzi, G.; Costabile, G.; Costagliola, L.; Giorgini, M.; Alderisio, A.; Strazzullo, A.; Patti, L.;
Cipriano, P.; Mangione, A.; et al. A CHO/fibre diet reduces and a MUFA diet increases postprandial
lipaemia in type 2 diabetes: No supplementary effects of low-volume physical training. Acta Diabetol. 2014,
51, 385–393. [CrossRef] [PubMed]

105. Othman, R.A.; Moghadasian, M.H.; Jones, P.J. Cholesterol-lowering effects of oat β-glucan. Nutr. Rev. 2011,
69, 299–309. [CrossRef] [PubMed]

106. Bozzetto, L.; Annuzzi, G.; Corte, G.D.; Patti, L.; Cipriano, P.; Mangione, A.; Riccardi, G.; Rivellese, A.A.
Ezetimibe beneficially influences fasting and postprandial triglyceride-rich lipoproteins in type 2 diabetes.
Atherosclerosis 2011, 217, 142–148. [CrossRef] [PubMed]

107. Lamarche, B.; Desroches, S.; Jenkins, D.J.; Kendall, C.W.; Marchie, A.; Faulkner, D.; Vidgen, E.; Lapsley, K.G.;
Trautwein, E.A.; Parker, T.L.; et al. Combined effects of a dietary portfolio of plant sterols, vegetable protein,
viscous fibre and almonds on LDL particle size. Br. J. Nutr. 2004, 92, 657–663. [CrossRef] [PubMed]

108. Lairon, D.; Play, B.; Jourdheuil-Rahmani, D. Digestible and indigestible carbohydrates: Interactions with
postprandial lipid metabolism. J. Nutr. Biochem. 2007, 18, 217–227. [CrossRef] [PubMed]

109. Lim, S.S.; Vos, T.; Flaxman, A.D.; Danaei, G.; Shibuya, K.; Adair-Rohani, H.; Amann, M.; Anderson, H.R.;
Andrews, K.G.; Aryee, M.; et al. A comparative risk assessment of burden of disease and injury attributable
to 67 risk factors and risk factor clusters in 21 regions, 1990–2010: A systematic analysis for the Global
Burden of Disease Study 2010. Lancet 2012, 380, 2224–2260. [CrossRef]

110. Vernay, M.; Aïdara, M.; Salanave, B.; Deschamps, V.; Malon, A.; Oleko, A.; Mallion, J.M.; Hercberg, S.;
Castetbon, K. Diet and blood pressure in 18–74-year-old adults: The French Nutrition and Health Survey
(ENNS, 2006–2007). J. Hypertens. 2012, 30, 1920–1927. [CrossRef] [PubMed]

111. Gopinath, B.; Flood, V.M.; Rochtchina, E.; Baur, L.A.; Smith, W.; Mitchell, P. Influence of High Glycemic
Index and Glycemic Load Diets on Blood Pressure During Adolescence. Hypertension 2012, 59, 1272–1277.
[CrossRef] [PubMed]

http://dx.doi.org/10.1017/S000711451600341X
http://www.ncbi.nlm.nih.gov/pubmed/27724985
http://dx.doi.org/10.1016/j.numecd.2009.08.012
http://www.ncbi.nlm.nih.gov/pubmed/19939654
http://dx.doi.org/10.3390/nu5051471
http://www.ncbi.nlm.nih.gov/pubmed/23628720
http://dx.doi.org/10.1503/cmaj.131727
http://www.ncbi.nlm.nih.gov/pubmed/24710915
http://dx.doi.org/10.1016/j.numecd.2016.11.122
http://www.ncbi.nlm.nih.gov/pubmed/27956024
http://dx.doi.org/10.1038/ejcn.2016.156
http://www.ncbi.nlm.nih.gov/pubmed/27623982
http://dx.doi.org/10.2337/dc09-0266
http://www.ncbi.nlm.nih.gov/pubmed/19741188
http://dx.doi.org/10.1007/s00592-011-0318-5
http://www.ncbi.nlm.nih.gov/pubmed/21833777
http://dx.doi.org/10.1007/s00592-013-0522-6
http://www.ncbi.nlm.nih.gov/pubmed/24132660
http://dx.doi.org/10.1111/j.1753-4887.2011.00401.x
http://www.ncbi.nlm.nih.gov/pubmed/21631511
http://dx.doi.org/10.1016/j.atherosclerosis.2011.03.012
http://www.ncbi.nlm.nih.gov/pubmed/21481394
http://dx.doi.org/10.1079/BJN20041241
http://www.ncbi.nlm.nih.gov/pubmed/15522135
http://dx.doi.org/10.1016/j.jnutbio.2006.08.001
http://www.ncbi.nlm.nih.gov/pubmed/17079126
http://dx.doi.org/10.1016/S0140-6736(12)61766-8
http://dx.doi.org/10.1097/HJH.0b013e328356c59f
http://www.ncbi.nlm.nih.gov/pubmed/22796715
http://dx.doi.org/10.1161/HYPERTENSIONAHA.112.190991
http://www.ncbi.nlm.nih.gov/pubmed/22493075


Nutrients 2018, 10, 943 32 of 33

112. Aljuraiban, G.S.; Griep, L.M.O.; Chan, Q.; Daviglus, M.L.; Stamler, J.; Van Horn, L.; Elliott, P.; Frost, G.S.
Total, insoluble and soluble dietary fibre intake in relation to blood pressure: The INTERMAP Study.
Br. J. Nutr. 2015, 114, 1480–1486. [CrossRef] [PubMed]

113. Lairon, D.; Arnault, N.; Bertrais, S.; Planells, R.; Clero, E.; Hercberg, S.; Boutron-Ruault, M.C. Dietary fiber
intake and risk factors for cardiovascular disease in French adults. Am. J. Clin. Nutr. 2005, 82, 1185–1194.
[CrossRef] [PubMed]

114. Wang, L.; Gaziano, J.M.; Liu, S.; Manson, J.E.; Buring, J.E.; Sesso, H.D. Whole- and refined-grain intakes and
the risk of hypertension in women. Am. J. Clin. Nutr. 2007, 86, 472–479. [CrossRef] [PubMed]

115. Streppel, M.T.; Arends, L.R.; Van’t Veer, P.; Grobbee, D.E.; Geleijnse, J.M. Dietary fiber and blood pressure:
A meta-analysis of randomized placebo-controlled trials. Arch. Intern. Med. 2005, 165, 150–156. [CrossRef]
[PubMed]

116. Whelton, S.P.; Hyre, A.D.; Pedersen, B.; Yi, Y.; Whelton, P.K.; He, J. Effect of dietary fiber intake on blood
pressure: A meta-analysis of randomized, controlled clinical trials. J. Hypertens. 2005, 23, 475–481. [CrossRef]
[PubMed]

117. Evans, C.E.L.; Greenwood, D.C.; Threapleton, D.E.; Cleghorn, C.L.; Nykjaer, C.; Woodhead, C.E.; Gale, C.P.;
Burley, V.J. Effects of dietary fibre type on blood pressure: A systematic review and meta-analysis of
randomized controlled trials of healthy individuals. J. Hypertens. 2015, 33, 897–911. [CrossRef] [PubMed]

118. Khan, K.; Jovanovski, E.; Ho, H.V.T.; Marques, A.C.R.; Zurbau, A.; Mejia, S.B.; Sievenpiper, J.L.; Vuksan, V.
The effect of viscous soluble fiber on blood pressure: A systematic review and meta-analysis of randomized
controlled trials. Nutr. Metab. Cardiovasc. Dis. 2018, 28, 3–13. [CrossRef] [PubMed]

119. Schulman, I.H.; Zhou, M.S. Vascular insulin resistance: A potential link between cardiovascular and
metabolic diseases. Curr. Hypertens. Rep. 2009, 11, 48–55. [CrossRef] [PubMed]

120. Zhou, M.S.; Schulman, I.H.; Raij, L. Vascular inflammation, insulin resistance, and endothelial dysfunction
in salt-sensitive hypertension: Role of nuclear factor kappa B activation. J. Hypertens. 2010, 28, 527–535.
[CrossRef] [PubMed]

121. Nickenig, G.; Sachinidis, A.; Michaelsen, F.; Bohm, M.; Seewald, S.; Vetter, H. Upregulation of vascular
angiotensin II receptor gene expression by low-density lipoprotein in vascular smooth muscle cells.
Circulation 1997, 95, 473–478. [CrossRef] [PubMed]

122. Haas, J.T.; Francque, S.; Stael, B. Pathophysiology and mechanisms of nonalcoholic fatty liver disease.
Annu. Rev. Physiol. 2016, 78, 181–205. [CrossRef] [PubMed]

123. Della Pepa, G.; Vetrani, C.; Lombardi, G.; Bozzetto, L.; Annuzzi, G.; Rivellese, A.A. Isocaloric dietary changes
and non-alcoholic fatty liver disease in high cardiometabolic risk individuals. Nutrients 2017, 9, 1065. [CrossRef]
[PubMed]

124. Cortez-Pinto, H.; Jesus, L.; Barros, H.; Lopes, C.; Moura, M.C.; Camilo, M.E. How different is the dietary
pattern in non-alcoholic steatohepatitis patients? Clin. Nutr. 2006, 25, 816–823. [CrossRef] [PubMed]

125. Musso, G.; Gambino, R.; De Michieli, F.; Cassader, M.; Rizzetto, M.; Durazzo, M.; Faga, E.; Silli, B.;
Pagano, G. Dietary habits and their relations to insulin resistance and postprandial lipemia in nonalcoholic
steatohepatitis. Hepatology 2003, 37, 909–916. [CrossRef] [PubMed]

126. Mirmiran, P.; Amirhamidi, Z.; Ejtahed, H.S.; Bahadoran, Z.; Azizi, F. Relationship between Diet and
Non-alcoholic Fatty Liver Disease: A Review Article. Iran J. Public Health 2017, 46, 1007–1017. [PubMed]

127. Razavi Zade, M.; Telkabadi, M.H.; Bahmani, F.; Salehi, B.; Farshbaf, S.; Asemi, Z. The effects of DASH diet on
weight loss and metabolic status in adults with non-alcoholic fatty liver disease: A randomized clinical trial.
Liver Int. 2016, 36, 563–571. [CrossRef] [PubMed]

128. Zelber-Sagi, S.; Salomone, F.; Mlynarsky, L. The Mediterranean dietary pattern as the diet of choice for
non-alcoholic fatty liver disease: Evidence and plausible mechanisms. Liver Int. 2017, 37, 936–949. [CrossRef]
[PubMed]

129. Bozzetto, L.; Prinster, A.; Annuzzi, G.; Costagliola, L.; Mangione, A.; Vitelli, A.; Mazzarella, R.;
Longobardo, M.; Mancini, M.; Vigorito, C.; et al. Liver fat is reduced by an isoenergetic MUFA diet in
a controlled randomized study in type 2 diabetic patients. Diabetes Care 2012, 35, 1429–1435. [CrossRef]
[PubMed]

130. Daubioul, C.A.; Horsmans, Y.; Lambert, P.; Danse, E.; Delzenne, N.M. Effects of oligofructose on glucose and
lipid metabolism in patients with nonalcoholic steatohepatitis: Results of a pilot study. Eur. J. Clin. Nutr.
2005, 59, 723–726. [CrossRef] [PubMed]

http://dx.doi.org/10.1017/S0007114515003098
http://www.ncbi.nlm.nih.gov/pubmed/26328746
http://dx.doi.org/10.1093/ajcn/82.6.1185
http://www.ncbi.nlm.nih.gov/pubmed/16332650
http://dx.doi.org/10.1093/ajcn/86.2.472
http://www.ncbi.nlm.nih.gov/pubmed/17684221
http://dx.doi.org/10.1001/archinte.165.2.150
http://www.ncbi.nlm.nih.gov/pubmed/15668359
http://dx.doi.org/10.1097/01.hjh.0000160199.51158.cf
http://www.ncbi.nlm.nih.gov/pubmed/15716684
http://dx.doi.org/10.1097/HJH.0000000000000515
http://www.ncbi.nlm.nih.gov/pubmed/25668347
http://dx.doi.org/10.1016/j.numecd.2017.09.007
http://www.ncbi.nlm.nih.gov/pubmed/29153856
http://dx.doi.org/10.1007/s11906-009-0010-0
http://www.ncbi.nlm.nih.gov/pubmed/19146801
http://dx.doi.org/10.1097/HJH.0b013e3283340da8
http://www.ncbi.nlm.nih.gov/pubmed/19898250
http://dx.doi.org/10.1161/01.CIR.95.2.473
http://www.ncbi.nlm.nih.gov/pubmed/9008466
http://dx.doi.org/10.1146/annurev-physiol-021115-105331
http://www.ncbi.nlm.nih.gov/pubmed/26667070
http://dx.doi.org/10.3390/nu9101065
http://www.ncbi.nlm.nih.gov/pubmed/28954437
http://dx.doi.org/10.1016/j.clnu.2006.01.027
http://www.ncbi.nlm.nih.gov/pubmed/16677739
http://dx.doi.org/10.1053/jhep.2003.50132
http://www.ncbi.nlm.nih.gov/pubmed/12668986
http://www.ncbi.nlm.nih.gov/pubmed/28894701
http://dx.doi.org/10.1111/liv.12990
http://www.ncbi.nlm.nih.gov/pubmed/26503843
http://dx.doi.org/10.1111/liv.13435
http://www.ncbi.nlm.nih.gov/pubmed/28371239
http://dx.doi.org/10.2337/dc12-0033
http://www.ncbi.nlm.nih.gov/pubmed/22723581
http://dx.doi.org/10.1038/sj.ejcn.1602127
http://www.ncbi.nlm.nih.gov/pubmed/15770222


Nutrients 2018, 10, 943 33 of 33

131. Barrera, F.; George, J. The role of diet and nutritional intervention for the management of patients
with NAFLD. Clin. Liver Dis. 2014, 18, 91–112. [CrossRef] [PubMed]

132. Parnell, J.A.; Reimer, A.R. Prebiotic fiber modulation of the gut microbiota improves risk factors for obesity
and the metabolic syndrome. Gut Microbes 2012, 3, 29–34. [CrossRef] [PubMed]

133. Bozzetto, L.; Annuzzi, G.; Ragucci, M.; Di Donato, O.; Della Pepa, G.; Della Corte, G.; Griffo, E.; Anniballi, G.;
Giacco, A.; Mancini, M.; et al. Insulin resistance, postprandial GLP-1 and adaptive immunity are the main
predictors of NAFLD in a homogeneous population at high cardiovascular risk. Nutr. Metab. Cardiovasc. Dis.
2016, 26, 623–629. [CrossRef] [PubMed]

134. Threapleton, D.E.; Greenwood, D.C.; Evans, C.E.; Cleghorn, C.L.; Nykjaer, C.; Woodhead, C.; Cade, J.E.;
Gale, C.P.; Burley, V.J. Dietary fibre intake and risk of cardiovascular disease: Systematic review and
meta-analysis. BMJ 2013, 347, f6879. [CrossRef] [PubMed]

135. Wu, Y.; Qian, Y.; Pan, Y.; Li, P.; Yang, J.; Ye, X.; Xu, G. Association between dietary fibre intake and risk of
coronary heart disease: A meta-analysis. Clin. Nutr. 2015, 34, 603–611. [CrossRef] [PubMed]

136. Ning, H.; Van Horn, L.; Shay, C.M.; Lloyd-Jones, D.M. Associations of dietary fibre intake with long-term
predicted cardiovascular disease risk and C-reactive protein levels (from the National Health and Nutrition
Examination Survey Data [2005–2010]). Am. J. Cardiol. 2014, 113, 287–291. [CrossRef] [PubMed]

137. Buil-Cosiales, P.; Zazpe, I.; Toledo, E.; Corella, D.; Salas-Salvadó, J.; Diez-Espino, J.; Ros, E.; Fernandez-Creuet
Navajas, J.; Santos-Lozano, J.M.; Arós, F.; et al. Fibre intake and all-cause mortality in the Prevención con
Dieta Mediterránea (PREDIMED) study. Am. J. Clin. Nutr. 2014, 100, 1498–1507. [CrossRef] [PubMed]

138. Kim, Y.; Je, Y. Dietary fibre intake and mortality from cardiovascular disease and all cancers: A meta-analysis
of prospective cohort studies. Arch. Cardiovasc. Dis. 2016, 109, 39–54. [CrossRef] [PubMed]

139. Estruch, R.; Ros, E.; Salas-Salvadó, J.; Covas, M.I.; Corella, D.; Arós, F.; Gómez-Gracia, E.; Ruiz-Gutiérrez, V.;
Fiol, M.; Lapetra, J.; et al. Primary prevention of cardiovascular disease with a Mediterranean diet. N. Engl.
J. Med. 2013, 368, 1279–1290. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.cld.2013.09.009
http://www.ncbi.nlm.nih.gov/pubmed/24274867
http://dx.doi.org/10.4161/gmic.19246
http://www.ncbi.nlm.nih.gov/pubmed/22555633
http://dx.doi.org/10.1016/j.numecd.2016.01.011
http://www.ncbi.nlm.nih.gov/pubmed/27134062
http://dx.doi.org/10.1136/bmj.f6879
http://www.ncbi.nlm.nih.gov/pubmed/24355537
http://dx.doi.org/10.1016/j.clnu.2014.05.009
http://www.ncbi.nlm.nih.gov/pubmed/24929874
http://dx.doi.org/10.1016/j.amjcard.2013.09.020
http://www.ncbi.nlm.nih.gov/pubmed/24176070
http://dx.doi.org/10.3945/ajcn.114.093757
http://www.ncbi.nlm.nih.gov/pubmed/25411285
http://dx.doi.org/10.1016/j.acvd.2015.09.005
http://www.ncbi.nlm.nih.gov/pubmed/26711548
http://dx.doi.org/10.1056/NEJMoa1200303
http://www.ncbi.nlm.nih.gov/pubmed/23432189
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Pathophysiology of Obesity and Related Cardiovascular Risk Factors 
	Dietary Fibre 

	Body Weight Regulation 
	Epidemiological Studies 
	Randomized Controlled Trials 
	Possible Mechanisms of Fibre Effects on Body Weight Regulation 

	Insulin Resistance, Type 2 Diabetes Risk, and Blood Glucose Control in Diabetes 
	Epidemiological Studies 
	Randomized Controlled Trials 
	Possible Mechanisms of Fibre Effects on Insulin Resistance 
	Diabetes Risk 
	Blood Glucose Control 
	Possible Mechanisms of Fibre Effects on Blood Glucose Control 
	Conclusions 

	Dyslipidaemia 
	Epidemiological Studies 
	Randomized Controlled Trials 
	Possible Mechanisms of Fibre Effects on Dyslipidaemia. 
	Conclusions 

	Blood Pressure/Hypertension 
	Epidemiological Studies 
	Randomized Controlled Trials 
	Possible Mechanisms of Fibre Effects on Blood Pressure 
	Conclusions 

	Non Alcoholic Fatty Liver Disease 
	Epidemiological Studies 
	Randomized Controlled trials 
	Possible Mechanisms of Fibre Effects on NAFLD 

	Cardiovascular Disease 
	Possible Mechanisms of Fibre Effects on Cardiovascular Disease 
	Conclusion 

	Conclusions 
	References

