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/ Nutrition (2015), conjointly with Prof. J. Alfredo Martı́nez.

v





Preface to ”Precision Nutrition and Metabolic 
Syndrome Management”

Precision Nutrition is a recent endeavor seeking to individualize dietary advice and nutritional 
prescription taking into account not only the genetic makeup, but also a number of features such 
as age, sex, phenotype, lifestyles, likes and dislikes, clinical backgrounds, social issues, allergies, 
intolerances, and other personal factors. This approach is supported by omics technologies, such 
as genomics, nutrigenetics, epigenomics, metabolomic, metagenomics etc., which are able to 
characterize the individual in a personalized manner. Of course, advances in understanding the 
metabolic pathways at the cellular level as well as investigations in animal models and humans and 
epidemiological studies are enormously contributing to develop precision nutrition.

In this context, metabolic syndrome management requires particular attention and the 
consideration of a number of features, which are different between individuals with obesity, such as 
hypertension, hypercholesterolemia, hyperglycemia, and other associated manifestations related to 
excessive adiposity and fat accumulation. This Special Issue book involves a number of chapters 
including the integration of traditional and metabolomics biomarkers for predicting the 
responsiveness to nutritional interventions against oxidative stress and inflammation. In addition, it 
also presents a review concerning personalized nutritional approaches for the prevention and 
management of metabolic syndrome and addressing precision nutrition in regard to lipid 
metabolism in colorectal cancer patients. A review of personalized bariatric surgery prescription is 
also included in this issue. Furthermore, the role of the Japanese traditional diet as a sustainable 
dietary pattern orientated to precision nutrition is considered. Other important chapters are focused 
on fatty acid consumption affecting obesity and associated disorders together with the design of a 
protein diet score including animal and vegetal proteins for individualized nutrition. The 
involvement of fruit fiber consumption in liver health status and the properties of the bioactive 
compound genistein are addressed as important issues concerning liver steatosis and cardiac 
function in postmenopausal women with metabolic syndrome, respectively. The role of 
hydroxytyrosol in the prevention of the metabolic syndrome and related disorders is also reported. 
Alterations in circulating amino acid metabolite ratio are described as potential biomarkers of 
metabolic syndrome manifestations related to arginase activity. Finally, novel miRNAs involved in 
the prevention of liver steatosis induced by resveratrol and the developmental programming of 
obesity and liver metabolism by maternal perinatal precision nutrition are discussed.

Summing up, this recompilation offers the reader a selection of important chapters considering 
diverse aspects of precision nutrition at the cellular level and in in vivo models and hopefully 
contributes a better understanding of the value of precision nutrition.

The editors wish to thank all the authors for contributing their time to the production of this 
volume and address specific thanks to the University of Navarra, IMDEA, CIBERobn, and IUNS.

J. Alfredo Martı́nez, M. Angeles Zulet

Special Issue Editors

vii
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Abstract: Various statistical approaches can be applied to integrate traditional and omics biomarkers,
allowing the discovery of prognostic markers to classify subjects into poor and good prognosis groups
in terms of responses to nutritional interventions. Here, we performed a prototype study to identify
metabolites that predict responses to an intervention against oxidative stress and inflammation,
using a data set from a randomized controlled trial evaluating Korean black raspberry (KBR) in
sedentary overweight/obese subjects. First, a linear mixed-effects model analysis with multiple
testing correction showed that four-week consumption of KBR significantly changed oxidized
glutathione (GSSG, q = 0.027) level, the ratio of reduced glutathione (GSH) to GSSG (q = 0.039)
in erythrocytes, malondialdehyde (MDA, q = 0.006) and interleukin-6 (q = 0.006) levels in plasma,
and seventeen NMR metabolites in urine compared with those in the placebo group. A subsequent
generalized linear mixed model analysis showed linear correlations between baseline urinary glycine
and N-phenylacetylglycine (PAG) and changes in the GSH:GSSG ratio (p = 0.008 and 0.004) as well
as between baseline urinary adenine and changes in MDA (p = 0.018). Then, receiver operating
characteristic analysis revealed that a two-metabolite set (glycine and PAG) had the strongest
prognostic relevance for future interventions against oxidative stress (the area under the curve
(AUC) = 0.778). Leave-one-out cross-validation confirmed the accuracy of prediction (AUC = 0.683).
The current findings suggest that a higher level of this two-metabolite set at baseline is useful for
predicting responders to dietary interventions in subjects with oxidative stress and inflammation,
contributing to the emergence of personalized nutrition.

Keywords: oxidative stress; inflammation; prognostic marker; metabolomics; sedentary overweight/
obese adults

Nutrients 2017, 9, 233 1 www.mdpi.com/journal/nutrients
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1. Introduction

ROS overproduction and subsequent low-grade inflammation are believed to be reasons for the
acceleration of age-related chronic diseases [1]. Epidemiological evidence has indicated that foods
and their constituents have been associated with reducing oxidative stress and inflammation, thus
implicating them in preventing the onset of chronic disease [2,3]. However, many randomized human
intervention studies to assess the benefits of foods or food constituents have often led to negative
results. It is partly because differences between study subjects may be much larger than differences
directly related to nutritional intervention [4]. To address this issue, the concept of precision nutrition
or personalized nutrition has been introduced, where the understanding of individual’s response to an
intervention is required to be achieved [5]. Fortunately, advances in omics technologies and statistical
analysis have now begun to make it possible to obtain holistic and systemic information from even a
single nutritional intervention study, thus making precision nutrition a realistic goal [6,7].

Particularly, metabolomics are known as powerful and sensitive tools that can reveal crucial
information that is closely related to an individual’s current health status and responses to nutritional
interventions [8]. The promising field of metabolomics involves the estimation of exposure to specific
foods, such as methylglutarylcarnitine for cocoa [9], proline betaine for citrus [10], resveratrol for
wine [11], 2-furoylglycine for coffee [12], alkylresorcinols for whole grains [13], and furan fatty
acids (3-carboxy-4-methyl-5-propyl-2-furanpropionic acid) for fish [14], to name a few examples.
Alternatively, metabolomics approach may be useful for the development of precision nutrition.
To accomplish precision nutrition, the identification of desired health outcomes and valid biomarkers
to measure how response changes are critically important. Moreover, biomarker should be sufficiently
accurate and have a relationship in the predicted direction [15]. It has been portrayed that an
appropriate prognostic markers will be useful to predict future response and enable target interventions
to those who need or respond to them [5]. At present, however, only a few studies have focused on the
use of metabolomics in the search for prognostic markers [16,17].

Black raspberry is one of the most economically important crops and has become a popular
food because it is a rich source of vitamins and polyphenolic compounds with high antioxidant
capacities [18]. Black raspberry is a common name for three Rubus species: Rubus coreanus,
native to Eastern Asia; Rubus occidentalis, native to Midwestern and Eastern North America; and
Rubus leucodermis, native to the Pacific Northwest [19]. In Korea, Rubus coreanus (Korean black
raspberry (KBR)) and Rubus occidentalis (Northern American black raspberry (NAB)) have been widely
used with confusion. Two recent studies compared bioactive component in KBR and NAB using
fingerprinting techniques and revealed that each varied in proportions and total concentration of
bioactive components [20,21]. However, thus far a comparison of biological effect between KBR
and NAB remains poorly understood in a clinical setting, providing a rationale to initiate a human
intervention study.

In this work, we first conducted a preliminary study to compare the antioxidative and
anti-inflammatory properties of KBR with those of NAB in a randomized controlled trial with
sedentary overweight/obese adults challenged with treadmill exercise at 60% VO2 maximum for
30 min. This approach is based on the previous findings, which indicated that acute moderate exercise
is known to induce transient inflammation and oxidative stress [22]. Then, we performed a prototype
study to explore the practical use of metabolites as a method for classifying subjects into poor and
good prognosis groups in response to a nutritional intervention. To this end, we obtained 1H-NMR
metabolomics data derived from the KBR group and applied various statistical analyses to integrate
traditional and metabolomics biomarkers.
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2. Materials and Methods

2.1. Test Materials

Freeze-dried powder of KBR and NAB and a color/flavor-matched placebo containing lactose
were provided by the Korean Rural Development Administration (Suwon, Gyunggi-do, Korea).
The full chemical signatures and in vitro antioxidant capacities of KBR and NAB have been reported
in previous publications [23,24]. The daily dose (30 g/day; equivalent to 100 g/day of fresh fruits)
was determined based on previous studies from other researchers [25,26]. The daily dose of KBR
represented 0.9 g of total phenol, including 17.5 mg of myricetin, 9.6 mg of genistin, 7.2 mg of quercetin,
1.2 mg of daidzein, and 1.2 mg of eriodictyol, as well as 126 kcal (65.5% as carbohydrate, 10.1% as
protein, and 5.4% as fat). The daily dose of NAB represented 1.3 g of total phenol, including 25.2 mg of
myricetin, 16.6 mg of genistin, 7.4 mg of kaempferol, 3.9 mg of quercetin, 1.8 mg of eriodictyol, and
0.6 mg of daidzein, as well as 111 kcal (67.8% as carbohydrate, 7.5% as protein, and 7.6% as fat) [21].

2.2. Participants

One hundred and two subjects (30–60 years) with a body mass index (BMI) between 23 and
30 kg/m2 and a sedentary lifestyle were recruited from the general public by poster advertisements.
According to the recommendation of World Health Organization for Asian populations, 82% of
subjects were classified as overweight (23–27.5 kg/m2) and 18% as obese (>27.5 kg/m2) [27]; and
according to the recommendation of the Institute of Medicine, all subjects were classified as sedentary
(2.5 h of exercise/week) [28]. The exclusion criteria included the current use of dietary supplements;
inflammatory disease, liver disease, renal disease, cardiovascular disease, hypertension, stroke,
diabetes mellitus, or any other disease affecting the results of the study; difficulty engaging in treadmill
exercises; cigarette smoking; known hypersensitivity to the study product; and pregnancy or lactation.
After providing written informed consent, participants underwent anthropometric measurements,
a complete blood count analysis, and an exercise treadmill test to evaluate their eligibility status.
The maximal oxygen consumption (VO2max) and maximum heart rate were determined during an
incremental exercise program (2% grade increase every 2 min at a constant pace, 5–8 km/h) using a
treadmill (T150; COSMED, Albano Laziale, Rome, Italy) and a respiratory gas analyzer (Quark CPET;
COSMED, Albano Laziale, Rome, Italy).

2.3. Experimental Design

Seventy-two eligible subjects were enrolled at Ewha Womans University, which had three arms
(placebo, KBR, and NAB). During a two-week lead-in period, participants were recommended to
maintain their usual dietary and exercise habits and to avoid high-flavonoid foods and beverages
including berries, fruits, vegetables, juices, microalgae, and teas for minimizing between-subject
variability of bioactive components at baseline. Upon completion of a two-week lead-in period,
subjects were randomly assigned to each group for 14 days using computer-generated random numbers
at a ratio of 1:1:1 via stratified block randomization. Investigators and participants were blind to
group allocation. During the treatment period, subjects were required to consume one sachet of
corresponding test materials before each meal. Subject compliance was assessed by counting returned
sachets and questioning the subjects. Changes in dietary habits and physical activity were monitored
using a three-day (two weekdays and one weekend day) dietary record and were analyzed using a
computerized nutritional analysis program (Can-Pro 3.0, The Korean Nutrition Society, Seoul, Korea).

At baseline and at the end of the trial, a treadmill exercise challenge was administered for 30 min
at 60% VO2max to perturb the subject’s homeostasis and then to quantify the responsiveness to test
materials. Venous blood samples were collected in K2-EDTA-coated tubes (Becton Dickinson, Franklin
Lakes, NJ, USA) before and immediately after the completion of exercise, followed by the separation of
erythrocytes from plasma by centrifugation at 1500× g for 10 min. Spot urine samples were collected

3
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in polypropylene containers before and immediately after the completion of exercise. The samples
were stored at −70 ◦C until analysis.

The study protocol was approved by the Institutional Review Boards of Ewha Womans University
(Seoul, Korea) and was registered with the WHO International Clinical Trials Registry Platform under
the following identification number: KCT0000644.

2.4. Measurements of Traditional Biomarkers

Plasma malondialdehyde (MDA; intra-Coefficients of Variance (CV): 13.1%; inter-CV: 5.2%) levels
were determined by HPLC fluorescence (emission = 515 nm, excitation = 553 nm; SHISEIDO, Tokyo,
Japan) with a Capcell Pak C18 column (UG120 type, 5 μm × 4.6 mm × 150 mm, Shiseido). Plasma
oxidized LDL (ox-LDL; intra-CV: 7.9%; inter-CV: 9.6%), interleukin-6 (IL-6; intra-CV: 7.4%; inter-CV:
7.8%), and tumor necrosis factor-α (TNF-α; intra-CV: 4.9%; inter-CV: 7.6%) were measured with ELISA
kits (Mercodia, Uppsala, Sweden for ox-LDL; R&D Systems, Minneapolis, MN, USA for IL-6 and
TNF-α). Reduced (GSH; intra-CV: 4.0%; inter-CV: 5.9%) and oxidized glutathione (GSSG; intra-CV:
9.9%; inter-CV: 4.9%) levels in erythrocytes were measured as described by Rahman et al. [29].
Erythrocyte antioxidant enzyme activities (glutathione peroxidase, GPx (intra-CV: 5.7%; inter-CV:
7.2%); superoxide dismutase, SOD (intra-CV: 3.2%; inter-CV: 3.7%); and catalase, CAT (intra-CV: 3.8%;
inter-CV: 9.9%)) and total hemoglobin (Hb) were measured spectrophotometrically using commercially
available kits (Cayman, Ann Arbor, MI, USA). All measurements were performed in duplicate.

2.5. 1H NMR Spectroscopy and Pre-Processing of NMR Spectra

After the plasma and urine samples were thawed and centrifuged, aliquot of each sample was
transferred to a microcentrifuge tube containing phosphate buffer and deuterium oxide with 0.05%
3-(trimethylsilyl)-propionic-(2,2,3,3-d4) acid sodium salt as an internal standard for plasma and
2,2-dimethyl-2-silapentane-5-sulfonate for urine. Each sample was vortexed for 60 s and centrifuged
for 10 min at 7000 rpm, and then an aliquot was used for analysis.

1H-NMR spectroscopy was conducted on a Varian 600 MHz spectrometer (Varian, Palo Alto, CA,
USA) at Pusan National University (Pusan, Korea). One-dimensional NMR spectra were acquired
with the following parameters: spectral width 24,038.5 Hz, 3 s acquisition time, and 128 nt. Additional
conditions of a relaxation delay time of 1 s and a saturation power of 4 were set to suppress massive
water peaks. NMR spectra of each sample were acquired once since NMR is a highly reproducible
technique [30]. NMR spectra were reduced to data using the Chenomx NMR Suite program 7.6
(Chenomx, Edmonton, AB, Canada). The spectral 1H NMR region of δ 0.0–10.0 was segmented into
regions with a width of 0.04 ppm, providing 250 integrated chemical shift regions in each NMR
spectrum. The spectral regions corresponding to water (δ 4.5–5.0) were removed before normalization
and spectra alignment. Metabolite concentrations were annotated and quantified manually in the
NMR spectra using the Chenomx NMR Suite Professional software package 7.6 (Chenomx). For urine
samples, metabolite concentrations were adjusted to the creatinine concentration because spot urine
measurements, rather than 24 h urine samples, were used in this study [31].

2.6. Statistical Analysis

The sample size was estimated at 24 subjects per group to provide a power of 80% to detect
a difference in GPx activity based on a previous KBR study [26] with a two-sided α-level of 0.05,
allowing for an attrition rate of 20%.

Skewed data were logarithmically or square root transformed, but the results are expressed
as the arithmetic means ± standard errors of the mean (SEMs) for ease of understanding. SAS 9.3
(SAS Institute, Cary, NC, USA), and the glmer function of the lme4 package [32], the heatmap.2
function of the gplots package [33], and the auc function of the pROC package [34] in R were used for
the analysis.

4
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Differences in means for the traditional and metabolomics biomarkers were analyzed using a
linear mixed-effects (LME) model, taking into account a random effect (participant), a random error
(within-participant), fixed effects (group, week, and the interaction between group and week), and a
covariate (exercise). Corrected p-values (q-values) were calculated using Storey’s false discovery rate
(FDR) approach (95% confidence intervals) [35,36] to correct for multiple testing. An expected pathway
of differential metabolites was drawn according to the Kyoto Encyclopedia of Genes and Genomes
website (http://www.genome.jp/kegg/) and the MetaCyc Encyclopedia of Metabolic Pathways
(http://www.metacyc.org/) and referring to Zgoda-Pols JR et al. [37]. Then, to explore prognostic
metabolites for classifying the subjects into poor and good prognosis groups in terms of oxidative and
inflammatory stress, a generalized linear mixed (GLM) model was applied to the data set with a logit
link function and backward elimination optimization. In this model, 1H NMR baseline metabolites
were dichotomized (coded as 1 or 0) using median value and changes in traditional biomarkers
were dichotomized to reflect positive or negative responses. Correlations between the variables were
visualized using a heat map scaled by the t-value of GLM. The accuracy of predictions was tested by
an area under the receiver operating characteristics (ROC) analysis. ROC curves were obtained by
plotting the true-positive rates (sensitivity) against the false-positive rates (1-specificity). Areas under
the curve (AUCs) with 95% CIs were calculated for sensitivity and specificity values. P-values were
calculated for the comparison of the area under the ROC curve of each model with the reference line of
0.5. Finally, the validation of the most likely prognostic marker was performed with a leave-one-out
cross-validation (LOOCV) technique.

3. Results

3.1. Preliminary Study to Compare Oxidative Stress and Inflammation in the KBR and NAB Groups Using
Traditional Biomarkers

A total of 72 subjects were enrolled and 67 subjects were evaluable for response in a preliminary
study (Supplemental Figure S1). All the participants were documented to fit the protocol and the
groups were well matched for age and sex (Supplemental Table S1). From the three-day dietary
records completed during the intervention, no significant group effect was detected across the baseline
and four-week intervention among the dietary intake variables in terms of calories or micronutrients
(Supplemental Table S2). The overall compliance was estimated at 96%. No serious or severe adverse
events were observed.

The MDA, oxidized LDL, TNF-α, and IL-6 were measured in plasma. However, endogenous
antioxidants and enzymes including GSH, GSSG, GPx, SOD, and CAT were measured in erythrocytes,
because they are abundant in erythrocytes, which are constantly subjected to oxidative stress. The data
demonstrated that the overall effect was similar for both KBR and NAB, but KBR showed a more
significant effect than NAB in terms of GSSG (q = 0.036), GSH:GSSG (q = 0.050), and MDA (q = 0.008)
levels (Supplemental Table S3).

3.2. Selection of Traditional Biomarkers and Metabolites for Integration

The 1H-NMR metabolomics data were obtained from the KBR group: 63 metabolites were
identified in the urine samples (Supplemental Table S4) and the 31 metabolites were identified
in the plasma samples (Supplemental Table S5). A LME model was used to assess differences
in the KBR and the control group. As a result, four traditional biomarkers and sixteen urinary
metabolites with FDR q-values less than 0.05 were selected to be included in further analysis
(Table 1). Four traditional biomarkers were GSSG (q = 0.027) and GSH:GSSG ratio (q = 0.039) in
erythrocytes and MDA (q = 0.006) and IL-6 (q = 0.006) in plasma; and sixteen metabolites were amino
acids (alanine, asparagine, glutamine, glycine, histidine, lysine, serine, and carnitine), organic acids
(citrate and formate), purine nucleotide (adenine), and other metabolites (N6-acetyllysine, betaine,
3-indoxylsulfate, N-phenylacetylglycine (PAG), and phenylacetate).
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Pathway analysis using KEGG database identified the tricarboxylic acid (TCA) cycle/oxidative
phosphorylation (citrate, formate, and glutamine), glycerophospholipid metabolism (serine, betaine,
glycine, and choline), purine metabolism (adenine, glutamine, and glycine), and amino acid
metabolism (alanine, asparagine, aspartate, glutamine, glycine, histidine, isoleucine, leucine, lysine,
and serine) (Figure 1).

Figure 1. Proposed metabolic pathways related to endogenous urinary metabolites that were
significantly changed in response to KBR administration over four weeks compared with those in the
placebo group. Arrows indicate the directions of alterations. KBR, Korean black raspberry.

Table 1. Significantly altered traditional metabolomics biomarkers in response to KBR consumption in
sedentary overweight/obese adults 1.

Variables
Placebo KBR

β 2 q-Value 3

Baseline Delta Change Baseline Delta Change

Traditional biomarkers

GSSG (μM/g Hb) 12.9 ± 0.6 4 1.8 ± 0.3 12.9 ± 0.7 0.3 ± 0.4 −1.117 0.027
GSH:GSSG ratio 3.0 ± 0.2 −0.3 ± 0.1 2.8 ± 0.2 0.2 ± 0.2 0.045 0.039

MDA (nM) 14.5 ± 1.5 0.0 ± 0.4 16.4 ± 1.6 −2.5 ± 0.6 −0.058 0.006
IL-6 (pg/mL) 196.1 ± 22.8 51.4 ± 31.8 182.7 ± 24.4 −52.1 ± 17.9 −0.199 0.006

Urinary metabolites (μM)

3-Indoxylsulfate 2.31 ± 0.16 0.11 ± 0.21 2.16 ± 0.18 0.81 ± 0.2 0.399 0.009
Adenine 1.26 ± 0.11 0.09 ± 0.18 1.64 ± 0.21 −0.6 ± 0.2 −0.286 0.041
Alanine 2.79 ± 0.18 −0.14 ± 0.17 2.49 ± 0.16 0.35 ± 0.13 0.194 0.021

Asparagine 1.62 ± 0.09 0.16 ± 0.13 1.55 ± 0.09 0.47 ± 0.12 0.199 0.041
Betaine 1.63 ± 0.12 −0.07 ± 0.13 1.55 ± 0.14 0.31 ± 0.15 0.295 0.024

Carnitine 0.95 ± 0.11 0.22 ± 0.14 0.91 ± 0.09 −0.13 ± 0.11 −0.555 0.009
Citrate 11.49 ± 0.78 −1.15 ± 0.5 11.19 ± 1.16 0.53 ± 0.68 0.029 0.037

Formate 3.22 ± 0.28 0.01 ± 0.32 2.58 ± 0.19 1.31 ± 0.48 0.314 0.034
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Table 1. Cont.

Variables
Placebo KBR

β 2 q-Value 3

Baseline Delta Change Baseline Delta Change

Urinary metabolites (μM)

Glutamine 5.29 ± 0.29 −0.26 ± 0.24 4.61 ± 0.22 0.95 ± 0.22 0.220 0.0001
Glycine 10.51 ± 1.29 −0.83 ± 0.81 8.63 ± 0.75 1.18 ± 0.56 0.200 0.021

Histidine 4.33 ± 0.4 −0.55 ± 0.4 3.76 ± 0.34 1.25 ± 0.38 0.018 0.013
Lysine 1.83 ± 0.25 −0.27 ± 0.2 1.11 ± 0.1 0.3 ± 0.12 0.329 0.021

N-Phenylacetylglycine 3.05 ± 0.15 −0.16 ± 0.2 2.62 ± 0.13 0.53 ± 0.14 0.007 0.016
N6-Acetyllysine 1.04 ± 0.03 0.02 ± 0.04 0.99 ± 0.03 0.14 ± 0.04 0.001 0.028

Phenylacetate 1.04 ± 0.04 0.01 ± 0.05 1.07 ± 0.06 0.21 ± 0.06 0.002 0.021
Serine 5.19 ± 0.31 0.42 ± 0.35 4.05 ± 0.18 1.51 ± 0.31 0.248 0.021

GSH, reduced glutathione; GSSG, oxidized glutathione: GPx, glutathione peroxidase; Hb, hemoglobin; SOD,
superoxide dismutase; MDA, malondialdehyde; IL-6, interleukin-6, TNF-α: tumor necrosis factor-alpha; KBR,
Korean black raspberry. 1 Data are expressed as the means ± SEM; 2 The beta estimates (β; estimated slope) of each
variable were determined using a linear mixed-effects model. The beta estimate describes the effect of the KBR
group versus the placebo group on the linear change over the supplementation period; 3 Storey’s positive false
discovery rate (pFDR) was calculated as q-values to account for multiple testing; 4 The absolute delta change was
calculated by subtracting the measurement at baseline from that at the end of four weeks.

3.3. Identification of Candidate Prognostic Metabolites

The selected biomarkers were integrated to identify associations between alterations in four
traditional biomarkers and those in seventeen urinary metabolites at baseline using a GLM analysis.
The key statistical measures (Supplemental Table S6) and the resulting heat map (Figure 2) revealed
that urinary glycine and PAG levels were positively associated with an increase in the erythrocyte
GSH:GSSG ratio (p = 0.008 and 0.004, respectively). In contrast, the urinary adenine level was negatively
associated with a decrease in the plasma MDA level (p = 0.018).

Figure 2. Correlation heat map generated by a generalized linear mixed model analysis of four
traditional biomarkers with seventeen urinary metabolomic signatures. Red and blue colors indicate
negative and positive t-values, respectively. A cross indicates a p-value < 0.05.

3.4. Validation of Prognostic Metabolites

An ROC analysis was performed on the three single candidate metabolites (glycine, PAG, and
adenine) and a two-metabolite set (glycine + PAG) to test the prognostic performance (Figure 3).
A two-metabolite set demonstrated the highest prognostic value, with a sensitivity of 86.4% and a
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specificity of 58.1% (AUC = 0.778, p < 0.0001). Therefore, the predictive ability of this two-metabolite
set was further validated using an LOOCV analysis, demonstrating an AUC of 0.683 with a sensitivity
of 86.4% and a specificity of 58.1% (Figure 4).

Figure 3. ROC curves of three single metabolite and a two-metabolite set for predicting changes in
traditional biomarkers: (A) erythrocyte GSH:GSSG ratio; and (B) plasma MDA level. The gray diagonal
line represents the reference line of 0.5. Sensitivity, specificity, PPV, and NPV are shown in each box,
and AUC, CI, and p-value are presented in the inset. ROC, receiver operating characteristic; GSH,
glutathione; GSSG, oxidized glutathione; MDA, malondialdehyde; PPV, positive predictive value; NPV,
negative predictive value; AUC, area under the curve; CI, confidence intervals.

Figure 4. ROC curve of a two-metabolite set (glycine + N-phenylacetylglycine) by LOOCV. The blue
and red ROC curves were generated using the original data set and the LOOCV data set. The gray
diagonal line represents the reference line of 0.5. LOOCV, leave-one-out cross-validation.
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4. Discussion

This study was composed of two parts. We first performed a preliminary study to compare
anti-oxidative/anti-inflammatory properties of KBR with those of NAB in a clinical setting. Participants
in the study were sedentary overweight/obese subjects presented with an exercise challenge because
existing data indicate that such individuals are vulnerable to oxidative stress and have low-level
chronic inflammation [38]. Using metabolic profiling, Park et al. [21] showed that myricetin, genistin,
quercetin, daidzein, eridictyol are the major components both in KBR and NAB, but the proportions
and contents of individual components were different each other. Based on fingerprinting of
anthocyanins, Lee et al. [20] demonstrated that cyanidin-3-glucoside, cyanidin-3-rutinoside, and
pelargonidin-3-glucoside were three major components in KBR, while cyanidin-3-sambubioside and
cyanidin-3-xylosylrutinoside were major components in NAB. However, a bioassay for comparing the
anti-oxidant capacities of KBR and NAB in vitro revealed that the level of general antioxidant activities
of KBR was indistinguishable from that of NAB [24]. In this clinical trial, we demonstrated a consistent
result that KBR and NAB had an almost equivalent efficacy on oxidative stress and inflammation,
although KBR exhibited more or less superior activities to NAB in terms of GSH:GSSG ratio, MDA, and
IL-6 levels. Taken together, we could conclude that the distinct profiles of bioactive components can
be used as marker compounds to confirm the identity between KBR and NAB, but may not be good
enough to be used as exclusive active components for protecting oxidative stress and inflammation.

Second part was the main study, in which we performed a pioneering study to explore whether
baseline levels of metabolites in biofluids would predict a change in traditional biomarkers related
to oxidative stress and inflammation in response to a nutritional intervention on an individual level.
Two biofluids, plasma and urine, were used to collect relevant information on endogenous metabolites.
Urine samples are known to be advantageous to study due to the ease of sample collection, large
sample volumes, high concentrations, and few interfering proteins [39,40], implicating that the urinary
metabolites could be more useful for identifying individuals who are at risk for progression of
disease [41]. In the present study, we demonstrated that urinary metabolites were more responsive to
KBR administration than plasma metabolites.

Endogenous metabolites are quite different from food metabolites in terms of characteristics and
applications [42]. Endogenous metabolites are defined as low-molecular-weight chemicals derived
from the host, and provide a rich source of information regarding physiological responses to foods
or their constituents. Thus, endogenous metabolites are useful for either discriminating responders
from non-responders who are likely to benefit from a nutritional intervention [16,17] or predicting
effectiveness for maintaining or improving health at the individual level [43]. In contrast, food
metabolites are defined as chemicals derived from the digestion, absorption, and biotransformation
of foods, and thus can be used for the accurate monitoring of food exposure [44]. Among the
analytical techniques that can be employed for the quantitative detection of multiple metabolites
in biofluids, NMR spectroscopy and mass spectrometry are the most common. 1H NMR spectroscopic
techniques have inherently low sensitivity; thus, they cannot detect components at low concentrations
below the range of micromoles per liter [42]. The major bioactive components found KBR are
rapidly eliminated or transformed, thus it is not possible to detect them in biofluids collected
after overnight fasting, thus metabolites cannot be used to define compliance [45]. However, NMR
spectroscopy allows the detection of a wide range of endogenous metabolites. In this study, a total
of 63 metabolites in urine samples and 31 metabolites in plasma samples were detected. Of these,
26 metabolites (3-hydroxybutyrate, acetate, acetone, alanine, arginine, betaine, choline, citrate, creatine,
formate, glucose, glutamine, glycerol, glycine, histidine, isoleucine, lactate, leucine, lysine, methanol,
phenylalanine, pyruvate, serine, succinate, tyrosine, and valine) were detected in both biofluids.

To identify candidate prognostic metabolites and enhance the prognostic power, various statistical
approaches were used. First, signature biomarkers were identified, which were then integrated to
obtain associations between baseline metabolites and changes of traditional biomarkers. Similar
approaches were employed to identify plasma metabolite signatures for predicting glucose tolerance

9



Nutrients 2017, 9, 233

changes in sedentary women after high-intensity interval training [17] and to develop predictive
models for prostate carcinoma recurrence [46]. However, to our knowledge, no previous study has
investigated the use of prognostic markers for screening potential responders to maximize the benefits
of nutritional intervention against oxidative stress. In addition, we tested whether changing the
baseline metabolites could increase the diagnostic validity by ROC analysis. The ROC curve for
a two-metabolite set (glycine and PAG) outperformed single markers (glycine, PAG, or adenine),
highlighting that this set is a promising biomarker that possesses the greatest discriminatory power to
predict individual responses to KBR consumption in sedentary overweight/obese adults. Several other
studies have supported an association between urinary glycine or PAG levels and status of oxidative
stress [47–52] or inflammatory stress [52]. Finally, the predictive accuracy of this two-metabolite set was
further validated with the LOOCV procedure, because the ROC curve may lead to an overestimation
of the AUC if it is constructed using all samples [53]. The LOOCV procedure has an advantage of
reducing the likelihood of developing an overly optimistic predictive model given the relatively small
sample in our study [54]. As a result, we concluded that the predictive accuracy was fair, indicating
that a higher level of glycine and PAG set may serve as a prognostic marker for planning strategic
personalized interventions on oxidative stress and inflammation.

Metabolic pathway analysis revealed that urinary levels of glycine, PAG, and adenine are involved
in purine [55,56] and phenylalanine metabolism [57], conceivably resulting in changes in the GSH redox
state and suppression of oxidative stress. Glycine is a precursor to GSH, thus indirectly contributing to
the role of a cytoprotective agent by ROS scavenging mechanisms [48,58]. In the case where glycine
availability is reduced, for example by protein malnutrition, sepsis, and diabetes, reduced glycine
availability may become a limiting factor for GSH synthesis [59]. A couple of studies supported the
notion that a high level of urinary glycine is associated with accelerating GSH restoration against
the oxidative stress [48,58,60]. PAG is a glycine conjugate, which is expected to respond in the same
direction with glycine [50]. In contrast, however, when adenine is present in excess, xanthine oxidase
is activated, inducing oxidative stress by hydroxyl free radicals and hydrogen peroxide [61]. It was
also reported that excessive adenine found in a chronic renal failure animal model was related to
oxidative damages and inflammation [55,62]. Collectively, these data may explain our finding that
background levels of three urinary metabolites were associated with internal capacity to overcome
oxidative stress and thus useful to differentiate responders from non-responders to a nutritional
intervention as prognostic markers.

It is important to note the limitations of this study. Firstly, for validation of the predictive ability
of a proposed metabolite, we used the LOOCV procedure. However, it could not be a substitute for
external validation on an independent sample set. Therefore, the next step will be to validate this
result in a large cohort or other clinical studies. Secondly, in the present study, we only suggested
that the subjects who have a statistically higher mean value of background urinary glycine and PAG
levels may have a good prognosis following a nutritional intervention against oxidative stress. Further
evidence seems to be necessary for establishing the cut-off point for the examination, rather than the
performance of the test as a whole. Lastly, translational works are needed to gain future insights into
the use of a two-metabolite set as a simple laboratory diagnostic kit for identifying responders to
create personalized nutritional interventions that maximize the salutary benefits on an individual
level. However, even with these limitations, the model we have proposed may provide fundamental
understanding of the process and insight in developing prognostic metabolites for identification
of potential responders who can magnify the salutary benefits of nutritional intervention against
oxidative stress on an individual level. Afterwards, when aiming at an antioxidant intervention,
subjects would be selected using the proposed prognostic markers to implement the individually
tailored nutritional intervention.
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5. Conclusions

The metabolites may not only be limited to assessing overall dietary exposure, but also may
be useful when selecting individuals who are most likely to benefit from nutritional interventions.
The results obtained in this study provided insight into the opportunities involved in identifying
prognostic metabolic markers, which may be useful for classifying responders and non-responders to
nutritional interventions in subjects with oxidative stress and inflammation. Together with further
studies, these results may be contributing to the emergence of personalized nutrition.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/9/3/233/s1,
Figure S1: The Consolidated Standards of Reporting Trials flow diagram representing the phases of the randomized
study for comparing the two species of raspberries, Table S1: Baseline characteristics of subjects participated
in a preliminary study, Table S2: Daily dietary energy and nutrient intake at baseline and Week 4, Table S3:
Comparison of anti-oxidant and anti-inflammatory effects of KBR and NAB in sedentary overweight/obese
adults challenged with exercise, Table S4: Summary of urinary 1H NMR metabolites before and after placebo
or KBR administration in sedentary overweight/obese adults challenged with exercise, Table S5: Summary of
plasma 1H NMR metabolites before and after placebo or KBR administration in sedentary overweight/obese
adults challenged with exercise, Table S6: Associations between the changes in traditional biomarkers and urinary
metabolomic signatures at baseline.
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Abstract: Virgin olive oil (VOO) constitutes the main source of fat in the Mediterranean diet. VOO
is rich in oleic acid, displaying health-promoting properties, but also contains minor bioactive
components, especially phenolic compounds. Hydroxytyrosol (HT), the main polyphenol of olive
oil, has been reported to be the most bioactive component. This review aims to compile the results
of clinical, animal and cell culture studies evaluating the effects of HT on the features of Metabolic
Syndrome (MetS) (body weight/adiposity, dyslipidemia, hypertension, and hyperglycemia/insulin
resistance) and associated complications (oxidative stress and inflammation). HT was able to improve
the lipid profile, glycaemia, and insulin sensitivity, and counteract oxidative and inflammatory
processes. Experimental studies identified multiple molecular targets for HT conferring its beneficial
effect on health in spite of its low bioavailability. However, rodent experiments and clinical trials
with pure HT at biologically relevant concentrations are still lacking. Moreover, the roles of intestine
and its gut microbiota have not been elucidated.

Keywords: olive oil; oleuropein; hydroxytyrosol; tyrosol; body weight; dyslipidemia; hyperglycemia;
hypertension; oxidative stress; inflammation

1. Introduction

Metabolic syndrome (MetS), a cluster of several interrelated cardiovascular risk factors
(hyperglycemia, hypertension, dyslipidemia, insulin resistance and central adiposity) [1] lead to an
increased prevalence of cardiovascular diseases (CVD) and type 2 diabetes mellitus (T2DM). A report
published in 2015 claimed that the mortality for T2DM is around five millions persons per year, and
it is expected that 23.6 million will die of CVD in the world by 2030 [2]. Olive oil, a natural juice
from olive, is the primary source of fat in the Mediterranean diet, which is associated with a lower
incidence of CVD mortality [3] and contains minor components, especially phenolic compounds,
which are recognized as health beneficial components [4]. Hydroxytyrosol (HT), a non-flavonoid
polyphenolic compound derived from oleuropein (OLE) and, notably present in olive and olive oil,
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could be involved in lower incidence of CVD and T2DM in the Mediterranean region, despite a high
intake of fat as olive oil. HT could be an efficient bioactive phenolic candidate, owing to its protective
action of health towards inflammation and oxidative stress. Despite its well-described actions, the low
plasmatic concentrations of HT after 25 mL extra-virgin olive oil (EVOO) consumption, ranging from
50 to 160 nM [5,6] questioned the assessment of its bioactivity. In addition, among the exponential
increase of published studies on HT, few are related to its effects on MetS key components and the
associated complications. Herein, this review discusses the effects of HT on MetS key components and
the molecular mechanisms exerting its health protective effects.

2. Mediterranean Diet and Olive Oil as Primary and Secondary Preventive Nutritional Strategies

The Mediterranean diet pattern is characterized by a high consumptions of fruits, vegetables,
beans, nuts, unrefined grains, and fish; a lower intake of meats and full-fat dairy products; and a
daily consumption of olive oil as the mostly used fat in culinary practices. Fatty acid consumption,
characterized by a higher rate of monounsaturated (MUFAs) and polyunsaturated (PUFAs) fatty
acids consumption than saturated fatty acid (SFAs), is central in the consumption of VOO in the
Mediterranean population countries. Indeed, Greece, Italy and Spain are characterized by a higher
consumption of MUFAs compared to SFAs, whereas, in the US, the ratio MUFA/SFA is ~1 [7,8].

Lifestyle interventions using a Mediterranean-type diet reported inverse associations between
a good adherence to this pattern and the risk of CVD [9] or T2DM [10] and showed a reduction in
the incidence of key components of MetS including obesity [11–13], hypertension [14–16], glucose
tolerance [17], dyslipidemia [18] and insulin resistance [19]. Olive oil, the main MUFAs in the
Mediterranean diet, has been widely identified as the initiator of these health benefits with increasing
consumption of virgin olive oil (VOO) enhancing lipid profile, reducing blood pressure and endothelial
dysfunction, improving inflammatory and prothrombotic environment through reduced Low Density
Lipoprotein (LDL) oxidizability [20]. Recently, the Prevencion con Dieta mediterránea study
(PREDIMED) [21] showed that patients with a Mediterranean diet supplemented with extra-virgin olive
oil (EVOO) or nuts had a lower incidence of T2DM and a reduced associated-mortality. EVOO provided
in the Mediterranean diet was beneficial for blood pressure, glycemia, dyslipidemia, oxidative stress
and inflammation [22,23]. Interestingly, the EUROLIVE (Effect of Olive Oils on Oxidative Damage in
European Populations) study highlighted inverse relationships between the total cholesterol/High
Density Lipoprotein (HDL)-cholesterol ratio or oxidative stress markers and the phenolic content of the
olive oil [24]. The cardio-protective actions of olive oil components have been reported [25–27] and the
non-saponifiable minor bioactive compounds [28–30] such as phenolic compounds including HT and
its precursor OLE, rather than oleic acid, were reported responsible for the protective properties [31].

3. Olive Oil Composition and Polyphenolic Fraction

The olive oil composition can be divided into two fractions, saponifiable and unsaponifiable
fractions. The saponifiable fraction of olive oil corresponds to the total amount of SFAs, MUFAs and
PUFAs. Olive oil is characterized by a high content of MUFAs, whereas the concentrations of SFAs
and PUFAs range from 8% to 26% and from 3% to 22%, respectively. Oleic acid is present up to 83% in
virgin olive oil [32].

The unsaponifiable fraction contains more than 200 compounds; among them, phenolic
compounds account for 3% of the total oil composition [33]. This fraction contributes to the specific
characteristics of olive oil, such as aroma, taste, color and oxidative stability [34]. The most abundant
fraction of the unsaponifiable fraction is hydrocarbons (squalene, β-carotene and lutein). Other
compounds are phytosterols, triterpenic compounds in the form of dialcohols or acids and fat-soluble
phenols including tocopherol and tocotrienols. The most polar fraction consists in phenolic compounds,
which can be classified into several groups: phenolic acids (caffeic, ferulic, gallic, gentisic, o-coumaric,
p-coumaric, p-hydroxybenzoic and protocatehuic acids), phenolic alcohols 3,4-dihydroxyphenylethanol
named HT and tyrosol (Tyr), phenolic secoiridoids, hydroxyl-isocromans (formed by the reaction
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between HT and benzaldehyde or vanillin), flavonoids and lignans [35]. In olive fruit, phenolic
compounds are present as glycosylated forms. Oleuropein aglycone is a phenolic secoiridoid liberated
from the glucoside form, OLE, upon the action of a β-glucosidase during olive ripening. In olive oil,
oleuropein aglycone is degraded into elenolic acid, the secoiridoid moiety, and HT, the phenolic moiety.

4. Virgin Olive Oil Phenols Concentration

Not less than 30 polyphenols have been identified in olive oil and considerable variations have
been noted in the concentrations of these phenolic compounds. Phenolic concentration in EVOO
ranges from 50 to 800 mg/kg [36] with a mean of 230 mg/kg, whereas in refined olive oil it is much
lower [37].

HT and their corresponding secoiridoid derivatives constitute around 90% of the total phenolic
content of VOO [38]. Olive oil phenol concentration depends of olive variety [39], agricultural
environment and practices [39], the maturity stages of the fruit [39], storage conditions and
processing [40,41].

5. Bioavailability of Hydroxytyrosol and Metabolism

A consensus indicated that HT does not exert any cytotoxic effect on cells [42], or animals [43,44].
In 2000, Visioli et al. [45] showed that olive oil phenols, especially HT and Tyr, are dose-dependently
absorbed in humans after ingestion and excreted in urine. However, the levels of free HT and Tyr in
urine were lower compared with their glucuronide metabolites. In addition to glucuronides, other
metabolites of HT were found in plasma and urine such as the methylated or sulfated forms [46].
It has been reported that there is a significant absorption (40%–95%) of HT [45–48] indicating that
human intestine absorbs a major part of ingested VOO phenolic compounds. Moreover, HT is more
assimilated when given as an olive oil compared to an aqueous solution [49], and its absorption
was greater when ingested in its natural form present in extra-virgin olive oil rather than added in
refined olive oil or incorporated into a yoghurt, as shown by its urinary recoveries being 44%, 23%
and 5.8%, respectively [50]. Such results suggested that the olive oil matrix could act as a protective
factor preventing the degradation of phenolic compounds in the gastrointestinal tract. The range levels
of circulating metabolites of OLE was 10–60 μg post-ingestion of a 50 mL high-phenol-containing
VOO [51,52].

Consumption of VOO in the Mediterranean countries is expected to be around 30–50 g/day [53]
leading to an intake of 200 μg of phenolic compounds. Taking into account that the absorption rate of
phenols is in the range of 40%–95%, it results an amount of 4–9 mg/day of olive oil phenols. Note
that, in the gastrointestinal tract, HT and Tyr result from the degradation of aglycones of OLE and its
monophenolic form ligstrosides. Its degradation is incomplete and OLE can be readily absorbed across
the intestine [54] by possible implication of glucose transporter [55]. Besides, glucuronidation of HT
was previously reported in intestinal Caco-2 and in HepG2 cells [56–58].

Note that D’Angelo et al. [43] have found that intravenous administration of HT led to a fast and
extensive uptake of this molecule within 5 min after injection in several tissues such as skeletal muscle,
heart, liver, lungs and kidney.

6. Hydroxytyrosol, Body Weight and Development of Adipose Tissue

Body weight is the main outcome to define obesity and body mass index increase is positively
correlated with MetS. Only one clinical study assessed the effect of HT supplementation on body weight
showing that 12-week supplementation of HT (9.67 mg/day) associated with OLE (51.1 mg/day) did
not exert any effect on body weight in overweight men [59]. The absence of effect was confirmed
in numerous rodent experiments [60–64], except for one study that showed a beneficial effect of HT
(50 mg/kg/day × 17 weeks) supplementation against diet-induced obesity [65].

Whereas no in vivo studies experienced the impact of VOO phenolic compounds on adipose
tissue development, in vitro, VOO phenolic compounds have been shown to influence adipocyte
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hyperplasia and hypertrophy through the expression of genes related to obesity. It was reported
that HT (25 and 150 μM) reduced hyperplasia and hypertrophy by reducing triglycerides content
by downregulating adipogenesis-related genes, peroxisome proliferator-activated receptors α and γ,
peroxisome proliferator-activated receptor γ coactivator 1-α (PGC-1α), lipoprotein lipase, hormone
sensitive lipase, acetyl CoA carboxylase-1, carnitine palmitoyltransferase-1, CCAAT/enhancer binding
protein α, and sterol regulatory element-binding transcription factor-1 transcription factors and
downstream genes (glucose transporter-4, CD36 and fatty acid synthase) [66,67]. Taken together, these
data suggested that HT might reduce the size of adipocytes and be beneficial for reducing the risk
of obesity.

The processes of adipose hypertrophy and hyperplasia are associated with mitochondrial stress
and dysfunction observed by a reduction of adenosine triphosphate (ATP) formation and a reduction of
mitochondrial complex expression subunits. In a murine model of high fat diet (HFD)-induced obesity,
it has been shown that HT (50 mg/kg/day × 17 weeks) could normalize mitochondrial complex
subunit expression and mitochondrial fission marker dynamin-related protein-1 [65]. The high amount
of subunit expression could be attributed to an enhancement of mitochondria quantity. Indeed,
Hao et al. [68] have found that HT allows to enhance Mitochondrial transcription factor A (1 μM),
Nuclear respiratory factors 1 and 2 (Nrf1 and Nrf2) (1 μM) mRNA, key activators of mitochondrial
transcription and genome replication, thus increasing protein levels of complexes 1, 2, and 3 in
adipocytes (0.1, 1 and 10 μM). The authors also found an increase of peroxisome proliferator-activated
receptors α and γ (1 and 10 μM) and carnitine palmitoyltransferase I (1 and 10 μM) expressions, which
are implicated in mitochondria biogenesis, suggesting a possible better oxidative status in adipocytes.

Furthermore, it seems that HT (1 μM) acts as a starving agent, since an increase in adenosine
monophosphate kinase (AMPK), acetyl CoA carboxylase, hormone-sensitive lipase and lipase
phosphorylation were reported in adipocytes [68].

7. Hydroxytyrosol and Lipid Metabolism

The prospective EUROLIVE study demonstrated that olive oils with different levels of
polyphenols led to a reduction in LDL-c and TG [24] in a dose-dependent manner. The absence
of body weight gain suggested that HT could possess a lipolytic function, especially in adipose tissue.
Whereas clinical trials were not undertaken, some experimental studies, performed in rodent and
murine models (0.03% × 8 weeks and 50 mg/kg/day × 17 weeks) [63,65] or adipocytes (150 μM
and 1 μM) [66,68] reported that HT attenuates TGs accumulation in adipocytes, blood, liver and
skeletal muscles (50 mg/kg/day × 17 weeks and 25 μM) [65,69]; glycerol release (75 μM) [69]; and
lowers serum cholesterol in HFD-rats (10 mg/kg/day × 5 weeks) [70], and LDL and HDL-c levels
(50 mg/kg/day × 17 weeks) [65] and plasma cholesterol in control rats (0.03% × 8 weeks) [63].
Moreover, HT treatment inhibited epididymal and perirenal fat formation and limited liver weight
gain (50 mg/kg/day × 17 weeks) [65]. On the other hand, it has been demonstrated in a db/db
model of mice, that HT (10 mg/kg/day × 8 weeks) increased the activity of mitochondrial complex,
and lipolysis fatty acid oxidation-related genes [65]. In contrast, Acin et al. [71] reported that HT
(10 mg/kg/day × 10 weeks) had deleterious effects with increasing plasma cholesterol, very low
density lipoprotein-cholesterol, and LDL-c and reducing ApoA-1 resulting in an increased atheroma
plaque formation.

In vitro, HT was reported to increase oxygen consumption, suggesting a higher oxidative rate to
produce ATP [65], proteins implicated in mitochondria biogenesis, mitochondria mass and size [68].
AMPK was decreased during chronic stress situation, thus reducing glycolysis and fatty acid oxidation.
Moreover, Cao et al. [65] have reported, in obese mice, that HT supplementation (50 mg/kg/day ×
17 weeks) leads to a reduction in SREBP-1c level, a well-known regulator of fatty acid and cholesterol
synthesis in liver.
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8. Hydroxytyrosol, Glucose Homeostasis and Insulin-Resistance

The strength of olive oil to reduce the incidence of all the glucose-associated disorders is no longer
to be demonstrated. Moreover, the enhancement of glucose tolerance was shown to be dependent
of the concentration of polyphenols and olive oil [72]. Clinical trials regarding the impact of HT on
carbohydrate metabolism are still lacking but experiments in rodent models of MetS are available
and suggested that HT is able to reduce plasmatic glucose concentration (50 mg/kg/day × 17 weeks,
20 mg/kg × 2 months and 0.04% × 8 weeks) [65,73,74] and insulin secretion (50 μg/mL) [73] leading
to a decrease of insulin-resistance [65,74]. Moreover, Pirozzi et al. [70] found that HT (10 mg/kg/
day × 5 weeks) enhances glucose tolerance and increases insulin sensitivity leading to a decrease of
homeostatic model assessment-insulin resistance. Interestingly, in a db/db model of mice, Cao et al. [65]
have reported that HT given at 10 mg/kg/day for 8 weeks decreases fasting glucose level.

9. Hydroxytyrosol and Hypertension

Clinical trials have demonstrated that olive oil is more efficient than any other oil at reducing
blood pressure [75–78]. It has been hypothesized that the effect of olive oil on blood pressure was
not only mediated through its MUFAs content but also through its polyphenol content. Indeed,
some studies mentioned that the polyphenols of olive oil were responsible of the anti-hypertensive
effect of olive oils, as demonstrated in hypercholesterolemic [79] or pre-hypertensive subjects [80]
after consuming polyphenols enriched olive oil. Ruiz-Gutierrez et al. [81] reported a reduction of
both systolic (SBP) and diastolic (DBP) blood pressures after an olive oil-rich diet but not after a
high-oleic-acid sunflower diet. In this sense, clinical trials proved that consumption of OLE was able
to reduce SBP and DBP after consumption of OLE in both pre-hypertensive subjects (136 mg/day +
6 mg/day HT × 6 weeks) [82] and hypertensive rats (30 mg/day × 5 weeks) [83]. Given the fact that
OLE is degraded into HT, the question arose if the blood pressure lowering effect was due to OLE or
HT. Lopez-Villodres et al. [84] found that HT supplementation (10 mg/kg/day × 2 months) increased
in diabetic rats the levels of nitrites and nitrates, potent donors of NO acting as vasorelaxing agent.
In addition, Storniolo et al. [85] demonstrated that HT (10 μM) counteracted hyperglycemia-induced
endothelin-1 expression, a well-known hypertensive agent, in a more extend than oleic acid.

10. Associated Complications: Oxidative Stress, Inflammation and Cardiovascular Dysfunction

10.1. Antioxidative Properties

Oxidative stress is a central physiologic process playing an important role in the maintenance of
intracellular homeostasis. However, despite intracellular protective mechanisms, including superoxide
dismustase (SOD), Catalase (Cat) and reduced glutathione, excess reactive oxygen species (ROS) is
detrimental to cellular physiology. Obesity and T2DM are characterized by an excessive amount of
ROS overwhelming intracellular defenses and leading to reinforce MetS associated complications.
Polyphenols have been used as nutraceutical antioxidant for several years since an increased amount
of fruits and vegetables were linked to the reduction of oxidative pathologies.

10.1.1. Hydroxytyrosol and LDL Oxidizability

Oxidation of the lipid part of LDL leads to a change in the lipoprotein conformation by which LDL
is better able to enter into monocytes/macrophage of the arterial wall and develop the atherosclerotic
process. Human studies suggested that olive oil protects LDL against oxidation as indicated by
decreased LDL oxidizability [86,87] and this strong effect prevails on linoleate-rich particles [88]. It has
been well demonstrated that phenolic compounds, especially HT, are protective against LDL oxidation.
Based on this protective effect, the European Food Safety Authority claimed that 5 mg of HT (as free
and derived forms) should be consumed daily. To prove that HT is efficient, its supplementation
(45–50 mg/day × 3 weeks) in sunflower oil was shown to reduce oxLDL [89], suggesting that HT
could prevent CVD. These results in clinical trials were corroborated by animal experiments [74,90].
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Increase of lag-time [91,92] is the main outcome of reduction in LDL oxidizability and this change
could be attributed to an increase in oleic acid [88] or HT [38,60,93] rate in LDL. Such mechanism
occurs rapidly and increases with phenolic compounds in olive oil [94].

Mateos et al. [95] reported that consumption of polyphenol-rich VOO leads to a reduction of
the expression of pro-atherogenic genes such as CD40 antigen ligand and oxLDL receptor-1 when
compared with the refined olive oil, which was depleted in polyphenols [87]. Another mechanism that
can be implicated in the protection of LDL by olive oil could be the enhancement of arylesterase plasma
activity, an enzyme presents on HDL surface, suggested to contribute to the antioxidant protection
conferred by HDL on LDL oxidation [96,97]. However, the scavenging properties of HT cannot be
excluded in the protection of LDL oxidizability (10 μM) [98,99]. In fact, Briante et al. [100] reported
that HT protects, in vitro, LDL from oxidation at a concentration >18 μg/mg of LDL.

10.1.2. Hydroxytyrosol and Mitochondria

There is evidence that mitochondrial dysfunction in MetS is associated with T2DM [101,102].
Genetic factors, oxidative stress, mitochondrial biogenesis and aging may affect mitochondrial
function, leading to insulin resistance. Fewer and smaller-sized mitochondria have been found
in skeletal muscles of insulin-resistance, obese, or T2DM subjects and are linked with a lower
mitochondrial oxidative capacity [103]. The decreased mitochondrial oxidative capacity is associated
with the reduction in expression of mitochondrial genome [104]. To counteract such effect and
enhance oxidative metabolism, HT was supposed to be a good candidate. Although no clinical trial
investigated the effect of HT supplementation, studies in obese- and diabetic-rendered rats and in
doxorubicin-induced cardiotoxicity rats revealed that HT (0.5, 10 and 50 mg/kg/day) is able to increase
mitochondrial function through an enhancement of mitochondrial complex subunit expression [65,105]
and activity [105,106]. Enhanced mitochondrial activity was associated with an increase of uncoupling
protein-2 protein expression (100 μM) [107]. All the animal experiments supported the impact of HT in
the protection of mitochondria from oxidative damages, which operates a shift towards a more efficient
oxidative metabolism. Furthermore, it has been demonstrated that HT increases the mitochondrial
deoxyribonucleic acid content (1 μM and 10 and 50 mg/kg/day) [68,108], the mitochondria function
and membrane potential (0.1 and 10 μg/mL) [109] and density (1 μM) [68]. Mitochondrial biogenesis
and respiration were stimulated by PGC-1α by strongly inducing its gene expression. Rodent and
culture cell experiments reported also that HT was able to increase PGC-1α and Nrf2 expression
(0.1, 1 and 10 μM and 100 μM) [68,107] and AMPK, an upstream regulator of PGC-1α [68,107]. Note
that an increase in maximal oxygen consumption was found (1 and 10 μM) [68].

10.1.3. Hydroxytyrosol and Antioxidant Protein Expression

There is a recognized link between oxidative stress and key components of MetS. Besides LDL
oxidation, other oxidative markers also showed improvements. HT was reported to prevent the
increase of protein carbonyl levels and lipid peroxidation markers, and to normalize liver glutathione
level, liver glutathione S-transferase, and total SOD activity in obese mice (10 and 50 mg/kg/day) [65].
In cell culture, it was also demonstrated that HT increases Cu/SOD expression (100 μM) [107];
normalizes glutathione concentrations; increases glutathione peroxidase, glutathione reductase and
glutathione-S-transferase protein expression (0.5 to 10 μM) [110]; increases CAT activity (50 μM) [111];
and reduces the reduced glutathione/oxidized glutathione (known as GSH:GSSG ratio) (1 and 5 μM)
in presence of hydrogen peroxide, suggesting a reduction in the oxidative status [63]. The antioxidative
capacities are not limited to the expression of type 2 detoxifying proteins as SOD, Cat, and glutathione
peroxidase. Indeed, it exists adaptive systems as those implying heme oxygenase-1, the expression of
which is regulated by Nrf2. The positive impact of HT on Nrf2 nuclear translocation was shown and
associated to phosphoinositide/protein kinase B and extracellular signal-regulated kinase pathway
(0.5 to 10 μM) [110] and also AMPK/forkhead box 3a (50 μM) [111].
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Moreover, it has been found that HT (20 μg/day) for four weeks was able to reduce plasma
hydroperoxide concentrations, normalize plasma malondialdehyde and conjugated dienes, and
increase plasma antioxidant capacity in a rat model of HFD-induced obesity [64].

10.1.4. Hydroxytyrosol and Superoxide (O2
•−) Scavenging Properties

In an acute model of oxidative stress driven in rat aortas, Rietjens et al. [98] showed that HT acts
as a scavenging agent. Since, numerous studies were published and confirmed that HT protect against
ROS production in human vascular endothelial cells, erythrocytes and renal epithelial tubular cells (5 to
80 μM) [111–113], displays scavenger activity for peroxynitrous acid (5 μM to 1 mM) [114,115] and has a
protective role on deoxyribonucleic acid damages associated to peroxinitrous acid (0.05 to 1 mM) [114].
Moreover, it can inhibit superoxide anion burst from macrophages but not from neutrophils where it
can only scavenge hydrogen peroxide (1 to 50 μM) [116]. It also protects erythrocytes from hemolysis
(50 to 200 μM) [117], endothelial cells from monocytes adhesion (0.5 to 2.5 μM) [118] and hepatocytes
(10 to 40 μM) [119], and protects from lipid peroxidation in rat livers (5 to 60 μM) [120] as well as from
lipid oxidation (10 μM) [91].

10.2. Hydroxytyrosol and Inflammation

It is well known that the pathophysiology of MetS causes chronic inflammation. HT has been
reported to possess significant anti-inflammatory capacity. In fact, in clinical trial, HT (25 mg/day ×
one week) led to a reduction of plasma CRP and isoprostane levels, but did not exert any effect on
other inflammatory markers as interleukin-6, monocytes chemoattractant protein-1 and tumor necrosis
factor-α (TNF-α) [121]. In rodent experiments, it was demonstrated that HT reduces TNF-α, IL-6 and
cyclooxygenase-2 expression in liver (50 mg/kg/day × 17 weeks) [65], increases the anti-inflammatory
IL-10 expression (12.5 μg/mL and 10 mg/kg/day × 10 days) [122,123], reduces inducible nitric
oxide synthase (iNOS) expression (12.5 μg/mL and 5 mg/kg/day × 30 days) [122,124,125] and
cyclooxygenase-2 expression [125]. Considering that leptin, a well-known protein acting on satiety
and having inflammatory property, HT was shown to lower leptin level in mice thus suggesting
that could act as a starving and anti-inflammatory agent (0.03% × 8 weeks and 50 mg/kg/day ×
17 weeks) [63,65] and attenuate TNF-α and IL-1β expression in animal model [125,126]. In vitro, HT
has been reported to increase adiponectin expression and secretion in the presence of TNF-α (1 to
20 μM) [127], reduce iNOS, cyclooxygenase-2 and TNF-α expressions (25 to 100 μM) [128], reduce
nuclear factor-κB (NF-κB) binding activity (50 and 100 μM) [129] and, interestingly, increase iκBα
expression, an inhibitor of NF-κB binding activity [129]. Moreover, a reduction of metalloproteinase-9
activity and secretion (1 and 10 μM) [130] and a reduction of prostaglandin E2 secretion and expression
were found (1 and 10 μM) [130].

10.3. Hydroxytyrosol and Atherosclerosis

Phenolic compounds in VOO were shown to improve endothelial dysfunction and reduce
oxidative stress plasma parameters, both playing a key role in the development of atherosclerosis [131,132].
Moreover, VOO phenolic compounds could counteract inflammation, which is an important trigger
in the development of atherosclerosis though the expression of adhesion molecules. In a clinical
trial enrolling healthy volunteers, it has been demonstrated that sunflower oil supplemented with
HT decreased vascular cell adhesion protein (VCAM-1) plasmatic concentration (45–50 mg/kg/
day × 3 weeks) [89] and monocyte chemoattractant protein-1 and interleukin-8 receptor expression
(366 mg/kg/day × 3 weeks) [87]. Such results were confirmed in rodent models, where HT reduced
platelet aggregation, VCAM-1 and IL-1β expressions (0.5 to 10 mg/kg/day × 2 months) [84] and
TNF-α expression (0.04%) [74]. Interestingly, Gonzalez et al. [60] reported that HT (4 mg/kg/
day × 2 months) reduced the size of atherosclerotic lesions in rabbits fed with a high fat and high
cholesterol diet.
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Several in vitro studies confirmed the anti-inflammatory capacity of HT by reducing VCAM-1,
intercellular adhesion protein expressions (0.5 to 75 μM) [22,118,133]. Molecular mechanisms leading
to this reduction probably involved the reduction of NF-κB activation (0.5 to 75 μM) [22,23]. Despite
the great interest surrounding HT as a nutraceutical, Acin et al. [71] reported that HT supplementation
(10 mg/kg/day) for 10 weeks led to an increase in atherosclerotic plaque, in monocyte activation and a
reduction in ApoA-I from HDL in ApoE-deficient mice. However, these mice did not develop obesity,
low-grade inflammation and oxidative stress, thus explaining this deleterious effect because HT could
act as an oxidant.

10.4. Hydroxytyrosol and Vascular Dysfunction

Nitric oxide (NO•) plays a pivotal role in endothelial function and its decreased bioavailability is
correlated with altered vascular tone. Lopez-Villodres et al. [84] found that in streptozotocin-induced
model of diabetes, HT supplementation (10 mg/kg/day × 2 months) increased the level of nitrates
and nitrites. HT was reported to be ineffective on eNOS expression and activity (i.e., phosphorylation
on its Ser1177) in absence of oxidative stress in HUVECs (0.1 to 100 μM) [134]. In an endothelial
cell culture model of hyperglycemia, Storniolo et al. [85] showed that HT (10 μM) increases NO•

production, which is correlated to an increase of endothelial nitric oxide synthase phosphorylation
(P-eNOS)/endothelial nitric oxide synthase (eNOS) ratio. When stimulated by acetylcholine, an
activator of eNOS/NO• signaling pathway, HT increased NO• production, more than oleic acid; this
increase was linked to higher intracellular calcium concentration. Rietjens et al. [98] evidenced that
HT (10 μM) enhances endothelium-dependent relaxation in addition to increase P-eNOS/eNOS ratio.
This enhancement was associated with a cGMP increase, a downstream molecule of eNOS acting on
smooth muscle cells relaxation. In a vascular endothelial cell culture model, Zrelli et al. [135] found
that HT (50 μM) increases P-eNOS resulting in increasing NO• production, associated to the decreased
of NF-κB and iκBα phosphorylation in the presence of TNF-α. These results suggest that eNOS could
decrease inflammatory response, and thereafter, decrease thrombus formation. Furthermore, it was
demonstrated that HT reduced iNOS expression (25 to 100 μM) [128], known for its inflammatory,
and oxidative properties in monocytes.

10.5. Hydroxytyrosol and Cardiac Dysfunction

All of the cardiovascular risk factors of MetS are associated with increased risk of heart failure.
HT was revealed as cardiac protective after olive oil consumption. Bayram et al. [136] have found that
female SAMP8 mice fed with a Western diet enriched with a high-polyphenol content (mainly tyrosol
(20.8 mg/kg oil) and hydroxytyrosol (18.9 mg/kg oil)) had lower TBARS levels in cardiac muscle.
Alterations of cardiac function were correlated with cardiac remodeling leading to blood pressure
increase thus raising CVD. Mnafgui et al. [137] showed that a HT supplementation (2 and 5 mg/kg/
day × 1 week) in a rodent CVD model leads to a reduction of heart weight and heart weight/body
weight ratio. These morphological changes were followed by the reductions of SBP, DBP and mean
arterial blood pressure, heart rate and ST segment elevation. Moreover, these authors [137] found an
increase of lactate dehydrogenase and creatine kinase protein expressions showing an enhancement of
glucose consumption, probably producing higher ATP. Granados-Principal et al. [106] found in cardiac
tissue that HT (0.5 mg/kg, 5 days/week × 6 weeks) increases expression of mitochondria complexes 1,
2 and 3 and reduces specific markers of oxidative damages to proteins. These HT beneficial effects on
cardiac function are probably due to its antioxidative properties (0.1 and 10 μg/mL) [109], since HT
was not found in rat heart (1, 10 and 100 mg/kg) [138].

11. Functional Applications in Food Processing

Nowadays, several antioxidants are used to reduce food oxidation and thus extend shelf life.
Adding 100 mg/kg HT in frankfurters was effective against lipid oxidation during storage, to a greater
extent than a mix of butylated hydroxyanisole/butylated hydroxytoluene [139]. Nieto et al. [140] also
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showed a reduced lipid oxidation in sausages with HT (50 ppm). Thus HT added in fat used could
help to maintain the nutritional and sensorial qualities of processed food products.

12. Limitations of Experimental Studies

Ex vivo and in vitro studies with HT are well documented, but question the extrapolation to
human relevancy. In fact, high concentrations were usually used in cell models [22,111,135], certainly
due to the oxidation of HT [141]. HT has been tested as a sole molecule, and not with other antioxidant
compounds (phenolic compounds, tocopherols, carotenoids and vitamin C) that occur in human
context. Moreover, the influence of food matrix on the bioactivity of HT is avoided in most of
experimental studies.

13. Conclusions

To conclude, the beneficial effects of HT were extensively studied in rodent experiments and
clinical trials evidencing the role of HT in the reduction of MetS and its associated complications,
which are briefly presented in Figure 1. Both experimental and clinical studies demonstrated that HT
reduced oxidative stress and inflammation, thus altering positively MetS key components. However,
contradictory results for obesity were reported, probably resulting from differences in the study design,
administered doses and type of animals. Moreover, actually, no experiment assesses the impact of
pure HT on blood pressure in normotensive or hypertensive subjects. In this sense, larger and more
experimental studies and clinical trials are needed.

Oxidative stress
Nitrates and nitrites
SOD and Cat activity
Serum antioxidant capacity
Lipid peroxidation
oxLDL

Hypertension
SBP, DBP

with oleuropein

Dyslipidemia
Triglycerides
Releasing of glycerol
Free fatty acid
Total cholesterol
LDL c
HDL c

Hyperglycaemia and
insulin resistance

Fasting blood glucose
Insulin resistance
Glucose tolerance
Insulin sensitivity

Vascular function
NO production

P eNOS/eNOS ratio
Endothelium

dependent relaxation
cGMP level
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Weight and
adiposity

No significant
results
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Anti inflammatory markers

(adiponectin, IL 10)

Figure 1. Effect of hydroxytyrosol on metabolic syndrome-associated complications and metabolic
syndrome. ↑: Increase in; ↓: Decrease in. LDL-c: Low-Density Lipoprotein-cholesterol; HDL-c: High
Density Lipoprotein-cholesterol; SBP: Systolic Blood Pressure; DBP: Diastolic Blood Pressure; SOD:
Super Oxide Dismutase; Cat: Catalase; oxLDL: oxidized Low-Density Lipoprotein; VCAM-1: Vascular
Cell Adhesion Molecule-1; ICAM-1: Intercellular Adhesion Molecule-1; TNF-α: Tumor Necrosis
Factor alpha; iNOS: inducible Nitric Oxide Synthase; IL-6: Interleukin-6; COX-2: Cyclooxygenase-2;
IL-10: Interleukin-10; NO•: Nitric Oxide; P-eNOS/eNOS: Phosphorylated Endothelial Nitric Oxide
Synthase/endothelial Nitric Oxide Synthase ratio; cGMP: cyclic Guanosine Monophosphate.

The role of dietary polyphenols in human health depends largely on their bioavailability and,
because HT bioavailability is reduced, with systemic concentration ranging in the nanomolar levels,
it could be expected that HT exerts its effects directly in the gastrointestinal tract before being absorbed.
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Indeed, the concentration of phenolic compounds may reach the millimolar range. In this sense,
modulation of gut microbiota could be the most remarkable local effect exerted by HT. Recently,
another component of the Mediterranean diet, resveratrol, has been shown to modulate positively gut
microbiota enhancing glucose tolerance in a mice model of obesity [142] and also through a duodenal
Sirt-1 pathway into the hypothalamus [143] enhancing hypothalamic insulin-resistance. Sirt-1 is an
energy sensitizer upregulating antioxidative and anti-inflammatory gene expression and improving
mitochondrial biogenesis through PGC-1α. Direct effects of HT on duodenal Sirt-1 pathway cannot
be excluded.
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The following abbreviations are used in this manuscript:

AMPK Adenosine monophosphate kinase
ATP Adenosine triphosphate
Cat Catalase
CVD Cardiovascular diseases
eNOS Endothelial nitric oxide synthase
EVOO Extra-virgin olive oil
HDL High-density lipoprotein
HFD High Fat Diet
IL interleukin
iNOS Inducible nitric oxide synthase
LDL Low density lipoprotein
MUFA Monounsaturated fatty acid
NO Nitric oxide
Nrf2 Nuclear factor 2
OLE Oleuropein
P-eNOS Phosphorylated endothelial nitric oxide synthase
PGC1α Peroxisome proliferator-activated receptor gamma coactivator 1-alpha
PUFA Polyunsaturated fatty acid
ROS Reactive oxygen species
SFA Saturated fatty acid
SOD Superoxide dismustase
TBARS Thiobarbituric acid reactive substances
TNF-α Tumor necrosis factor-alpha
VCAM-1 Vascular adhesion molecule-1
VOO Virgin olive oil
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Abstract: The aim of the present study was to determine whether the reduction in liver fat previously
observed in our laboratory in a cohort of rats which had been fed an obesogenic diet was mediated
by changes in the expression of microRNA (miRNA)-103-3p, miRNA-107-3p and miRNA-122-5p,
which represent 70% of total miRNAs in the liver, as well as in their target genes. The expression of the
three analysed miRNAs was reduced in rats treated with resveratrol. A reduction in sterol-regulatory
element binding protein 1 (SREBP1) and an increase in carnitine palmitoyltransferase 1a (CPT1a)
were observed in resveratrol-treated rats. No changes were found in fatty acid synthase (FAS).
In cultured hepatocytes, SREBP1 protein was increased after the transfection of each miRNA. FAS
protein expression was decreased after the transfection of miRNA-122-5p, and CPT1a protein was
down-regulated by the over-expression of miRNA-107-3p. This study provides new evidences
which show that srebf1 is a target gene for miRNA-103-3p and miRNA-107-3p, fasn a target gene for
miRNA-122-5p and cpt1a a target gene for miRNA-107-3p. Moreover, the reduction in liver steatosis
induced by resveratrol in rats fed an obesegenic diet is mediated, at least in part, by the increase in
CPT1a protein expression and activity, via a decrease in miRNA-107-3p expression.

Keywords: miRNA-103; miRNA-107; miRNA-122; steatosis; liver; resveratrol; rat

1. Introduction

Excessive fat accumulation in liver is known as hepatic steatosis, which is the most benign
form of non-alcoholic fatty liver disease (NAFLD). It is a major cause of chronic liver disease in
Western societies. It encompasses a disease spectrum ranging from simple triglyceride accumulation
in hepatocytes (hepatic steatosis; NAFL) to hepatic steatosis with inflammation (non-alcoholic
steatohepatitis, NASH) [1]. This disorder is closely associated with obesity and insulin resistance [2].
Although the current treatment of liver steatosis is based on dietary energy restriction and physical
activity [3,4], a great deal of attention has been paid in recent years to bioactive molecules, such as
phenolic compounds present in foods and plants, which can represent complementary tools.

One of the most widely studied molecules is resveratrol (trans-3,5,4′-trihydroxystilbene),
a phytoalexin occurring naturally in grapes, berries and peanuts [5,6]. Several studies on rats and
mice have shown that resveratrol is able to reduce liver fat accumulation [7,8]. Some authors have also
found this effect in human beings [9,10].
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The mechanisms of action of resveratrol underlying its effect on liver steatosis are mainly a
reduction in lipogenesis and/or an increase in fatty acid oxidation, very commonly associated with
enhanced mitochondriogenesis [11]. However, little is known concerning the potential involvement of
microRNAs (miRNAs) on changes induced by resveratrol in these metabolic pathways.

MiRNAs are short double stranded RNAs (approximately 22 nucleotides) encoded in the genome
that act post-transcriptionally to regulate protein expression. These non-coding RNAs can act directly
on target mRNA transcripts binding to complementary target sites in 3′ untranslated regions (3′ UTR) of
messenger RNAs (mRNAs), causing translational repression and/or mRNA destabilization. They can
also act indirectly by regulating intermediate components, such as transcripts that encode transcription
factors which, in turn, control the expression of downstream genes. A single miRNA can have multiple
targets, acting simultaneously to regulate the post-transcriptional expression of various genes and
physiological processes. Furthermore, each gene can be regulated by several miRNAs [12,13]. What
is more, the expression of these miRNAs can be modified by changes induced either directly in the
enzymes involved in their biogenesis process or in miRNA epigenetic modifications, or indirectly via
lipoprotein-mediated miRNA delivery to cells, among others [14,15].

It has been reported in the literature that different types of polyphenols, such as proanthocyanidins
or a mixture extracted from Hibiscus sabdariffa, are able to modify the expression of miRNA-122-5p
(a liver specific miRNA and the most abundant one) and the paralogs miRNA-103-3p and
miRNA-107-3p in liver [16–19].

In a previous study carried out by our group using this precise cohort of animals, resveratrol
treatment did not reduce final body weight or liver weight. No changes were observed in food intake.
By contrast, resveratrol treatment induced a significant decrease in hepatic triacylglycerol content.
Moreover, when the activity of several enzymes involved in hepatic lipid metabolism was measured,
no changes in fatty acid synthase (FAS) activity and an increase in carnitine palmitoyltransferase 1
(CPT1) activity were found, suggesting that the delipidating effect was due, at least in part, to increased
fatty acid β-oxidation, which reduces the availability of fatty acids for triacylglycerol synthesis [20].

In this context, the aim of the present study was to determine whether, as in the case of
other polyphenols, this reduction in liver fat was mediated by changes in the expression of
miRNA-122-5p, miRNA-103-3p and miRNA-107-3p, which represent more than 75% of total miRNAs
in the liver [19,21–25], as well as in their target genes.

2. Material and Methods

2.1. Animals and Experimental Design

The experiment was conducted with 16 male Sprague-Dawley rats purchased from Harlan Ibérica
(Barcelona, Spain) and took place in accordance with the institution’s guide for the care and use of
laboratory animals (CUEID CEBA/30/2010). The rats were individually housed in polycarbonate
metabolic cages (Techniplast Gazzada, Guguggiate, Italy) and placed in an air-conditioned room
(22 ± 2 ◦C) with a 12 h light-dark cycle. After a 6-day adaptation period, rats were randomly divided
into two dietary groups of eight animals each, namely a control group (Control) and a group treated
with resveratrol (Resveratrol), both fed a commercial obesogenic diet (4.6 kcal/g; 44.8% energy from
fat, 36.2% from carbohydrates and 19.0% from proteins) supplied by Harlan Ibérica (TD. 06415) for
6 weeks (Figure S1). Resveratrol, supplied by Monteloeder (Elche, Spain), was added to the diet
as previously reported [6]. Briefly, the phenolic compound was dissolved in an ethanolic solution
(5 mg/mL) and poured on the surface of the diet. Rats started eating immediately once the diet was
daily replaced, and thus they ate all the resveratrol added before it started to degrade (3 h). In order to
ensure a dose of 30 mg resveratrol/kg body weight/day, the amounts of resveratrol to be included in
the diet for each animal were calculated daily based on their individual body weight. This dose was
selected for this experiment because in a previous study we observed that, under our experimental
conditions, 30 mg/kg body weight/day was the most effective of the following: 6, 15, 30 and 60 mg/kg
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body weight/day. Diet for control animals was added with the same amount of ethanolic solution
without resveratrol. All animals had free access to food and water. Food intake and body weight were
measured daily. This cohort of animals had been previously used in another study reported by our
group [20,26].

At the end of the experimental period, animals were sacrificed under anaesthesia by
intraperitoneally administering 400 mg chloral hydrate/kg body weight, by cardiac exsanguination,
after a 12-h fasting period. The liver was dissected, weighed and immediately frozen at −80 ◦C.

2.2. Cell Culture

AML12 (Alpha Mouse Liver 12) hepatocytes, supplied by ATCC (ATCC CRL-2254), were
cultured in 1:1 DMEM/HAM’S F12 glutamax medium containing 10% fetal bovine serum (FBS),
0.005 mg/mL insulin, 0.005 mg/mL transferrin, 5 ng/mL selenium, 40 ng/mL dexamethasone and
1% Penicillin/Streptomycin (10,000 U/mL). This medium was changed every two days. Cells were
maintained at 37 ◦C in a humidified 5% CO2 atmosphere.

2.3. MicroRNA Expression Analysis

Total miRNAs were extracted using E.Z.N.A. miRNA kit (R7034-02; Omega Bio-Tek, Norcross,
GA, USA) according to the manufacturer’s instructions. Total RNA (9 ng) was reverse-transcribed
using the TaqMan MicroRNA Reverse Transcription kit (Applied Biosystems, Foster City, CA, USA),
as previously reported in Gracia et al. [27]. The targeted miRNA assay sequences were as follows
(source miRBase):

rno-miRNA-103-3p: 5′-AGCAGCAUUGUACAGGGCUAUGA-3′

rno-miRNA-107-3p: 5′-AGCAGCAUUGUACAGGGCUAUCA-3′

rno-miRNA-122-5p: 5′-UGGAGUGUGACAAUGGUGUUUG-3′

PCR was performed in an iCycler™–MyiQ™ Real-time PCR Detection System (Applied Biosystems,
Foster City, CA, USA). Amplification was performed at 95 ◦C for 10 min, followed by 40 cycles of 95 ◦C
for 15 s and 60 ◦C for 1 min. U6 small nuclear RNA was used as an endogenous control. All mRNA
levels were normalized to the values of U6 snRNA. The results were expressed as fold changes of
threshold cycle (Ct) value relative to controls using the 2−ΔΔCt method [28].

2.4. Target Genes for miRNAs

In order to obtain the predicted and validated target genes for these miRNAs, a comparative
analysis was carried out in miRecords. This database is an integrated resource for animal miRNA-target
interactions, which stores predicted miRNA targets produced by 11 established miRNA target
predicted programs [29]. No validated target genes were found. Among the predicted target genes,
only those involved in hepatic lipid metabolism (srebf1, fasn, cpt1a) were selected (Table 1). Fasn codifies
for fatty acid synthase, a key enzyme involved in de novo lipogenesis, srebf1 is the transcription factor
that regulates this enzyme, and cpt1a codifies for carnitine palmitoyltransferase, a key enzyme involved
in the fatty acid oxidation. In addition, we reviewed the literature and found that several authors had
proposed srebf1 and fasn as target genes for miR-122-5p and miR-107-3p, respectively (Table 1).
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Table 1. Predicted target genes and validated genes reported in the literature related to triacylglycerol
metabolism of the miRNAs studied.

miRNA Predicted Target Genes (miRecords) Data from the Literature

rno-miR-103-3p Srebf1
Cpt1a

rno-miR-107-3p Srebf1
Cpt1a Fasn: Bhatia et al. [30]

rno-miR-122-5p Fasn Srebf1: Shibata et al. [31]
Srebf1: Iliopoulos et al. [32]

Srebf1: sterol regulatory element binding factor 1; Cpt1a: carnitine palmitoyltransferase 1a; Fasn: fatty acid synthase.

2.5. miRNA Transfection

Hepatocytes in a confluence status of approximately 90%, were transfected with Lipofectamine
RNAiMAX (Applied Biosystems, Foster City, CA, USA) prepared following the manufacturer’s
protocol, with mirVana miRNA mimics of mmu-miRNA-103-3p, mmu-miRNA-107-3p and
mmu-miRNA-122-5p (homologous to rno-miRNA-103-3p, rno-miRNA-107-3p and rno-miRNA-122-5p
respectively) (Applied Biosystems, Foster City, CA, USA). Each mimic was transfected for 48 h in a
final concentration of 25 nM per well. Optimal transfection conditions were determined in previous
experiments, and transfection efficiency was assessed using miRNA probes and fluorescent transfection
controls. To rule out unspecific effects, control cells were transfected with negative controls.

2.6. Western Blot Analysis

2.6.1. Liver Protein Expression of Fatty Acid Synthase, Sterol Regulatory Element-Binding Protein 1
and Carnitine Palmitoyltransferase 1a

Fatty acid synthase (FAS) and sterol regulatory element-binding protein 1 (SREBP1) protein
extraction was carried out with 100 mg of liver as previously described [33]. The protein concentration
was measured by bicinchoninic acid (BCA) protein assay kit (Thermo Scientific, Wilmington, DE, USA).

Immunoblot analyses were performed in all tissue samples using 80 μg of protein for FAS and
40 μg of protein for SREBP1. Protein were separated by electrophoresis in a 7.5% sodium dodecyl
sulfate (SDS)-polyacrylamide gel and transferred to polyvinylidene difluoride (PVDF) membranes.
Equal loading of proteins was confirmed by staining the membranes with Coomassie Blue or incubating
these membranes with polyclonal mouse β-actin antibody. The membranes of the two assays were
blocked with casein phosphate buffered saline (PBS)-Tween buffer for 2 h. These membranes were
incubated overnight at 4 ◦C with mouse origin FAS immunoglobulin G (IgG) (1:1000) and SREBP1
IgG monoclonal antibodies (1:1000) (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Afterwards,
in both cases, new incubation with goat- anti-mouse IgG-Horseradish Peroxidase (HRP) antibody
(1:5000) (Sigma, St. Louis, MO, USA) was carried out for 2 h at room temperature. Antibodies were
visualized by using a chemiluminescent substrate (Thermo Scientific, Wilmington, DE, USA) and
quantified by a ChemiDoc MP imaging system (BioRad, Hercules, CA, USA). After stripping, FAS
protein-containing membranes were incubated with a polyclonal mouse β-actin antibody (1:5000)
followed by goat- anti-mouse IgG-HRP antibody (1:5000) (Sigma, St. Louis, MO, USA), and measured
again. The FAS protein measurements were normalized by β-actin.

For carnitine palmitoyltransferase 1a (CPT1a), 100 mg of liver were homogenized in a PBS buffer
with protease inhibitors (pH 7.4) and centrifuged (14,000× g, 1 min, 4 ◦C). The pellet was resuspended
in 100 μL of radioimmunoprecipitation assay buffer (RIPA buffer). The homogenates were centrifuged
at 36,000× g for 10 min at 4 ◦C. The protein concentration was measured by BCA protein assay kit
(Thermo Scientific, Wilmington, DE, USA).

Immunoblotting was performed after immunoprecipitation. A total of 250 μg of liver extracts were
diluted with three volumes of PBS (with added protease inhibitors). CPT1a was immunoprecipitated
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with 1 μL of monoclonal mouse anti-CPT1a antibody (ABCAM, Cambridge, MS, USA) in constant
rotation, at 4 ◦C, overnight. Afterwards, 20 μL Protein G Agarose (Santa Cruz Biotech, Santa Cruz,
CA, USA) was added to each sample, and these were rotated for 3 h at 4 ◦C. The immunoprecipitated
tissue samples were then washed three times with 500 μL PBS buffer. A total of 30 μg of extracts
were separated by electrophoresis in a 7.5% SDS–polyacrylamide gel and then transferred to a PVDF
membrane. The membranes were incubated overnight at room temperature with mouse anti-CPT1a
antibody (1:1000) (ABCAM, Cambridge, MS, USA). Afterwards, polyclonal goat- anti-mouse IgG-HRP
antibody (1:2500) (Sigma, St. Louis, MO, USA) was incubated for 2 h at room temperature. Antibody
was visualized by using a chemiluminescent substrate (Thermo Scientific, Wilmington, DE, USA) and
quantified by a ChemiDoc MP imaging system (BioRad, Hercules, CA, USA).

2.6.2. SREBP1, FAS and CPT1a Protein Expression after Over-Expression in AML12

In the case of AML12 cells, total protein was extracted with 200 μL of lysis buffer as previously
reported [27]. Protein concentration was measured by BCA protein assay kit (Thermo Scientific,
Wilmington, DE, USA).

For FAS protein, 65 μg of cell protein extract were used to perform the immunoblotting. Protein
were separated by electrophoresis in a 7.5% SDS-polyacrylamide gel and transferred to PVDF
membranes. The membranes were blocked with casein PBS-Tween buffer for 2 h. These membranes
were incubated overnight at 4 ◦C with mouse origin FAS IgG (1:1000) (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). Afterwards, new incubation with goat- anti-mouse IgG-HRP antibody (1:5000)
(Sigma, St. Louis, MO, USA) was carried out for 2 h at room temperature. Antibodies were visualized
by using a chemiluminescent substrate (Thermo Scientific, Wilmington, DE, USA) and quantified
by a ChemiDoc MP imaging system (BioRad, Hercules, CA, USA). Coomassie Blue staining of
membranes was used as protein loading control. In case of CPT1a and SREBP1, immunoblotting after
immunoprecipitation was performed. A total of 40 μg for CPT1a and 70 μg for SREBP1 of cell extracts
were immunoprecipitated. The total amount of protein was used for immunoblotting in both cases
and following the same conditions as described above.

2.7. Statistical Analysis

Results are presented as median ± standard deviation. Statistical analysis was performed
using IBM SPSS Statistics 24.0 (SPSS Inc., Chicago, IL, USA). All of the parameters are normally
distributed according to the Shapiro-Wilk’s test. Student’s t-test was used for comparisons between
both experimental groups. Significance was assessed at the p < 0.05 value.

3. Results

3.1. Cell Culture Studies

MiRNA-103-3p, miRNA-107-3p and miRNA-122-5p were individually over-expressed in AML12
hepatocytes. Over-expressions were confirmed by measuring each miRNA expression. Protein
expression of SREBP1 was significantly increased after transfection of each miRNA (p < 0.05)
(Figure 1A). In the case of FAS, protein expression was significantly decreased after transfection
of miRNA-122-5p (p < 0.001) (Figure 1B). Finally, CPT1a protein expression was down-regulated by
the over-expression of miRNA-107-3p (p < 0.001) (Figure 2).

3.2. In Vivo Study

Body weight gain in rats treated with resveratrol was similar to that observed in control animals
(data previously reported in Alberdi et al. 2011 [34]). Similarly, no significant differences were observed
in liver weight, expressed as a percentage of final body weight (3.4 ± 0.1 in Control group and 3.5 ± 0.2
in Resveratrol group).
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In the present study, we observed that the expression of the three miRNA analysed
(miRNA-103-3p, miRNA-107-3p and miRNA-122-5p) was significantly reduced in the liver of rats
treated with resveratrol (Table 2). When protein expression of the target genes for these miRNAs was
measured, we observed a significant reduction in SREBP1 (p < 0.05) and a significant increase in CPT1a
(p < 0.05) in resveratrol-treated rats (Figures 3A and 4). No changes were found in FAS protein levels
(Figure 3B).

Figure 1. Protein expression of SREBP1 (A) and FAS (B) in AML12 control cells (n = 6) and
AML12 cells over-expressing mmu-miRNA-103-3p, mmu-miRNA-107-3p and mmu-miR-122-5p
(n = 6). Scatter dot plots including median and standard deviation were expressed as optical density.
Comparisons between each treatment and the controls were analysed by Student’s t-test * p < 0.05,
** p < 0.01, *** p < 0.001. SREBP1: sterol regulatory element-binding protein 1, FAS: fatty acid synthase;
AML12: alpha mouse liver 12.

Figure 2. Protein expression of CPT1a in AML12 control cells (n = 6) and AML12 cells over-expressing
mmu-miRNA-103-3p and mmu-miRNA-107-3p (n = 6). Scatter dot plots including median and standard
deviation were expressed as optical density. Comparisons between each treatment and the controls
were analysed by Student’s t-test. Coomassie Blue staining was used as protein loading control.
ND: not detectable. CPT1a: carnitine palmitoyltransferase 1a; AML12: alpha mouse liver 12.
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Table 2. The gene expression fold change of miRNA-103, miRNA-107 and miRNA-122 in the liver of
rats fed an obesogenic diet supplemented with resveratrol (Resveratrol group) or not (Control group)
for 6 weeks (n = 8).

miRNA Fold Change (Resveratrol vs. Control) p

miR-103 −2.49 <0.01
miR-107 −2.08 <0.05
miR-122 −2.59 <0.01

Figure 3. Protein expression of SREBP1 (A) and FAS (B) in the liver of rats fed an obesogenic diet
supplemented with resveratrol (Resveratrol group) or not (Control group) for 6 weeks (n = 8). Scatter
dot plots including median and standard deviation were expressed as optical density. * p < 0.05.
Coomassie Blue staining was used as protein loading control for SREBP1 and β-actin for FAS.
SREBP1: sterol regulatory element-binding protein 1, FAS: fatty acid synthase.

Figure 4. Protein expression of CPT1a in the liver of rats fed an obesogenic diet supplemented with
resveratrol (Resveratrol group) or not (Control group) for 6 weeks (n = 8). Scatter dot plots including
median and standard deviation were expressed as optical density. * p < 0.05. Coomassie Blue staining
was used as protein loading control. CPT1a: carnitine palmitoyltransferase 1a

4. Discussion

As indicated in the Introduction, in a previous study we had observed that resveratrol was able
to partially prevent liver steatosis induced by an obesogenic diet. We found a significant increase in
the activity of CPT1a, a rate-limiting enzyme in fatty acid oxidation, in the liver of rats treated with
resveratrol, without changes in FAS activity [20]. The present study helps us to gain more insight into
the effect of resveratrol on the regulation of these two enzymes.
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As far as the lipogenic pathway is concerned, miRecords data base showed that srebf1 was a
predicted target gene for miRNA-103-3p and miRNA-107-3p and fasn for miRNA-122-5p. In addition,
Iliopoulos et al. [32] showed that the up-regulation of miRNA-122 induced the increased protein
expression of SREBP1. Taking into account that miRNA are negative regulators of protein translation
and that no miRNA-122-5p binding sites are found in the 3′UTR or the coding region of this gene,
the authors suggested that miRNA-122 could regulate other genes that, in turn, could affect the
transcription of srebf1. They concluded that srebf1 was an indirect target gene for miRNA-122, but they
did not describe the intermediate steps in the signaling cascade that led to the up-regulation of SREBP1.
Later on, Shibata et al. [31] reported that silencing miRNA-122 led to decreased SOCS3 expression,
which in turn increased STAT3 expression. Therefore, SREBP1 was negatively regulated by STAT3 and,
consequently, a decrease in miRNA-122 induced a reduction in SREBP1 expression. In order to obtain
more scientific support concerning the involvement of these three miRNAs in SREBP1 regulation,
in the present study we over-expressed these miRNAs in AML12 hepatocytes. In all the three cases we
observed a significant increase in SREBP1 protein expression.

In rats treated with resveratrol, we found a significantly decreased expression of miRNA-103-3p,
miRNA-107-3p and miRNA-122-5p, which was paralleled by a significant decrease in SREBP1 protein
expression. As far as miRNA-122-5p is concerned, taking into account the results of our transfection
study, and bearing in mind the results reported by Iliopoulos et al. and Shibata et al. [31,32], it can be
proposed that resveratrol decreases the protein expression of the transcription factor SREBP1 indirectly
via miRNA-122-5p.

With regard to miRNA-103-3p and miRNA-107-3p, as indicated before in the Discussion section,
computational analysis (miRecords) revealed complementarity between these miRNAs and the 3′UTR
region of srebf1, suggesting that it can be a direct target gene. Usually, miRNAs regulate gene
transcription in a negative way, which is to say that they inhibit this process. However, in some cases,
the transcription of the RNAs is positively regulated and thus, the up-regulation of some miRNAs
increases mRNA levels of their targets [35]. In our in vitro study, the over-expression of miRNA-103-3p
and miRNA-107-3p in hepatocytes led to an increased expression of SREBP1, suggesting that in
fact they were positive regulators. In the in vivo study, resveratrol induced the down-regulation of
miRNA-103-3p and miRNA-107-3p in the liver, which was accompanied by a reduced expression
of SREBP1. Taking all that into account, it may be said that miRNA-103-3p and miRNA-107-3p are
involved as positive regulators in the effects of this polyphenol on SREBP protein expression [35].

As shown in Table 1, fasn was a predicted target gene only for miRNA-122-5p. Bhatia et al. [30]
transfected HepG2 hepatocytes with miRNA-107 at various doses and they observed that, using
the most common dose in transfection studies (25 nM), no changes in FAS protein expression were
observed. When we measured FAS protein expression, we found no change in resveratrol-treated rats.
This result is in good accordance with the lack of change in FAS activity observed in our previous study
addressed to this cohort of rats. However, it was somewhat surprising because fasn is, according to the
miRecords data base, a predicted target gene for miRNA-122-5p, which was reduced by resveratrol,
and in fact our transfection experiment showed that the over-expression of miRNA-122-5p induced a
significant reduction in FAS protein expression. Consequently, increased FAS expression should be
expected. On the other hand, SREBP1, which is a transcription factor that regulates FAS, was reduced
in resveratrol-treated rats. Thus, it could be hypothesized that the increase in FAS protein expression
expected as a consequence of miRNA-122-5p down-regulation could be compensated by the decrease
expected due to the reduction in SREBP1.

According to the miRecords data base, cpt1a is a predicted target gene for miRNA-103-3p and
miRNA-107-3p. In cultured hepatocytes, we observed that only those over-expressing miRNA-107-3p
showed the down-regulation of CPT1a protein expression, suggesting that in fact cpt1a is a real target
gene for miRNA-107-3p, but not for miRNA-103-3p. In our in vivo experiment, rats treated with
resveratrol showed decreased miRNA-107-3p expression and increased CPT1a protein expression.
All in all, these results suggest that the increase induced by resveratrol in CPT1a protein expression,
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which is involved in the liver delipidating effects of this polyphenol, was mediated by a reduction in
miRNA-107-3p expression.

5. Conclusions

The present study provides new evidence showing that srebf1 is a target gene for miRNA-103-3p
and miRNA-107-3p and cpt1a a target gene for miRNA-107-3p. Furthermore, the reduction in liver
steatosis induced by resveratrol under our experimental conditions is mediated, at least in part,
by increased CPT1a protein expression and activity, via a decrease in miRNA-107-3p expression.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6643/9/4/360/s1,
Figure S1: Diagram of the work-plan for the in vivo study.
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Abstract: Genistein, a soy-derived isoflavone, may improve cardiovascular risk profile in postmenopausal
women with metabolic syndrome (MetS), but few literature data on its cardiac effects in humans
are available. The aim of this sub-study of a randomized double-blind case-control study
was to analyze the effect on cardiac function of one-year genistein dietary supplementation in
22 post-menopausal patients with MetS. Participants received 54 mg/day of genistein (n = 11) or
placebo (n = 11) in combination with a Mediterranean-style diet and regular exercise. Left ventricular
(LV) systolic function was assessed as the primary endpoint, according to conventional and
strain-echocardiography measurements. Also, left atrial (LA) morphofunctional indices were
investigated at baseline and at the final visit. Results were expressed as median with interquartile
range (IQ). A significant improvement of LV ejection fraction (20.3 (IQ 12.5) vs. −1.67 (IQ 24.8);
p = 0.040)), and LA area fractional change (11.1 (IQ 22.6) vs. 2.8 (9.5); p = 0.034)) were observed in
genistein patients compared to the controls, following 12 months of treatment. In addition, body
surface area indexed LA systolic volume and peak LA longitudinal strain significantly changed
from basal to the end of the study in genistein-treated patients. One-year supplementation with
54 mg/day of pure genistein improved both LV ejection fraction and LA remodeling and function in
postmenopausal women with MetS.

Keywords: genistein; metabolic syndrome; menopause; cardiac function; echocardiography
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1. Introduction

Estrogen favorably influences calcium homeostasis, serum lipid levels, blood pressure control,
inflammatory status, and vascular reactivity in women [1–5]. Data from Italian and other European
registries indicate that postmenopausal women presenting with traits of metabolic syndrome (MetS),
mostly diabetes mellitus (DM) and hyperlipemia, are at high risk of cardiovascular (CV) events [1,6,7].
Moreover, the use of lipid-lowering therapy is strongly influenced by reimbursement criteria
revision, and the female gender was identified as a patient-related predictor of low adherence [8–10].
The advantages of estrogen supplementation are preserved in early menopause, failing to maintain
cardiovascular protection, thus further therapeutic options continue to be studied [11–13]. Genistein
aglycone (hereinafter referred to as genistein) is a soy isoflavone, which has progressively gained
clinical consideration for the management of postmenopausal symptoms. Its molecular structure
resembles that of 17β–estradiol and binds the same estrogen-receptors in a dose-dependent manner.
Regular supplementation in combination with a Mediterranean-style diet, regular exercise, and medical
therapy improve CV risk, endothelial function, and vascular reactivity in MetS women, although,
to date, very little data are available concerning the effect of genistein on heart function [12,14–18].

The aim of this study was therefore to investigate whether genistein therapy might influence
heart function in postmenopausal patients with MetS.

2. Materials and Methods

2.1. Design and Setting

A group of postmenopausal women, affected by type-2 DM and free from previous CV events,
was enrolled from the population of postmenopausal women referred to the Department of Clinical and
Experimental Medicine (University Hospital, Messina, Italy) for MetS. All patients were of Caucasian
origin. This study was planned as a sub-study aimed to investigate the influence of genistein on
heart function, from the original randomized multicenter clinical trial (clinicaltrials.gov registration
NCT00541710) managed in collaboration with the University of Palermo (Palermo, Italy) and the
University of Magna Graecia (Catanzaro, Italy) [16]. All patients gave written informed consent and
the Ethical Committee of the University Hospital of Palermo approved the protocol of this study
(approval number: RODA-12254).

Diagnosis of MetS was made considering the presence of at least three criteria among those
provided by the modified US National Cholesterol Education Program Adult Treatment Panel III [19],
as follows: (a) waist circumference >88 cm; (b) triglycerides >8.3 mmol/L or on drug treatment for
elevated triglycerides; (c) high-density lipoprotein cholesterol (HDL-C) <2.8 mmol/L or on drug
treatment for reduced HDL-C; (d) type-2 DM, according to current guidelines [20]; (e) blood pressure
>130/90 mm Hg or on anti-hypertensive therapy. Criteria for menopause included: absence of
menstrual period in the preceding year, follicle-stimulating hormone level >50 IU/L, and 17β-estradiol
serum level ≤100 pmol/L (≤27 pg/mL) [2,3].

Family history, physical examination, measurement of body surface area (BSA, m2), waist
circumference (cm) and body mass index (BMI, kg/m2), routine laboratory sampling (fasting glucose,
total cholesterol, HDL-C, low-density lipoprotein cholesterol (LDL-C), triglyceride levels), fasting
serum insulin, and the insulin resistance index by the homeostasis model assessment for insulin
resistance (HOMA-IR) were carried out at baseline, 6 months, and 12 months of therapy. Visfatin,
adiponectin, and homocysteine (HCY) serum levels were also evaluated, as previously described [16].

Patients with a previous or current cardiovascular event, renal or hepatic failure, coagulopathy,
cancer, use of sex hormones or estrogen receptor modulators, steroids, long term treatment with
non-steroidal anti-inflammatory drugs, alcohol abuse, or those who smoked more than two cigarettes
per day were excluded from the study.
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Hypoglycaemic and/or anti-hypertensive drugs were continued during the study period, if
required. Fasting glucose target <8.3 mmol/L and blood pressure ≤135/85 mm Hg were recommended
to be achieved in all study participants.

Left ventricular (left ventricle, LV) systolic function was evaluated as the primary endpoint
to analyze the effect of genistein on cardiac function. In particular, LV systolic function and left
atrial (left atrium, LA) morphofunctional indices were investigated according to high-resolution
strain-echocardiography imaging measurements.

2.2. Randomization

Patients from the original trial were assigned by using a computer–generated double–blind
randomization sequence to receive genistein (genistein group) or placebo (control group) twice a day.
Both tablets were supplied by Mastelli srl (Sanremo, Italy). The genistein daily dose was 54 mg and
tablets were identical to the placebo in appearance and taste. Genistein serum levels were measured
both at baseline and the final visit, as previously described [16,21]. Only the first 11 patients of each
group underwent ultrasound studies, due to a budget reduction from the original proposal (Figure 1).
Patients were enrolled according to the computer–generated double–blind randomization sequence,
using the first randomization numbers for each group and maintaining the blinding of researchers
directly involved in the study. Genistein and placebo were given for 12 months.

Figure 1. CONSORT diagram (Consolidated Standards of Reporting Trials diagram). The first 11 patients
of each arm underwent ultrasound study.

Sample size was calculated in the parent study to provide 80% power to detect an expected
absolute between-group difference in HOMA-IR of 20% after one year of treatment, assuming a
two-tailed level of 0.05 as significant [16].
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2.3. Diet and Exercise

Patients were all recommended to follow a Mediterranean-style dietary regimen (25–30% fat, less
than 10% saturated fatty acids, 55–60% carbohydrates, and 15% protein), but further intake of soy
products or supplements was discouraged.

Regular exercise, such as walking or biking for 80 to 100 min per week, was also suggested to
participants and was recorded weekly for each patient. Dietary and treatment adherence was recorded
at each visit.

2.4. Electrocardiogram and Echocardiogram

After performing a conventional 12-lead electrocardiogram (ECG), ultrasound study was carried
out with a commercially available station (Esaote Mylab 30, Florence, Italy), equipped with an
M–mode, two–dimensional color–Doppler and strain-feature analysis. Imaging was achieved by
the conventional five trans-thoracic views (parasternal long-axis and short-axis, apical 2, 4, and
5 chambers). Quantitative findings were measured as the mean value of three consecutive beats.
Simultaneous ECG monitoring was carried out in each patient. Left ventricular diameters, wall
thickness, mass, systolic and diastolic volumes, ejection fraction (Simpson’s rule biplane method), LA
area and fractional area change [(systolic area minus diastolic area)/systolic area %], as well as LA and
LV longitudinal shortening, were calculated according to recommendations of both the American and
European Societies of Echocardiography [22]. Cardiac chamber volumes and mass were indexed to
body surface area.

Left ventricular systolic function strongly related to ejection fraction. Moreover, LV shape, LV
strain analysis, mitral annulus posterior systolic excursion (MAPSE), and longitudinal function (tissue
S’ velocity) were also evaluated.

We also investigated LV diastolic function by PW-Doppler, sampling the mitral inflow early and
late diastolic velocities (E–wave and A–wave, respectively, and E/A ratio) and tissue–Doppler velocity
both at basal septum level and lateral mitral annulus (E’ velocity, A’ velocity and E/E’ ratio).

A dedicated strain software package (X–Strain TM by Esaote, Florence, Italy) was used for both
LA and LV longitudinal strain [23]. Good quality imaging with an adequate frame rate (50–70 frames
per second) was needed for this purpose. Data were digitally stored and analyzed by a Fourier
equation that warrants heart motion periodicity–based accuracy. Strain curves were generated by
a feature–tracking mode (Figure 2). Strain measurements were generated by processing the region
of interest (several endocardial points from either parasternal short axis or apical 4-chamber view).
Left ventricular longitudinal and circumferential strains are negative, whereas radial strain and peak
atrial longitudinal strain (PALS) are positive values.

2.5. Statistical Analysis

Descriptive statistical analyses were performed to evaluate basal demographic and clinical
characteristics. All results were expressed as medians with interquartile range (IQ) for continuous
variables, and absolute and percentage frequencies for categorical variables.

All variables were evaluated at basal time and after 12 months of treatment, and percentage
changes from baseline were evaluated at the end of the treatment in both genistein and placebo patients
to determine the differences between groups.

The Kolmogorov-Smirnov test for normality was performed to evaluate normal distribution.
Since some of the numerical variables were not normally distributed and the low sample number did
not guarantee valid asymptotic results, a non-parametric approach was used.

The U Mann–Whitney test for independent values was applied to compare characteristics of the
randomized subjects, according to treatment group. In addition, differences within group for paired
measurements were tested by the Wilcoxon signed-rank test analysis.
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Statistical analyses were performed using Statistical Package for Social Science (SPSS Statistics 17.0,
Chicago, IL, USA) software for Windows package. p < 0.05 was considered statistically significant.

 

Figure 2. Strain–featured processing from the four–chamber apical view in a genistein patient. Vectors
and curves are generated by processing 13 endocardial points on either the left ventricular (panels (A)
and (B)) or the left atrial wall (panels (C) and (D)).

3. Results

3.1. Baseline Characteristics

A total of 22 patients, aged 55 (IQ 6) years, were enrolled from the main randomized controlled
trial: 11 from the genistein and 11 from the control group, respectively. No differences in clinical,
laboratory, or morphofunctional values between groups were shown at basal. Adherence to diet and
exercise was similar between groups. All patients met the criteria for MetS diagnosis. Eighteen patients
(82%), nine in each group, showed mild to moderate systemic hypertension with no differences in
systolic-diastolic mean pressure between groups. Waist circumference >88 cm was measured in eight
(73%) genistein patients and nine (82%) controls (ns). Five (45%) and six (54%) patients were obese in
the genistein and placebo groups, respectively. The characteristics of patients in each group at basal
and after 12 months are described in Table 1. Resting ECG was normal in all patients. None of patients
were treated with glitazones. Beta blockers users were one in the genistein and two in the placebo
group. Angiotensin-converting enzyme inhibitors or Angiotensin II receptor antagonist users were
nine in the genistein and 10 in the placebo group.

3.2. Clinical and Laboratory Results at Follow-Up

All patients completed the study. Genistein levels increased from 15 nmol/L (95%CI 7.3–22.6) at
baseline to 780 nmol/L (95%CI 741.7–818.3) at 12 months in treated subjects. BMI and waist values
were similar at the end of follow-up in both groups. Resting blood pressure was on target in the
majority of patients (90%) and no differences from basal to the end of follow-up or between groups
were observed. Fasting glucose and insulin levels were similar at the beginning and at the end of
follow-up in both groups. After 12 months of treatment, HOMA-IR (p = 0.007), visfatin (p = 0.016),
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and homocysteine (p = 0.034) significantly decreased in the genistein group compared to the controls.
Conversely, serum adiponectin increased in the genistein, but not significantly, compared to the control
group at the end of the treatment (Table 2). Changes in total cholesterol, LDL cholesterol, HDL
cholesterol, and triglycerides at the end of the treatment were similar between groups.

Table 1. Clinical, laboratory, and morphofunctional values measured at baseline and after 12 months,
stratified by treatment groups.

Parameters
Genistein Controls

Basal Median
(IQ)

12 Month
Median (IQ)

# p
Value

Basal Median
(IQ)

12 Month
Median (IQ)

# p
Value

Body mass index (kg/m2) 30.3 (5.0) 31.5 (7.0) 0.167 30.4 (11.2) 29.9 (10.8) 0.593
Waist circumference (cm) 105.0 (16.0) 104.0 (25.0) 0.798 99.0 (19.0) 98.0 (17.0) 0.438
Systolic blood pressure (mm Hg) 130.0 (38.0) 120.0 (40.0) 0.075 130.0 (30.0) 130.0 (20.0) 0.320
Diastolic blood pressure (mm Hg) 80.0 (15.0) 70.0 (30.0) 0.085 80.0 (10.0) 80.0 (0.0) 0.496
Fasting glucose (mmol/L) 7.1 (2.7) 7.0 (0.9) 0.099 7.8 (2.2) 6.5 (4.3) 0.959
Total cholesterol (mmol/L) 4.9 (1.4) 4.2 (0.7) 0.003 4.9 (1.1) 4.4 (1.1) 0.051
LDL-cholesterol (mmol/L) 2.9 (1.1) 1.6 (0.8) 0.009 2.8 (1.3) 2.5 (0.6) 0.120
HDL-cholesterol (mmol/L) 1.3 (0.7) 1.5 (0.6) 0.093 1.3 (0.4) 1.4 (0.6) 0.798
Triglycerides (mmol/L) 1.5 (0.9) 1.2 (0.8) 0.008 1.4 (0.8) 1.2 (0.7) 0.075
Insulin levels (nUI/L) 9.7 (7.8) 8.5 (5.3) 0.050 12.2 (12.3) 13.4 (17.9) 0.477
HOMA-IR 3.4 (1.5) 3.0 (1.7) 0.010 3.7 (4.8) 4.7 (5.2) 0.110
Visfatin (ng/mL) 3.1 (2.0) 1.3 (0.7) 0.016 2.1 (2.2) 2.4 (1.3) 0.477
Adiponectin (μg/mL) 6.2 (1.1) 8.0 (5.9) 0.003 5.3 (2.6) 6.2 (2.6) 0.021
Homocysteine (μmol/L) 13.3 (15.3) 10.0 (2.2) 0.003 17.5 (10.8) 14.2 (7.7) 0.091

Left Ventricle

End-diastolic diameter (mm) 47.4 (9.2) 46.2 (8.2) 0.929 45.8 (7.7) 44.2 (5.1) 0.859
BSA-index mass (g/m2) 82.9 (33.7) 73.0 (27.8) 0.657 78.6 (15.3) 84.7 (19.9) 1.000
Height-indexed mass (g/m2.7) 38.0 (27.7) 44.6 (16.9) 0.328 41.1 (7.9) 39.2 (11.6) 0.859
End-diastolic volume (mL) 67.0 (14.9) 65.0 (26.0) 0.533 72.0 (23.0) 70.0 (28.0) 0.894
BSA-index end-diastolic vol. (mL/m2) 40.3 (13.9) 37.9 (10.5) 0.328 37.2 (10.9) 39.2 (15.1) 0.790
End-diastolic shape 0.6 (0.09) 0.6 (0.1) 0.241 0.6 (0.08) 0.6 (0.1) 0.859
Ejection fraction 0.6 (0.04) 0.7 (0.05) 0.009 0.7 (0.11) 0.7 (0.10) 0.790
MAPSE (mm) 15.8 (4.1) 16.5 (1.3) 0.182 16.3 (4.8) 16.0 (4.9) 0.790
TDV Septal S’-wave (cm/s) 10.0 (3.0) 10.0 (2.0) 0.764 8.0 (4.0) 8.0 (3.0) 0.258
TDV Lateral S’-wave (cm/s) 10.0 (1.0) 12.0 (2.0) 0.022 10.0 (2.0) 11.0 (3.0) 0.305

Left Ventricular Diastolic Indices

Mitral E/A velocity ratio 1.0 (0.23) 0.8 (0.33) 0.449 0.8 (0.44) 0.9 (0.28) 0.965
Mitral E-wave DT (ms) 204.0 (16.0) 216.0 (13.0) 0.075 223.0 (24.0) 242.0 (27.0) 0.059
E/E’ velocity ratio 6.8 (1.0) 7.5 (2.6) 0.533 7.2 (3.5) 7.8 (3.3) 0.859

Left Ventricular Global Strain
Measurements

Radial Strain (%) 32.0 (10.9) 30.0 (15.0) 0.789 36.0 (9.5) 27.9 (12.3) 0.110
Circumferential Strain (%) −21.0 (7.7) −22.5 (4.9) 1.000 −23.5 (9.2) −25.3 (5.0) 0.594
Longitudinal Strain (%) −17.5 (1.5) −17.3 (1.6) 0.328 −15.8 (4.7) −18.8 (4.9) 0.213

Left Atrium

BSA-indexed ES volume (mL/m2) 29.5 (4.2) 22.6 (11.0) 0.041 32.3 (10.2) 27.5 (7.2) 0.248
Fractional area change (%) 37.0 (6.0) 41.0 (6.0) 0.035 35.0 (2.0) 35.0 (5.0) 0.510
PALS (%) 25.5 (5.8) 31.0 (8.5) 0.021 23.6 (10.2) 24.0 (6.5) 0.929

Values are expressed as medians with interquartile range (IQ); BSA, body surface area; DT, deceleration time;
E/A, early/late diastolic velocity through the mitral inflow; E/E’ velocity ratio, ratio between mitral E velocity
and tissue E velocity; ES, end-systolic; HDL high-density lipoprotein; HOMA-IR, homeostasis model assessment
for insulin resistance; LDL, low-density lipoprotein; MAPSE, mitral annular posterior systolic excursion; PALS,
peak atrial longitudinal strain; S’, tissue systolic velocity; TDV, tissue Doppler velocity; # p-values were calculated
using the Wilcoxon rank test for each group, from baseline to the end of the treatment (12 months) as well as
within-group comparisons.

3.3. Cardiac Morphofunctional Indices

Adequate ultrasound imaging was attained from each patient. Changes in cardiac morphology
and function are described in Tables 1 and 2. Both LV ejection fraction (p = 0.040) and LA fractional
area change (p = 0.034) significantly increased in the genistein patients compared the to controls during
the treatment.
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Additionally, LV ejection fraction (p = 0.009), tissue systolic wave velocity at lateral mitral annulus
(p = 0.022), LA volume (p = 0.041), LA fractional area change (p = 0.035), and PALS (p = 0.021) also
significantly improved in genistein-treated patients compared to basal, whereas no differences were
shown in the control group. Advanced echo-strain analysis showed no relevant changes in LV radial,
circumferential, and longitudinal global deformation (Table 2). No advanced LV diastolic dysfunction
was observed. Grade 1–2 diastolic dysfunction was present at enrollment in two genistein patients and
one control. However, at the end of follow-up, just one patient in the genistein group and four in the
placebo group showed diastolic anomalies.

Table 2. Variations of clinical, laboratory values, and morphofunctional findings at Doppler echocardiography
after 12 months of treatment: between groups comparison.

Parameters
Percentage Changes from Baseline after 12 Months Treatment

Genistein Median (IQ) Controls Median (IQ) # p Value

Body mass index (kg/m2) 1.6 (5.7) 0.9 (4.5) 0.171
Waist circumference (cm) 0.0 (4.9) 0.0 (4.4) 0.898
Systolic blood pressure (mm Hg) 0.0 (11.8) 0.0 (12.2) 0.076
Diastolic blood pressure (mm Hg) −8.3 (12.5) 0.0 (6.7) 0.057
Fasting glucose (mmol/L) −7.1 (23.5) −0.9 (18.3) 0.332
Total cholesterol (mmol/L) −12.4 (14.9) −15.5 (23.3) 0.748
LDL-cholesterol (mmol/L) −18.1 (45.1) −16.8 (43.2) 0.270
HDL-cholesterol (mmol/L) 16.3 (27.6) −2.1 (15.6) 0.243
Triglycerides (mmol/L) −12.5 (13.8) −21.5 (56.6) 0.898
Insulin levels (nUI/L) −21.5 (27.9) 1.7 (81.0) 0.193
HOMA-IR −19.7 (39.0) 18.0 (71.2) 0.007
Visfatin (ng/mL) −50.9 (73.2) −7.0 (32.2) 0.016
Adiponectin (μg/mL) 29.4 (62.8) 12.6 (38.6) 0.088
Homocysteine (μmol/L) −24.3 (34.4) −8.1 (50.1) 0.034

Left Ventricle

End-diastolic diameter (mm) 3.2 (14.7) 0.2 (26.5) 0.949
BSA-index mass (g/m2) 2.9 (30.4) 10.5 (41.6) 0.748
Height-indexed mass (g/m2.7) 16.3 (22.2) −5.4 (45.1) 0.519
End-diastolic volume (mL) −1.3 (45.5) −7.8 (67.8) 0.898
BSA-index end-diastolic vol. (mL/m2) −0.4 (49.1) 7.0 (48.5) 1.000
End-diastolic shape 3.2 (5.8) −1.6 (7.6) 0.606
Ejection fraction 20.3 (12.5) −1.7 (24.8) 0.040
MAPSE (mm) 4.4 (38.0) 0.6 (26.4) 0.606
TDV Septal S’-wave (cm/s) 0.0 (26.5) −12.5 (48.1) 0.332
TDV Lateral S’-wave (cm/s) 10.0 (9.1) 9.1 (31.3) 0.606

Left Ventricular Diastolic Indices

Mitral E/A velocity ratio −9.8 (34.8) 6.0 (56.8) 0.652
Mitral E-wave DT (ms) 10.0 (12.4) 6.0 (11.9) 0.748
E/E’ velocity ratio 6.4 (72.6) 3.9 (49.9) 0.748

Left Ventricular Global Strain
Measurements

Radial Strain (%) 12.6 (44.3) −13.4 (35.1) 0.133
Circumferential Strain (%) 0.9 (30.9) 3.7 (38.9) 0.797
Longitudinal Strain (%) −2.8 (11.3) 4.3 (24.9) 0.243

Left Atrium

BSA-indexed ES volume (mL/m2) −22.6 (47.7) −20.8 (61.1) 0.151
Fractional area change (%) 11.1 (22.6) 2.8 (9.5) 0.034
PALS (%) 13.3 (25.4) −11.2 (51.3) 0.270

Values are expressed as medians with interquartile range (IQ); BSA, body surface area; DT, deceleration time;
E/A, early/late diastolic velocity through the mitral inflow; E/E’ velocity ratio, ratio between mitral E velocity
and tissue E velocity; ES, end-systolic; HDL high-density lipoprotein; HOMA-IR, homeostasis model assessment
for insulin resistance; LDL, low-density lipoprotein; MAPSE, mitral annular posterior systolic excursion; PALS,
peak atrial longitudinal strain; S’, tissue systolic velocity; TDV, tissue Doppler velocity; # p-values were calculated
using the Wilcoxon rank test for each group, from baseline to the end of the treatment (12 months) as well as
within-group comparisons.

3.4. Adverse Events and Side-Effects

No clinically relevant side effects, flushing, or palpitations were reported. Nobody experienced
serious arrhythmias or cardiac symptoms.
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4. Discussion

Recent findings indicate that approximately 25% of the USA population shows traits of MetS,
and the constellation of symptoms becomes of clinical concern particularly in postmenopausal patients
with DM and hyperlipemia, whose CV risk is higher than that in the general population. Moreover,
low adherence to treatment with lipid-lowering drugs is particularly high in female patients, strongly
influenced by reimbursement criteria revision, and educational programs in primary care result in
challenging efficacy in reaching the clinical targets. [8,9,24,25]. As a consequence, the increasing
prevalence of MetS over the last decade hinders the efforts of physicians to improve the CV risk profile
through better glycaemic homeostasis [1,2,6,26].

Our group has previously recognized an improvement in the HOMA-IR and several markers of
CV risk of MetS postmenopausal patients treated with genistein [14–16]. Furthermore, the present
findings suggest an interesting impact of genistein treatment on cardiac function in this clinical
setting [12].

Using the strain deformation analysis, the most advanced technique to discover early and
subclinical LV impairment at the present time [23], our results suggest that one year of treatment with
genistein at the dose of 54 mg/day did not worsen LV chamber size or function. On the contrary,
genistein treatment improved LV ejection fraction. Such a gain in LV systolic function cannot be
exclusively attributed to a direct genistein effect on myocardium, but could rather depend on several
factors, including the improvement in adipokine serum levels. In addition, the lack of improvement in
the control group emphasizes the efficacy of the treatment with genistein. Similarly, the improvement
in the LA size and function has been limited to the genistein group. These patients showed a decrease
in LA systolic volume index together with a raise in fractional area change and PALS, without changes
in systo-diastolic blood pressure. This finding is particularly interesting since patients with DM and
hypertension, or MetS, have an increased risk of atrial fibrillation and heart failure [27–29].

Therefore, the present study suggests that genistein could also reduce the LA afterload and
potential dysfunction. In fact, hypertensive, diabetic, and overweight patients have an increased risk of
atrial dysfunction. Significant changes in LA volume and longitudinal deformation might contribute
to the reduction of LA dilatation, fibrosis, and the occurrence of atrial fibrillation, regardless of the
loading conditions at the time of examination [27,28].

The cardioprotective effects of genistein could be partially justified by the improvement in the
adipokine profile. Adiponectin increased significantly over the 12 months in both groups and the
change was not significantly different between groups. Adiponectin promotes insulin-sensitizing
effects and peripheral glucose use, as previously reported [16]. Low circulating levels of adiponectin
were found in obese patients with type-2 DM, as well as in postmenopausal MetS women [30–33].
Adiponectin is a modulator of vascular remodeling, and low serum adiponectin levels are predictors of
atherosclerosis and myocardial infarction, and are associated with higher incidence of cardiovascular
events [34]. These effects are probably related to the anti-inflammatory action of adiponectin, in fact, it
reduces the production of inflammatory cytokines and adhesion molecules in endothelial cells [35].

On the contrary, the pro-inflammatory visfatin was reduced by genistein after one year of
treatment. Visfatin increase in type-2 DM patients was related to heart failure and acute coronary
syndromes [36–39]; visfatin appears to mediate vascular endothelial inflammation by inducing the
expression of adhesion molecules (VCAM-1 and ICAM-1) and pro-inflammatory cytokines such as
IL-1β, IL-6, and TNF-α [40]. These effects on adipokines might explain the observed protective effect on
myocardium. Genistein, by reducing HOMA-IR, may also decrease glucose–mediated cardiotoxicity,
lowering glycated proteins and reactive oxygen species, which are involved in the pathogenesis of
interstitial fibrosis in diabetic cardiomyopathy [41,42].

Among the pro-inflammatory factors, homocysteine, which has been suggested as an independent
risk factor for endothelial dysfunction and atherosclerosis [43], was also reduced by genistein.
Since homocysteine could indirectly impact cardiac function in women with MetS, its reduction in
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genistein-treated patients confirms our previous data obtained in healthy postmenopausal subjects [16]
regarding the possible cardioprotective role of this isoflavone.

Despite the intriguing present results, some limitations of the study should be taken into account.
Our results were obtained from a population without signs of cardiac dysfunction and all women were
of Caucasian origin, thus we do not know if the same effects could be reproduced in different ethnic
groups. The small sample size is a limitation of the present study and no definitive conclusions can be
drawn from our proof of concept study. However, this study was able to demonstrate, for the first
time, that genistein significantly improved cardiovascular function in postmenopausal women with
metabolic syndrome. Accordingly, using this preliminary information, a future larger study expressly
designed to evaluate the effect of genistein on cardiac function is encouraged.

In conclusion, our preliminary data suggest that a daily supplementation with 54 mg of pure
genistein improves both LA remodeling and LV function in postmenopausal women with MetS.
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Abstract: The prevalence of non-alcoholic-fatty-liver-disease (NAFLD) is associated with obesity,
diabetes, and metabolic syndrome (MS). This study aimed to evaluate the influence of two
energy-restricted diets on non-invasive markers and scores of liver damage in obese individuals
with features of MS after six months of follow-up and to assess the role of fiber content in
metabolic outcomes. Seventy obese individuals from the RESMENA (Reduction of Metabolic
Syndrome in Navarra) study were evaluated at baseline and after six months of energy-restricted
nutritional intervention (American Heart Association (AHA) and RESMENA dietary groups). Dietary
records, anthropometrical data, body composition by dual energy X-ray absorptiometry (DXA),
and routine laboratory measurements were analyzed by standardized methods. Regarding liver
status, cytokeratin-18 fragments and several non-invasive scores of fatty liver were also assessed.
The RESMENA strategy was a good and complementary alternative to AHA for the treatment of
obesity-related comorbidities. Participants with higher insoluble fiber consumption (≥7.5 g/day)
showed improvements in fatty liver index (FLI), hepatic steatosis index (HIS), and NAFLD liver
fat score (NAFLD_LFS), while gamma-glutamyl transferase (GGT) and transaminases evidenced
significant improvements as a result of fruit fiber consumption (≥8.8 g/day). Remarkably, a regression
model evidenced a relationship between liver status and fiber from fruits. These results support the
design of dietary patterns based on the consumption of insoluble fiber and fiber from fruits in the
context of energy restriction for the management of obese patients suffering fatty liver disease.

Keywords: obesity; fatty liver disease; metabolic syndrome; insoluble fiber; fiber; AHA; RESMENA

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is a condition of hepatic steatosis in the absence
of excessive alcohol consumption [1]. The spectrum of NAFLD ranges from simple steatosis
to non-alcoholic steatohepatitis (NASH), which can lead to fibrosis and finally hepatocellular
carcinoma [2]. As a consequence of the obesity epidemic, this liver pathology (NAFLD) is emerging as
an important public health issue and is the most common cause of chronic liver disease in Western
countries, with a prevalence of about 20–30% the general adult population [1]. The pathogenesis of
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NAFLD is multifactorial and triggered by environmental factors such as unbalanced diets or/and
overnutrition as well as by sedentary lifestyles [1]. Concerning the diagnosis of NAFLD, liver biopsy
is considered the “gold standard” of steatosis, fibrosis, and cirrhosis. However, it is rarely performed
because it is an invasive procedure with a significant degree of sampling error [2]. Thus, investigators
are focusing on the design and application of non-invasive liver damage scores for the diagnosis and
management of liver disease [3].

Nowadays, the treatment of NAFLD is based on lifestyle modifications, such as changes in
dietary patterns [4]. Thus, weight loss, exercise, and healthy eating habits are the main strategies to
reduce the incidence and prevalence of NAFLD, although the metabolic mechanisms are still poorly
understood [5]. Previous studies have evidenced a role of weight loss on NAFLD management [6].
However, further investigations to elucidate the interplay between specific dietary components and
fatty liver combined with weight loss are necessary [7], as the number of randomized controlled
studies conducted in this area remain scarce [8]. In this context, the aim of this study was to evaluate
the influence of two energy-restricted diets on non-invasive markers and scores of liver damage in
obese individuals with features of metabolic syndrome after six months of follow-up and to assess the
role of fiber content (quality and quantity) in metabolic outcomes.

2. Materials and Methods

2.1. Study Design

The current study included a total of 70 subjects from the RESMENA (Reduction of Metabolic
Syndrome in Navarra) study, which was designed as a randomized controlled intervention trial to
compare the effects of two hypocaloric dietary strategies on metabolic syndrome (MS) comorbidities
after six-months of follow-up [9]. Initially, a total of 109 Caucasian adults were enrolled in the study,
however, 12 did not present MS according to the International Diabetes Federation (IDF) criteria when
the study began, and another four subjects decided not to start the dietary treatment after signing the
written informed consent. Therefore, 93 subjects were assigned using the “random between 1 and 2”
function in the Microsoft Office Excel 2003 software (Microsoft Iberica, Barcelona, Spain) to follow
one of the two energy-restricted diets. After six months of weight loss intervention, twenty-three
participants (11 from RESMENA and 12 from the American Heart Association (AHA) dietary group)
did not complete the dietary intake questionnaire and/or were missing data regarding biomarkers of
liver status at the end of the intervention. Thus, a total of 70 participants had complete information to
carry out the objective of this study (Figure 1). Subjects were asked to maintain their usual physical
activity (MET—metabolic equivalent of the task), which was controlled by a 24-h physical activity
questionnaire administered at the beginning and at the end of the study.

The RESMENA study followed the CONSORT 2010 guidelines, except for blinding. This research
was performed according to the ethical guidelines of the Declaration of Helsinki, and was appropriately
registered (www.clinicaltrials.gov; NCT01087086). The study was approved by the Research Ethics
Committee of the University of Navarra (ref. 065/2009). Additional aspects of this intervention trial
have been detailed elsewhere [9].

2.2. Nutritional Intervention

Two hypocaloric dietary patterns (AHA vs. RESMENA)—both with the same energy restriction
(−30% of the individual’s requirements)—were prescribed and compared. The AHA diet was based on
American Heart Association guidelines, including 3–5 meals/day, a macronutrient distribution of 55%
total caloric value (TCV) from carbohydrates (whole grains were recommended, but not mandatory),
15% from proteins, and 30% from lipids. On the other hand, the RESMENA diet was designed with a
higher meal frequency, consisting of seven meals/day, and a macronutrient distribution of 40% TCV
from carbohydrates (whole grains were required), 30% from proteins (mainly vegetable protein), and
30% from lipids (omega-3 and extra virgin olive oil intake required).

56



Nutrients 2017, 9, 667

Figure 1. Study design flowchart. AHA: American Heart Association; IDF: International Diabetes
Federation; MS: metabolic syndrome.

A 48-h weighed food record was collected at the beginning and at the end of the study, and was
used to assess the volunteer’s adherence to the prescribed diet. The energy and nutrient content of
these questionnaires were determined using the DIAL software (Alce Ingenieria, Madrid, Spain), as
described elsewhere [10]. This is a validated program in Spain, designed with Spanish foods, and
provides information regarding grams of insoluble and soluble fiber obtained from the diet, as well as
the total fiber supplied by different food groups (fiber from fruits, vegetables, or cereals, separately).

Anthropometric measurements were assessed in fasting conditions following standardized
procedures, as previously reported [9]. Body weight, waist circumference (WC), and body composition
as assessed by dual-energy X-ray absorptiometry (Lunar Prodigy, software version 6.0, Madison, WI,
USA) were examined at baseline and at the end of the intervention using validated protocols [10]. Body
mass index (BMI) was calculated as body weight divided by squared height (kg/m2). Conicity
index (CI) was calculated as the (waist circumference/(0.109 × square root of weight/height))
as published [11], where WC and height were measured in meters and weight was measured
in kg. Blood glucose, total cholesterol (TC), triglycerides (TG), alanine aminotransferase (ALT),
aspartate aminotransferase (AST), and gamma-glutamyl transferase (GGT) were measured on an
autoanalyzer (Pentra C-200; HORIBA ABX, Madrid, Spain). Plasma concentrations of cytokeratin-18
(CK18)-fragments (M30 and M65) levels were assessed by ELISA assay (Mercodia, Uppsala,
Sweden) with an autoanalyzer system (Triturus, Grifols SA, Barcelona, Spain) following the
manufacturer’s instructions.

The fatty liver index (FLI) is an algorithm derived from serum TG, BMI, WC, and GGT
levels [12–15], and was validated in a large group of subjects with or without suspected liver disease
with an accuracy of 0.84 (95% CI) in detecting fatty liver. Fatty liver index varies between 0 and 100,
indicating the presence of steatosis with a score ≥ 60. The NAFLD liver fat score [16] was calculated
by a complex equation, combining the following parameters: the presence of MS (according to IDF
criteria), the presence of Type 2 diabetes, fasting serum insulin, aspartate amino-transferase (AST),
and the aspartate–alanine aminotransferase ratio (AST/ALT ratio). This score (NAFLD_LFS) allows
the prediction of steatosis, defined as a liver fat content ≥ 5.56% as assessed by 1H-magnetic resonance
spectroscopy (1H-MRS) with good accuracy (area under the receiver operating characteristic curve
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(AUROC): 0.86). The hepatic steatosis index (HSI) was also calculated for the assessment of liver
steatosis. The formula includes ALT/AST ratio, diabetes, and gender [17]. A value > 36 indicates liver
steatosis. Additional hepatic steatosis predictors were calculated based on the available data such
as the BAAT (body mass index, age, alanine aminotransferase, triglycerides) and BARD (body mass
index, aspartate aminotransferase:alanine aminotransferase, diabetes) scores which included BMI,
age, alanine amino transferase (ALT), and TG; and BMI, AST/ALT ratio and presence of diabetes,
respectively [18]. Finally, the visceral adiposity index (VAI) was calculated [19], given that is a simple
index of visceral fat function that predicts cardiometabolic risk in general population.

2.3. Statistical Analysis

Analyses were performed using 12.0 (Stata Corp College Station, TX, USA). Fiber dietary
groups were classified as total fiber consumption (total dietary fiber), insoluble fiber (total insoluble
dietary fiber), soluble fiber (total soluble dietary fiber), fruit fiber (specifically fiber from fruits),
vegetable fiber (specifically fiber from vegetables), and cereal fiber (specifically fiber from cereals).
The median values of fiber intake were used to classify the participants into high (≥50th percentile)
or low (<50th percentile) fiber consumption. Normality distributions of the evaluated variables were
determined by Shapiro–Wilk test. Continuous variables were compared between groups by the
Student’s t-test or the Mann–Whitney U test for parametric or non-parametric variables, respectively.
Categorical variables were compared by the chi-squared test. The relationship between variables was
assessed by the Pearson’s correlation coefficient or the Spearman’s rho (p). A linear regression model
was performed to assess the influence of independent variables such as fiber from fruits, age, total
energy intake, and physical activity estimations on the variability of FLI score. The linear regression
model was not adjusted for weight variable, since FLI carries the BMI value in its calculation. All
p-values presented are two-tailed, and differences were considered statistically significant at p < 0.05.

3. Results

The average age of participants was 49 ± 9 years, of which 50.5% were women. At the beginning
of the study, no significant differences were observed between dietary groups. After 6 months, the
mean of body weight loss was 7.9 ± 4.8 kg and 9.7 ± 5.4 kg in the AHA and RESMENA dietary
groups, respectively (Table 1). Both nutritional treatments significantly reduced BMI, CI, WC, total
and android fat mass, as well as IDF (International Diabetes Federation) of metabolic syndrome after 6
months of nutritional intervention. Likewise, the cardiometabolic risk factors (Triglycerides/glucose
ratio (TyG index), waist-to-height ratio, % diabetes, % hypertension) showed significant reductions
with both diets. However, the changes (baseline vs. 6 months) in the reported variables did not differ
between the RESMENA and AHA dietary strategies, with the exception of high-density lipoprotein
cholesterol (HDL-c) levels, which were significantly increased in AHA compared to the RESMENA
group at the end of study (Table 1). Regarding dietary intake, the analysis of weighed dietary records
showed that total fiber intake was higher during the intervention period than the intake before starting
the nutritional program (baseline) in both dietary groups, while participants from the RESMENA
dietary group showed a significantly higher intake of insoluble fiber after six months (Table 1).
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Table 1. Characteristics of the participants at baseline and after 6 months according to dietary treatment.

n = 70
AHA (n = 33) RESMENA (n = 37)

Δp-Value
Baseline 6 Months Baseline 6 Months

Body composition
Weight (kg) 99.2 (19) 91.8 (17) ** 100.4 (16) 92.6 (16) ** 0.155

BMI 35.8 (4) 32.9 (4) ** 35.7 (4) 32.2 (4) ** 0.153
Conicity Index 1.3 1.2 ** 1.3 1.2 ** 0.083

WC (cm) 110.2 (13) 103.3 (13) ** 111.8 (12) 102.4 (2) ** 0.441
Total Fat Mass (%) 41.7 (6) 38.5 (7) ** 42.3 (6) 38.2 (7) ** 0.191
Android FM (kg) 4.5 (1.3) 3.9 (1.8) 4.8 (1.2) 3.6 (1) ** 0.151

IDF criteria
Glucose (mg/dL) 121.5 (33) 115.4 (24) ** 123.8 (37) 111.7 (29) ** 0.559

TG (mg/dL) 175.3 (90) 139.6 (87) * 194.2(122) 145.4 (83) ** 0.863
SBP (mmHg) 150 (17) 137 (13) ** 147 (21) 135 (15) ** 0.654
DBP (mmHg) 85 (9) 78 (10) * 84 (9) 78 (10) ** 0.436

HDL-c (mg/dL) 46.3 (9) 51.5 (11) ** 43.3 (9) 46.2 (10) 0.042
LDL-c (mg/dL) 140.4 (36) 140.1(36) ** 136.7 (41) 136.3 (41) * 0.570

TC (mg/dL) 221.8 (39) 226.5 (40) 218.5 (47) 213.3 (39) 0.332
Homa-index 4.6 (3.7) 2.6 (2.9) ** 4.4 (3.0) 2.3 (1.7) ** 0.820

Cardiometabolic risk factors
TyG index 9.1 (0.5) 8.8 (0.5) * 9.1 (0.7) 8.8 (0.6) ** 0.487

Waist to height ratio 0.6 (0.0) 0.6 (0.1) ** 0.6 (0.1) 0.6 (0.1) ** 0.095
LDL-c/HDL-c 3.0 (1.0) 3.5 (0.7) 3.1(0.9) 3.7 (0.8) 0.432

Diabetes % 74.4 65.7 74.4 52.7 * 0.389
Hypertension % 93 43 82.9 52 * 0.323

Macronutrient intake
Total Energy (kcal) 2102 (450) 1529 (316) ** 2276 (565) 1548 (381) ** 0.527
Carbohydrate (g) 186.5 (58) 140.4 (45) ** 201.3 (65) 138.2 (37) ** 0.098

Proteins (g) 93.7 (21) 66.6 (18) ** 95.7 (20) 78.2 (17) ** 0.198
Lipids (g) 97.1 (27) 69.4(17) ** 101.3 (29) 66.5 (20) ** 0.231

Fiber consumption (g/1000 kcal)
Total fiber 18.7 (10) 20.7 (8) * 21.8 (7) 26.0 (7) * 0.585

Soluble fiber 2.1 (0.9) 2.1 (0.8) 2.0 (0.6) 2.5 (0.9) 0.657
Insoluble fiber 4.3 (3.2) 4.5 (2.1) 3.2 (1) 5.6 (1.5) * 0.190

(Mean ± SD); Paired and Unpaired t-tests were carried out. * p < 0.05, comparison within each dietary group
(baseline and after 6 months); ** p < 0.001, within each dietary group (baseline and after 6 months). Δp-value,
comparison of the changes (baseline and 6 months) between dietary groups (AHA vs. RESMENA); BMI: body mass
index; FM: fat mass; SBP: Systolic blood pressure; DPB: Diastolic blood pressure; HDL-c: high-density lipoprotein
cholesterol; IDF, International Diabetes Federation; LDL-c: low-density lipoprotein cholesterol; TC: total cholesterol;
TG: triglycerides; WC: waist circumference; TyG: Triglycerides/glucose ratio.

In relation to liver health, a significant decrease was observed in ALT, GGT, and M30 levels as
well as NAFLD_LF score, FLI, HSI, VAI and BAAT scores with both dietary strategies (AHA and
RESMENA) after 6 months of follow-up (Table 2). Given that transaminases showed significant
difference at baseline between dietary groups, the analyses concerning transaminases were adjusted
by ALT and AST values at baseline. AST values only showed a significant reduction in the RESMENA
group. In contrast, fragments of M65 only obtained significant improvements in the AHA group. In
addition, the BARD score did not show relevant improvements either dietary group. It is important
to note that the changes (baseline vs. 6 months) in the reported variables were not different between
dietary strategies (Table 2). Thus, both dietary strategies were equally effective regarding liver status.
Consequently and based on previous investigations [20,21], both dietary groups were merged for
the analysis of fiber consumption because they produced similar outcomes for all relevant variables
and markers.
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Table 2. Non-invasive markers of liver damage at baseline and after 6 months according to
dietary treatment.

n = 70
AHA (n = 33) RESMENA (n = 37)

Δp-Value
Baseline 6 Months Baseline 6 Months

Hepatic measurements

ALT (U/L) 37.4 (21) 25.2 (8) * 29.4 (11) 22.8 (8) ** 0.642 #

AST (U/L) 25.1 (10) 23.3 (6) 21.7 (6) 20.2 (4) ** 0.126 #

GGT (U/L) 40.2 (24) 30.3 (17) * 41.4 (26) 27.1 (14) ** 0.135
M65 (U/L) 307.8 (198) 217.6 (108) ** 259.4 (135) 230.9 (91) 0.125
M30 (U/L) 200.3 (125) 128.7 (51) * 156.1 (99) 103.5 (35) * 0.304

NAFLD_LFS 2.2 (2.6) 0.4 (2.2) ** 1.9 (1.9) −0.09 (1.9) ** 0.429
FLI 84.6 (17) 68.4 (25) ** 85.2 (16) 69.4 (25) ** 0.793
HSI 49.2 (6) 44.1 (5) ** 48.4 (5) 43.1 (5) ** 0.759
VAI 2.8 (1.9) 2.0 (1.7) ** 3.6 (2.9) 2.3 (15) ** 0.920

BARD 2.5 (0.9) 2.8 (1.1) 2.6 (1.2) 2.8 (1) 0.713
BAAT 2.1 (0.7) 1.6 (0.7) ** 2.0 (0.6) 1.7 (0.7) ** 0.265

(Mean ± SD); M30 and M65: cytokeratin-18 (CK18) fragments; ALT: alanine aminotransferase; AST: aspartate
aminotransferase; GGT: gamma-glutamyl transferase; FLI: fatty liver index; HSI: hepatic steatosis index; VAI:
visceral adipose index; NAFLD_LFS: non-alcoholic fatty liver disease liver fat score; BARD score; BAAT score;
Paired and unpaired t-tests were carried out. * p < 0.05, comparison within each dietary group baseline vs. after
6 months. ** p < 0.001, within each dietary group baseline vs. after 6 months; Δp-value, comparison changes
(baseline and 6 months) between dietary groups. # Adjusted by baseline value.

We analyzed the potential role of dietary macronutrients (carbohydrates, fat, and proteins) on
liver status (FLI), and no significant associations were observed: carbohydrates (β = 0.011; p = 0.751;
R = 0.0017), lipids (β = 0.126; p = 0.084; R = 0.049), saturated fatty acids (β = −0.017; p = 0.431, R = 0.009),
monounsaturated fatty acids (β = −0.031, p =0.390, R = 0.001), polyunsaturated fatty acids (β = −0.198;
p = 0.209; R = 0.208), omega-3 fatty acids (β = −0.930; p = 0.288; R = 0.051), and proteins β = −0.66;
p = 0.480; R = 0.008). In order to analyze the specific role of fiber on liver health, the predictors of liver
damage according to high and low (<50th percentile vs. ≥50th percentile) consumption of different
types of fiber were assessed at the end of the study (Table 3). Insoluble fiber and fiber from fruits
showed interesting results, since participants with higher consumption of these types of fiber reduced
markers of liver status associated with fatty liver. It is important to highlight that a high consumption
of insoluble fiber resulted in improvements in FLI, HSI, NAFLD_LFS, while significant improvements
in GGT and transaminases (AST and ALT) were observed as a result of fruit fiber consumption.

Table 3. Non-invasive markers of liver damage categorized according to the median of fiber
consumption after 6 months.

n = 70
Total Fiber (g/Day)

Insoluble Fiber
(g/Day)

Soluble Fiber
(g/Day)

Fruit Fiber (g/Day)

<39.1 ≥39.1 <7.5 ≥7.5 <3.2 ≥3.2 <8.8 ≥8.8

ALT (U/L) 26.3 (9) 23.3 (8) 26.2 (9) 23.4 (8) 26.4 (9) 23.5 (7) 27.2 (8) 22.4 (8) #

AST (U/L) 21.5 (6) 21. 6(6) 22.8 (5) 21.6 (6) 22.6 (5) 21.4 (6) 23.8 (5) 19.3 (5) #

GGT (U/L) 29.4 (17) 28.2 (15) 28.1 (14) 29.5 (18) 28.1 (16) 28.2 (17) 34.1 (18) 23.5 (11) *
M65 (U/L) 218.6 (83) 232.1 (118) 223.1 (14) 227.4 (20) 231.4 (15) 220.6 (20) 236.5 (22) 213.4 (12)
M30 (U/L) 120.2 (50) 109.4 (45) 123.2 (9) 107.5 (7) 124.3 (9) 107.4 (6) 121.2 (8) 113.6 (7)

FLI 75.3 (17) 57.2 (29) 74. 4 (21) 60.6 (27) * 71.1 (25) 62.2 (25) 72.4 (23) 65.8 (26)
HSI 45.2 (5) 42.4 (6) 4.27 (3) 41.2 (4) * 44.6 (5) 42.7 (6) 43.6 (6) 44.1 (5)
VAI 0.5 (2) −0.1 (1) 2.4 (1) 1.7 (1) 2.1 (1.8) 1.9 (1.4) 2.4 (2.1) 1.9 (1.1)

NAFLD_LFS 2.6 (1) 2.8 (1) 0.9 (2) −0.5 (1) * 0.2 (2.4) 0.1 (1.7) 0.8 (2.2) −0.3 (1.7)

* p < 0.05 indicates differences between values above and below the median. # p < 0.05. Adjusted by baseline values;
Cut off mean values: Total fiber (41.0 g); Insoluble fiber (3.1 g); Soluble fiber (1.6 g); Fruit fiber (3.4 g). ALT: alanine
aminotransferase; AST: aspartate aminotransferase; GGT: gamma-glutamyl transferase; FLI: fatty liver index; HSI:
hepatic steatosis index; VAI: visceral adipose index; NAFLD_LFS: non-alcoholic fatty liver disease liver fat score.
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Reinforcing this idea, a linear regression analysis was carried out to assess the influence of changes
in the consumption of different types of fiber in changes in the FLI. Fiber from fruits demonstrated a
positive relationship (R-adjusted: 0.049; p = 0.048; Figure 2). The effect of each fiber group was also
analyzed: vegetables (β = 0.287; p = 0.138, R = 0.037), cereals (β = −0.295; p = 0.608, R = 0.004), insoluble
(β = 0.491; p = 0.159, R = 0.033), soluble (β = −0.472; p = 0.545, R = 0.002). The linear regression model
was adjusted by age, total energy (kcal), and physical activity (metabolic equivalent of the task, MET)
changes (Table 4). When these variables were jointly considered, the predictors of the model explained
up to 11.6% of the variation of changes in the FLI (adjusted R2 = 0.116; Pmodel < 0.026).

 
Figure 2. Regression analysis with changes in FLI and fruit fiber.

Table 4. Regression analysis with changes in fatty liver index and changes in the consumption of fiber
from fruits at 6 months.

Δ Fatty Liver Index β p Pmodel R-Adjusted

Δ Fiber Fruits 0.5769 0.025 0.0265 0.1168
Age −0.4860 0.03 - -

Δ Total energy (kcal) −0.0691 0.149 - -
Δ MET 0.0003 0.461 - -

MET, metabolic equivalent of the task.

4. Discussion

The design of new dietary strategies for NAFLD prevention and for the reduction of causal
factors is needed [22]. Increasing rates of obesity and MS are having an important impact on the rising
incidence and prevalence of liver diseases such as NAFLD; thus, well-designed dietary interventions
are necessary [22]. In this context, the present study compared the effects of two energy-restricted
dietary strategies on anthropometric, biochemical, and non-invasive markers of liver status in obese
individuals with MS features after 6 months of follow-up. Regarding weight loss, body composition,
IDF criteria, and cardiometabolic risk, both dietary regimens had equal effect on most metabolic
markers. HDL-c concentrations were increased in both dietary groups, but only reached significance
in the AHA group. This outcome might be expected, since the AHA diet is specifically based on the
AHA guidelines [23], which focus on cardiovascular care and therefore on lipid profile management.
Interestingly, the RESMENA diet had a positive effect on body weight by reducing android fat mass—a
body region which has been commonly associated with hepatic steatosis [24]. On the other hand,
current research has focused on identifying biomarkers to predict NASH or NAFLD [25,26]. In this
context, Bedogni et al. (2006) designed a simple scoring system named FLI which includes TG, GGT,
BMI, and WC, and it is easily calculated [12]. FLI was developed for the prediction of fatty liver
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disease and shows a good area under the curve of 0.84 [26]. The accuracy of FLI in comparison with
the ultrasonography method for detection and quantification of hepatic steatosis has been validated in
several countries [12,27]. Furthermore, previous studies [17,28–30] have demonstrated and validated
other non-invasive markers of liver status that were used in this study (CK18-fragments, HSI, VAI,
BARD and BAAT score, NAFLD_LFS) in addition to GGT and transaminases. By employing these
non-invasive biomarkers and scores to assess liver status, we showed that energy-restriction within
both dietary patterns produced similar and significant beneficial effects on liver status, as shown in
other dietary studies [31]. The BARD score did not indicate improvements after either of the nutritional
interventions, which might be due to the fact that the BARD score is used to exclude advanced fibrosis
in NAFLD, and other authors have noted that its sensitivity is low [30,32]. Considering the global
results presented in this study, particularly improvements in android fat and liver status, we propose
RESMENA as a novel dietary strategy to be explored in subjects with obesity and fatty liver.

Energy restriction is a key factor for the management of NAFLD [33]. Indeed, the American
Association for the Study of Liver Diseases (AASLD) recommends a loss of at least 3–5% of body
weight to improve steatosis and a greater weight loss (up to 10%) to improve necroinflammation [34].
Other investigations have also demonstrated that weight loss interventions are effective in reducing
NAFLD severity [6]. However, not only is the amount of energy a key component to be considered,
but also the quality of the diet. In relation to fatty acids, diets rich in saturated fat and cholesterol and
low in polyunsaturated fat have been associated with NASH [6], while omega-3 fatty acids have been
proposed for the treatment of NAFLD or NASH [34,35]. In fact, the Mediterranean diet can reduce liver
fat even in the absence of weight loss, and is the most recommended dietary pattern for NAFLD [36,37].
The Mediterranean diet is characterized by reduced carbohydrate intake (especially sugars and refined
carbohydrates), and an increased intake of monounsaturated and omega-3 fatty acids. In the present
study, both dietary patterns (AHA and RESMENA) included the same energy restriction (−30% E)
and were designed taking into account the effect of a different distribution of macronutrients as well
as the beneficial role of specific dietary components. In the present work, energy restriction was a key
factor involved in the improvement of liver health; however, other dietary components—particularly
fiber—may also be involved in the management of steatosis. Several studies have reported that
fiber may play an important role in obesity and related diseases such as insulin resistance and liver
diseases [38]. To our knowledge, this is the first study evaluating the association between types of fiber
and liver status in subjects with obesity and metabolic syndrome following an energy-restricted diet.
Although adherence to the dietary strategies was similar, resulting in no differences in macronutrient
distribution, a variety of hepatic damage markers were lower in those individuals who had a higher
fiber intake. In particular, fiber derived from fruit had a beneficial impact, suggesting that not only
energy restriction but also other dietary components positively influence liver health.

In this context, Zelber-Sagi et al., 2011 suggested that the consumption of diets higher in fiber
could have a preventive role in hepatic disease [39]. Fiber contains components which are not
classified as essential nutrients, but could be important mediators in human health. In fact, a pilot
study of seven patients with NASH reported a significant decrease in aspartate aminotransferase
levels compared to a placebo after 8 weeks of supplementation with oligofructose at 16 g/day [40].
Another study providing 10 g/day of psyllium fiber to 12 patients over the course of three months
found a normalization of transaminases and GGT levels [41]. Dietary fiber can be divided in two
groups—soluble and insoluble—based on physical, chemical, and functional characteristics [42].
Insoluble fibers are insoluble in water and gastric fluids. Soluble fiber dissolves in water and can resist
gastrointestinal enzymatic digestion; therefore, soluble fiber can pass the small intestine to reach the
colon where it can be fermented by intestinal microbiota [43]. This suggests that both soluble and
insoluble fibers could have different roles in gastrointestinal health [44]. For this reason, different fiber
types were investigated in the present study. Interestingly, we found two important fiber groups that
could have a major effect on the reduction of predictors of liver heath: insoluble fiber and fiber from
fruits. Although increasing dietary fiber has a favorable effect on body weight [45], and several studies
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suggest that fermentation activities of the gut microbiota may be a possible contributor to NAFLD [46],
data regarding the effect of different types of fiber remain unclear [47]. Therefore, current research is
warranted to determine the optimal dietary fibers for prevention and reduction of fatty liver disease
accompanying obesity.

A limitation of this study is that NAFLD was evaluated using non-invasive markers instead
of imaging techniques and/or liver biopsies. However, the design of the current trial is based on
validated non-invasive and affordable markers, which makes them an optimal form of diagnosis
in clinical practice. In relation to improvements in liver status, other components occurring in the
dietary pattern such us antioxidants, vitamins, fatty acids, energy restriction etc., may also explain
the observed benefits on liver health, as they could work synergistically with fiber. In addition,
comparisons involving means or regression analyses showed the same trend, although the statistical
outcomes were more confirmatory when adjusted by age, total energy, and MET, which is in agreement
with the expectations. The discordance between the results obtained with different analysis merits
attention before concluding that all observed results are due to fruit fiber. On the other hand, one of
the main strengths of the present research is that it is a randomized controlled trial, considered the
gold standard in the hierarchy of research designs for evaluating the efficacy and safety of a nutritional
intervention. Moreover, the fact that every dietary pattern has been personally designed for each
patient, taking into account sex, height, initial body weight, and physical activity, should also be
highlighted. Finally, it is important to point out that a well-recognized healthy dietary pattern (AHA)
was used as reference, which demonstrates that the positive results obtained with the RESMENA diet
are of significance.

5. Conclusions

These data support that the RESMENA diet may be a valid strategy to counteract MS features
and liver damage accompanying obesity. In addition, this study reveals that the type of dietary fiber
differentially impacts liver health status in obese subjects under energy restriction. However, these
results should be interpreted with caution, since other components contained in fruits, in addition to
fruit fiber, could be involved in the observed benefits.
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Abstract: Upregulated arginase activity, which competes with nitric oxide synthase (NOS), impairs
nitric oxide production and has been implicated in various metabolic disorders. This study examined
whether circulating amino acid metabolite ratios are associated with arginase and NOS activities
and whether arginine bioavailability is associated with metabolic syndrome (MetS). Data related to
arginase and NOS activities were collected from non-diabetic Koreans without cardiovascular disease
(n = 1998) in the Ansan–Ansung cohorts (2005–2006). Subsequently, correlation and multivariate
logistic regression analyses were performed. With the increase in the number of MetS risk factors,
ratios of circulating amino acid metabolites, such as those of ornithine/citrulline, proline/citrulline,
and ornithine/arginine, also significantly increased, whereas arginine bioavailability significantly
decreased. These metabolite ratios and arginase bioavailability were also significantly correlated with
MetS risk-related parameters, which remained significant after adjusting for covariates. In addition,
logistic regression analysis revealed that high ratios of circulating metabolites and low arginine
bioavailability, which indicated increased arginase activity, were significantly associated with a high
MetS risk. This study demonstrated that altered ratios of circulating amino acid metabolites indicates
increased arginase activity and decreased arginine bioavailability, both of which can be potential
markers for MetS risk.

Keywords: metabolic syndrome; arginase activity; ornithine; citrulline; proline; arginine; bioavailability

1. Introduction

Metabolic syndrome (MetS) is a continuously increasing global epidemic [1] and a key pathological
condition leading to the development of type 2 diabetes (T2DM), cardiovascular disease (CVD) [2–6],
and nonalcoholic fatty liver disease [4,6–9].

Recently, arginase blockade has attracted a lot of interest as a promising therapeutic target for
treating diabetes-induced vascular dysfunction [10–12]. Arginase inhibition has been reported to
increase the availability of L-arginine to nitric oxide synthase (NOS) pathway for nitric oxide (NO)
production which triggers the biological process for vasodilation by relaxing smooth muscle cells,
leading to improvement of endothelial dysfunction in patients with metabolic disorders (i.e., CVD
and T2DM) [10]. Our previous study has also demonstrated that arginase inhibition ameliorates
obesity-induced abnormalities in hepatic lipids, endothelial function, and whole-body adiposity [11,12].
In addition, L-arginine supplementation has been reported to enhance whole-body insulin sensitivity
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and reduce plasma levels of fatty acids and triglycerides (TGs), indicating that it is a potentially effective
treatment strategy for obesity and MetS [13–17]. Arginase catalyzes L-arginine hydrolysis into urea and
L-ornithine, a proline precursor, and competes with NOS for L-arginine in combined NO and citrulline
production; this regulates NOS activity and NO (Figure 1) [18,19]. The competitive nature of interaction
between arginase and NOS indicates that increased arginase activity and/or arginase-mediated
L-arginine depletion may lower NO bioavailability, which may potentially be associated with
mechanisms underlying metabolic disorders, such as T2DM and cardiovascular dysfunction [20]. Thus,
arginase and NOS activities may play a major role in regulating pathological/metabolic conditions by
contributing to the alteration in arginine (substrate) bioavailability and ratios of secondary amino acid
metabolites (namely those of ornithine, citrulline, and proline).

Figure 1. Arginine metabolism. ARG, arginase; NO, nitric oxide; NOS, nitric oxide synthase; OAT,
ornithine aminotransferase; P5C, L-pyrroline-5-carboxylate. φ Major dietary sources of L-arginine are
meat, poultry, fish, dairy products, nuts, etc.

In this study, therefore, we hypothesized that circulating amino acid metabolite ratios may reflect
arginase and NOS activities, and arginine bioavailability is associated with MetS risk, which can be
useful indicators for assessing MetS risk.

2. Materials and Methods

2.1. Study Participants

This is a cross-sectional analysis of data from an ongoing prospective cohort study which is a
community-based cohort study with data collected from the Korean Genome and Epidemiology Study
(KoGES). Detailed information on the study design and aims of the KoGES has been reported [21].
In brief, a total of 10,030 individuals aged 40–69 years who lived in Ansan (urban) and Ansung
(rural) were recruited for a baseline in 2001–2002, aiming to establish a national genomic cohort and
examine the epidemiologic characteristics in Korea. All participants visited a community clinic for
questionnaire-based interviews on demographic information, lifestyle, health condition, and medical
history, and for anthropometry and clinical examination, and follow-up examinations were conducted
biennially. The present study was based on the data on the third follow-up examination during
May 2005–November 2006. Of the 7515 participants, this study was conducted with 2580 participants
whose information for metabolites was available. After we excluded subjects who had diabetes and
cardiovascular diseases, a total of 1998 subjects (913 men and 1085 women aged 43–74 years) were
finally included for the analysis of this study. The written informed consent was obtained from each
participant, and the study protocol was approved by the Institute Review Board at the Korea University
(KU-IRB-16-EX-272-A-1).

2.2. General Information, Anthropometric and Biochemical Measurements

Survey questionnaires were administered by trained interviewers to obtain demographic and
behavioral information (i.e., information on age, sex, physical activity, cigarette smoking, and alcohol
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consumption). Smoking status and drinking status was classified into three categories: never, former,
and current. Participants were asked how long they had participated in five types of activities
(sedentary, very light, light, moderate, and intense physical activity). The total metabolic equivalents
(METs) were calculated by summing the METs for each type of activity (1.0 for sedentary, 1.5 for
very light, 2.4 for light, 5.0 for moderate, and 7.5 for intense activities) [22]. Physical activity was
divided into three categories based on the total METs: low (<20), moderate (20–40), and high (≥40)
level of activities. Height and body weight (kg) were measured to the nearest 0.1 cm or 0.1 kg while
wearing lightweight clothes without shoes. BMI was calculated as weight in kilograms divided by
height in meters squared (kg/m2). Waist circumference (WC, cm) was measured at the midpoint
between the lowest rib and the iliac crest in a standing position in 0.1 cm unit, and the average of
three repeated measurements was used in the analysis. Repeated measurements of blood pressure
(BP) were performed by a trained technician using a mercury sphygmomanometer. Two readings
were taken on the left and right arms of subject in a lying position with a 5-min rest between readings.
The measurements were recorded to the nearest 2 mmHg and its average was calculated for systolic and
diastolic BPs (SBP, and DBP). The blood samples were collected after at least 8 h of fasting for assays of
triglycerides (TG; mg/dL), high-density lipoprotein cholesterol (HDLC; mg/dL), fasting blood glucose
(FBG; mg/dL), total cholesterol (TC; mg/dL), aspartate aminotransferase (AST; IU/L) and alanine
aminotransferase (ALT; IU/L) measured using an automatic analyzer (ADVIA 1650 and 1680, Siemens,
Tarrytown, NY, USA). Low-density lipoprotein cholesterol (LDLC; mg/dL) were calculated using the
Friedwald equation [23]: LDLC (mg/dL) = TC (mg/dL) − HDLC (mg/dL) − (TG (mg/dL)/5) with
TG levels below 400 mg/dL.

2.3. Metabolite Measurement

Targeted metabolomic measurements were performed using the Biocrates platform method using
the AbsoluteIDQTM p180 Kit (BIOCRATES Life Sciences AG, Innsbruck, Austria) with stable nternal
standards as reference for the calculation of all metabolite concentrations. AbsoluteIDQTM p180 Kit
contains a 96-well plate with a filter plate. A total of 10 uL serum was loaded on a filter, and then
extracts were analyzed by FIA-MS/MS and LC-MS/MS method. Quality assessment of the metabolite
concentration measurement was performed with the MetValTM software package (BIOCRATES Life
Sciences AG, Innsbruck, Austria), and quality control (QC) was performed using a calibrator and QC
samples included on each plate. Finally, 139 metabolites were detected and quantification by analyzing
36 QC serum samples. For this study, four circulating amino acid metabolites including ornithine,
proline, citrulline, arginine were selected and the ratios such as ornithine/citrulline, proline/citrulline,
ornithine/arginine, and arginine bioavailability related to the arginase activity were tested to evaluate
the association with MetS risk.

2.4. Definition of Metabolic Syndrome

MetS was defined by the guidelines of the National Cholesterol Education Program Adult
Treatment panel III [24] with a combination of the World Health Organization and Asian Pacific cutoff
value for WC [25]. Briefly, subjects who met at least three of the following criteria were considered
as having MetS: (1) SBP ≥ 130/DBP ≥ 85 mmHg or antihypertensive drug use; (2) TG ≥ 150 mg/dL
or TG-lowering medication use; (3) HDLC ≤ 40 mg/dL in men and ≤ 50mg/dL in women or
HDLC-increasing drug use; (4) WC ≥ 90 cm in men and ≥ 80 cm in women; and (5) FBG ≥ 100 mg/dL
or antidiabetic drug use (insulin or oral agents).

2.5. Statistical Analysis

All analyses were performed using Stata SE 12.0 (Stata Corp, College Station, TX, USA).
Continuous variables measured in this study were presented as mean ± standard error (SE), and
categorical variables are expressed as percentage (%). Differences between MetS people and non-MetS
people were determined with Student’s t-tests and a general linear model (GLM) with Bonferroni’s
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multiple comparisons test considering potential confounding factors for continuous data and the
chi-square test for the categorical data. The potential confounding factors included sex, age, BMI
(log-transformed), smoking status (never, former, current), and drinking status (never, former, current).
Because of skewed distribution, body weight, BMI, other parameters (TG, HDLC, FBG, AST, and
ALT), and all metabolites (ornithine, citrulline, proline, arginine) were logarithmically transformed
before analysis. General linear model (GLM) with Bonferroni’s multiple comparisons test were also
used to compare differences in ratios of amino acid according to MetS risk status divided into three
groups based on the number of MetS risk factors (0, 1–2, ≥3), after adjusting for potential confounding
valuables. Pearson correlation coefficients (r-values) were calculated to determine the relationship
between circulating amino acids metabolites and MetS risk factors or related biochemical parameters,
including TG, HDLC, FBG, SBP, DBP, TC, LDLC, AST and ALT. The partial Spearman correlations
were also estimated adjusting for sex, age, BMI, and smoking/drinking status. In addition, logistic
regression analyses were carried out to obtain the odds ratios (ORs) and 95% confidence intervals (CIs).
We evaluated the associations of circulating amino acids metabolites levels with MetS. All statistical
analyses were conducted in three models as follows: unadjusted (Model 0), adjusted for sex, age and
BMI (Model 1), and additionally adjusted for smoking and drinking status (Model 2). A p-value < 0.05
was considered significant.

3. Results

3.1. General Characteristics of Participants According to Metabolic Syndrome

As shown in Table 1, study participants were divided into two groups: non-MetS (n = 1699)
and MetS (n = 299). The MetS group had a higher proportion of females, contained older and
heavier participants, consumed less alcohol, and smoked fewer cigarettes than the non-MetS group.
Therefore, these parameters were controlled for further analysis. As expected, the MetS group exhibited
significantly larger WCs, higher BPs, higher TG and FBG levels, and lower HDLC levels than the
non-MetS group. In addition, serum levels of TC, LDLC, AST, and ALT were also higher in the MetS
group than in the non-MetS group. The statistical significances were maintained after the adjustment.

Table 1. Basic population characteristics according to MetS status.

Total (n = 1998) Non-MetS (n = 1699) MetS (n = 299) P0 P1 P2

Age (years) 56.02 ± 0.22 59.92 ± 0.50 <0.001 - -
Male (%) 48.73 28.43 <0.001 - -

Body weight (kg) φ 61.23 ± 0.25 65.88 ± 0.59 <0.001 - -
BMI (kg/m2) φ 23.89 ± 0.07 26.82 ± 0.17 <0.001 - -

Physical activity (%)
Low 14.83 11.41

0.292 0.296 0.454Moderate 36.35 37.25
High 48.82 51.34

Drinking status (%)
Never 47.00 55.85

0.018 <0.001 -Former 4.71 3.68
Current 48.29 40.47

Smoking status (%)
Never 61.13 74.92

<0.001 <0.001 -Former 18.14 8.70
Current 20.73 16.39

MetS risk factors
WC (cm) 83.13 ± 0.21 93.44 ± 0.45 <0.001 - <0.001

TG (mg/dL) φ 121.63 ± 1.90 233.57 ± 11.31 <0.001 <0.001 <0.001
HDLC (mg/dL) φ 45.55 ± 0.25 37.85 ± 0.40 <0.001 <0.001 <0.001
FBG (mg/dL) φ 89.85 ± 0.25 95.97 ± 0.68 <0.001 <0.001 <0.001

SBP (mmHg) 114.20 ± 0.37 129.14 ± 0.90 <0.001 <0.001 <0.001
DBP (mmHg) 74.98 ± 0.23 84.19 ± 0.57 <0.001 <0.001 <0.001
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Table 1. Cont.

Total (n = 1998) Non-MetS (n = 1699) MetS (n = 299) P0 P1 P2

Biochemical parameters
TC (mg/dL) 191.08 ± 0.85 202.56 ± 2.24 <0.001 <0.001 <0.001

LDLC (mg/dL) 121.43 ± 0.74 125.34 ± 2.08 0.054 <0.001 <0.001
AST (IU/L) φ 25.21 ± 0.27 27.74 ± 2.20 0.271 <0.001 <0.001
ALT (IU/L) φ 22.49 ± 0.41 24.97 ± 1.06 0.003 <0.001 <0.001

Data are presented as mean ± standard error or percentage (%). φ tested after log-transformed; tested by t-test
(unadjusted), general linear model (GLM) with Bonferroni’s multiple comparisons test (adjusted), or chi square test;
P0: unadjusted p-value; P1: p-value after adjusting for age, sex and BMI. P2: p-value after adjusting for age, sex,
BMI, cigarette smoking and alcohol consumption; ALT: alanine aminotransferase; AST: aspartate aminotransferase;
DBP: diastolic BP; SBP: systolic BP; FBG: fasting blood glucose; HDLC: high density lipoprotein cholesterol;
LDLC: low-density lipoprotein cholesterol; MetS: metabolic syndrome; TC, total cholesterol; TG, triglyceride; WC,
waist circumference.

3.2. Circulating Amino Acid Metabolite Ratios Associated with Arginase and Nitric Oxide Synthase Activities
According to Metabolic Syndrome Risk Status

Ratios of circulating amino acid metabolites, namely ornithine, citrulline, proline, and
arginine, associated with arginase and NOS activities and arginine bioavailability, were individually
measured, and subsequently, ratios of these metabolites were calculated. The ornithine to citrulline
(ornithine/citrulline) and proline to citrulline (proline/citrulline) ratios indirectly indicated the
arginase/NOS activity ratio, whereas the ornithine/arginine ratio directly indicated arginase activity.
As shown in Figure 2, with the increase in the number of MetS risk factors, ornithine/citrulline,
proline/citrulline, and ornithine/arginine ratios also significantly increased (MetS risk factor = 0,
n = 478; MetS risk factor = 1–2, n = 1221; MetS risk factor ≥3, n = 299). On the other hand, arginine
bioavailability, defined as arginine/(ornithine + citrulline), significantly decreased with the increase in
the number of MetS risk factors.

 

Figure 2. Association between circulating amino acids metabolites and MetS risk status. Data are
presented as mean ± standard error; tested after log-transformed; tested by general linear model
(GLM) with Bonferroni’s multiple comparisons test (adjustment for age, sex, BMI, cigarette smoking
and alcohol consumption); MetS RF: MetS risk factor. * represents significant differences in the values
between Mets RF ≥ 3 group and MetS RF 0/MetS RF 1–2 groups; § Arginine bioavailability is defined
as Arginine/(Ornithine + Citrulline).
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3.3. Correlations between Amino Acid Metabolites and Metabolic Syndrome Risk-Related Parameters

Pearson (r0, P0) and partial (r1, P1) correlation analyses were performed to identify the relationship
between the MetS risk-related metabolic parameters and the ratios of amino acid metabolites. As shown
in Figure 3, WCs were positively correlated with the ornithine/citrulline ratio (r0 = 0.128, P0 < 0.001;
r1 = 0.134, P1 < 0.001), proline/citrulline ratio (r0 = 0.146, P0 < 0.001; r1 = 0.202, P1 < 0.001), and
ornithine/arginine ratio (r0 = 0.123, P0 < 0.001; r1 = 0.089, P1 < 0.001) but were negatively correlated with
arginine bioavailability (r0 = −0.111, P0 < 0.001; r1 = −0.071, P1 = 0.002) before and after adjustments
for age, sex, BMI, cigarette smoking, and alcohol consumption. In addition, after the adjustment,
serum levels of TG (r1 = 0.062, P1 < 0.05), FBG (r1 = 0.051, p < 0.05), AST (r1 = 0.114, P1 < 0.05), and
ALT (r1 = 0.097, P1 < 0.05) were positively correlated but those of HDLC (r1 = −0.051, P1 < 0.05) were
negatively correlated with the ornithine/citrulline ratio (Table 2). DBPs (r = 0.035, p < 0.05), TC levels
(r1 = 0.028, P1 < 0.05), and ALT levels (r1 = 0.079, P1 < 0.05) were positively correlated but AST levels
(r1 = −0.005, P1 < 0.05) were negatively correlated with the proline/citrulline ratio. Serum levels
of TG (r1 = 0.027, P1 < 0.05) and ALT (r1 = 0.054, P1 < 0.05) were positively correlated but those of
HDLC (r1 = −0.088, P1 < 0.05), and FBG (r1 = −0.002, P1 < 0.05) were negatively correlated with the
ornithine/arginine ratio. On the other hand, arginine bioavailability was positively correlated with
serum levels of HDLC (r1 = 0.110, P1 < 0.05), and TC (r1 = 0.074, P1 < 0.05) but negatively correlated
with DBPs (r1 = −0.051, P1 = 0.05) and AST levels (r1 = −0.107, P1 < 0.05) (Table 2).

 
Figure 3. Relationship between circulating amino acids metabolites and waist circumference.
Data are represented as mean ± standard error; r—correlation co-efficient, p: p-value. Data were
tested by Pearson (r0, P0, unadjusted) and Partial (r1, P1: adjusted for age, sex, BMI,
cigarette smoking and alcohol consumption) correlation analyses. φ tested after log-transformed;
§ Arginine bioavailability = Arginine/(Ornithine + Citrulline).
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Table 2. Correlation between circulating amino acid metabolites, MetS risk factors, and related
biochemical parameters.

Total (n = 1998) ORN/CIT PRO/CIT ORN/ARG Arginine Bioavailability §

TG (mg/dL) φ 0.062 * 0.149 0.027 * −0.026
HDLC (mg/dL) φ −0.051 * −0.056 −0.088 * 0.110 *
FBG (mg/dL) φ 0.051 * 0.134 −0.002 * 0.021

SBP (mmHg) 0.020 0.038 0.021 −0.029
DBP (mmHg) 0.041 0.035 * 0.054 −0.051 *
TC (mg/dL) 0.010 0.028 * −0.048 0.074 *

LDLC (mg/dL) −0.017 −0.022 −0.043 0.044
AST (IU/L) φ 0.114 * −0.005 * 0.170 −0.107 *
ALT (IU/L) φ 0.097 * 0.079 * 0.054 * −0.025

Correlation coefficient, tested by partial correlation analysis with adjustment for age, sex, BMI,
and smoking status and alcohol consumption. φ tested after log-transformed; * p-value < 0.05;
§ Arginine bioavailability = Arginine/(Ornithine + Citrulline); ALT, alanine aminotransferase; AST, aspartate
aminotransferase; DBP, diastolic blood pressure; FBG, fasting blood glucose; HDLC, high-density lipoprotein
cholesterol; LDLC, low-density lipoprotein cholesterol; SBP, systolic blood pressure; TC, total cholesterol;
TG, triglyceride.

3.4. Association between Circulating Amino Acid Metabolite Ratios and Metabolic Syndrome Risk

Associations between amino acid metabolite ratios and MetS risk were evaluated by comparing
ORs (95% CIs), which were calculated using a logistic regression model with adjustments for
confounding factors (namely age, sex, BMI, cigarette smoking, and alcohol consumption) (Table 3).
Study population was divided into quartile groups according to each amino acid metabolite ratio.
The highest quartile group of the ornithine/citrulline ratio demonstrated higher MetS risk than the
lowest quartile group before and after the adjustment (OR0: 1.98, 95% CI: 1.39–2.82, P0 < 0.001;
OR1: 1.75, 95% CI: 1.18–2.59, P1 = 0.005; OR2: 1.71, 95% CI: 1.15–2.54, P2 = 0.008). In addition, the
highest quartile group of the ornithine/arginine ratio demonstrated higher MetS risk than the lowest
quartile group before and after the adjustment (OR0: 2.89, 95% CI: 1.98–4.22, P0 < 0.001; OR1: 2.58,
95% CI: 1.70–3.90, P1 < 0.001; OR2: 2.57, 95% CI: 1.69–3.90, P2 < 0.001). However, the proline/citrulline
ratio was not significantly associated with MetS, whereas arginine bioavailability was negatively
associated with MetS (OR0: 0.38, 95% CI: 0.26–0.55, P0 < 0.001; OR1: 0.40, 95% CI: 0.26–0.60, P1 < 0.001;
OR2: 0.40, 95% CI: 0.26–0.61, P2 < 0.001). Next, multiple regression analysis was performed to identify
the association of contributing factors, amino acid metabolite ratios, and arginine bioavailability with
MetS risk. ORs for the association of the ornithine/citrulline ratio and arginine bioavailability with
MetS were 1.33 (95% CI: 0.87–2.05, p = 0.188) and 0.45 (95% CI: 0.29–0.69, p < 0.001), respectively, after
the adjustment. ORs for the association of the proline/citrulline ratio and arginine bioavailability with
MetS were 1.48 (95% CI: 0.97–2.25, p = 0.070) and 0.38 (95% CI: 0.25–0.58, p < 0.001), respectively, after
the adjustment. ORs for the association of the ornithine/arginine ratio and arginine bioavailability
with MetS were 2.62 (95% CI: 0.92–7.44), p = 0.070) and 0.97 (95% CI: 0.34–2.78, p = 0.961), respectively,
after the adjustment.

Table 3. Risk of MetS associated with circulating amino acid metabolites.

Total (n = 1998)
OR0 (95% CI)

p-Value
OR1 (95% CI)

p-Value
OR2 (95% CI)

p-Value

ORN/CIT φ 1.98 (1.39, 2.82) <0.001 1.75 (1.18, 2.59) 0.005 1.71 (1.15, 2.54) 0.008
PRO/CIT φ 1.29 (0.91, 1.85) 0.154 1.33 (0.88, 2.01) 0.174 1.30 (0.86, 1.97) 0.215

ORN/ARG φ 2.89 (1.98, 4.22) <0.001 2.58 (1.70, 3.90) <0.001 2.57 (1.69, 3.90) <0.001
Arginine bioavailability φ,§ 0.38 (0.26, 0.55) <0.001 0.40 (0.26, 0.60) <0.001 0.40 (0.26, 0.61) <0.001

OR: odds ratio, CI: confidence interval, φ tested after log-transformed; The association was calculated
using the OR (95% CIs) of a logistic regression model (OR0: unadjusted, OR1: adjusted for
age, sex, and BMI, OR2 adjusted for age, sex, BMI and smoking status and alcohol consumption).
§ Arginine bioavailability = Arginine/(Ornithine + Citrulline); ARG, Arginine; CIT, Citrulline; ORN, Ornithine;
PRO, Proline.
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4. Discussion

This study demonstrated that alterations in circulating amino acid metabolite ratios, which are
indicative of arginase and NOS activities, and arginine bioavailability were significantly associated with
MetS risk: people with high ratios of circulating metabolites (particularly, those of ornithine/citrulline
and ornithine/arginine) and low levels of arginine bioavailability demonstrated high MetS risk.
These results suggested that circulating amino acid metabolite ratios, which are indicative of arginase
activity and arginine bioavailability can potentially serve as biomarkers for assessing MetS risk.

Accumulating evidence has shown strong association of a group of metabolic disorders, such as
obesity, insulin resistance, hyperglycemia, diabetes, CVD, and atherosclerosis [26,27], with arginase
and NOS pathways of L-arginine substrate [10–12,28–39]. Arginase isoforms, which are involved in
the urea cycle and are expressed in the hepatic, vascular smooth muscle, and endothelial cells, are
responsible for converting L-arginine to urea and L-ornithine, and L-ornithine is further metabolized
to proline by ornithine aminotransferase [18,40]. Arginases are activated by inflammatory factors and
atherothrombosis mediators, including oxidized low-density lipoprotein [41] and thrombin [42],
thereby inhibiting NO-mediated endothelial relaxation. The upregulated arginase activity also
contributes to the lack of L-arginine for NOS pathway, which decreases NO bioavailability and leads
to various metabolic complications, such as diabetes, inflammation, and cardiovascular disorders,
including endothelial dysfunction, high BP, diabetic vascular disease, and atherosclerosis [20,37,43–45].
Recent studies have indicated that increased NO production can result from arginase inhibition
or L-arginine supplementation, which reduces the arginase activity [10–17]. These results have
demonstrated the importance of arginase inhibition in endothelial dysfunction, which occurs in several
pathological states, such as atherosclerotic and vascular disease. In addition, arginase inhibition plays
an important role in restoring metabolic disorders, such as T2DM [10,37], endothelial dysfunction in
adjuvant arthritis [34], hypertension [32] and atherosclerosis [46]. In our previous studies, arginase
inhibition not only ameliorated body fat, hepatic lipid abnormalities, and adipose tissue inflammation
but also restored endothelial dysfunction in obesity-induced animals, which was mediated by increased
NO production [11,12,43]. Emerging evidence has indicated that NOS-synthesized NO plays a
key role in regulating energy metabolism and pathogenesis of metabolic abnormalities, indicating
that NO output may be beneficial for preventing and treating obesity and insulin resistance [47].
NO bioavailability is reduced in diet-induced obese animals [48,49] and in overweight humans
with insulin resistance [50]. Furthermore, increased endothelial NOS (eNOS) activity prevents the
obesogenic effects of a high-fat diet, which indicates the anti-obesity effect of eNOS in regulating lipid
metabolism [51]. Thus, enhanced physiological levels of NO can ameliorate all disorders in obese
conditions and reduce the arginase activity [52].

To date, accumulating evidence has shown the important implications of arginase activity on
MetS but has demonstrated limited information about the effect of altered amino acid metabolite
ratios on arginase activity in the presence of metabolic abnormalities. Our previous study has
demonstrated that arginase gene expression is significantly upregulated in overweight people and
that arginase mRNA levels are closely associated with phenotype biomarkers for obesity, disturbed
lipid profiles, and endothelial dysfunction [28]. In the present study, we analyzed arginine, a substrate
of arginase and NOS, and the secondary products produced by these two enzymes (ornithine,
citrulline, and proline) and found a significant correlation between these amino acid metabolite
ratios and MetS risk-related parameters. In this study, arginine and its catabolic metabolites including
ornithine, proline, and citrulline were used for the indicator of arginase and NOS since there is
with no net loss of these metabolites during urea synthesis. Among these parameters, WC was
significantly correlated with all amino acid metabolite ratios; it was positively correlated with
ornithine/citrulline, proline/citrulline, and ornithine/arginine ratios but negatively correlated with
arginine bioavailability. As stated above, ornithine/citrulline and proline/citrulline ratios indirectly
indicated the arginase/NOS activity ratio, whereas the ornithine/arginine ratio directly indicated
arginase activity. In this study, ornithine/citrulline, proline/citrulline, and ornithine/arginine ratios

74



Nutrients 2017, 9, 740

were significantly increased with the increase in the number of MetS risk factors. The increased
ornithine/citrulline and proline/citrulline ratios indicated that arginase activity was higher than NOS
activity. The increased ornithine/arginine ratio implied that arginase activity was upregulated but
NOS activity was downregulated. On the other hand, arginine bioavailability significantly decreased
with the increase in the number of MetS risk factors, which suggested that the levels of arginine
available as a substrate for arginase and NOS were low in the MetS status. In addition, multiple
regression analyses revealed that arginine bioavailability was more independent of risk factors than
arginase and NOS activities. These data indicated that circulating amino acid metabolite ratios reflect
arginase and NOS activities and may explain the potential mechanism of arginase and NOS pathways
in metabolic disorders. On the other hand, it should be noted that the ratio of proline to citrulline was
not associated with the ORs for MetS, possibly due to the fact that proline is not a direct metabolite
of arginase.

This study has a limitation. Measurements of circulating amino acids were not repeated. This is a
potential limitation because circulating enzymes in blood can occasionally change; however, because
the data were collected from a relatively large population, such changes and, consequently, the
limitation can be overlooked. Despite this limitation, the present study demonstrated a strong
relationship between circulating amino acids and MetS-related risk parameters, suggesting that
alterations in circulating amino acid metabolite ratios, which are associated with arginase and NOS
activities, and arginine bioavailability are potential indicators for assessing MetS risk. These alterations
may also indicate important information for deciphering the pathogenesis of disturbances in amino
acid metabolism related to the arginase activity.
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Abstract: Higher-protein diets have been advocated for body-weight regulation for the past few
decades. However, the potential health risks of these diets are still uncertain. We aimed to develop
a protein score based on the quantity and source of protein, and to examine the association of the score
with glycated haemoglobin (HbA1c) and estimated glomerular filtration rate (eGFR). Analyses were
based on three population studies included in the PREVIEW project (PREVention of diabetes through
lifestyle Intervention and population studies in Europe and around the World): NQplus, Lifelines, and
the Young Finns Study. Cross-sectional data from food-frequency questionnaires (n = 76,777 subjects)
were used to develop a protein score consisting of two components: 1) percentage of energy from total
protein, and 2) plant to animal protein ratio. An inverse association between protein score and HbA1c
(slope −0.02 ± 0.01 mmol/mol, p < 0.001) was seen in Lifelines. We found a positive association
between the protein score and eGFR in Lifelines (slope 0.17 ± 0.02 mL/min/1.73 m2, p < 0.0001).
Protein scoring might be a useful tool to assess both the effect of quantity and source of protein on
health parameters. Further studies are needed to validate this newly developed protein score.

Keywords: protein diet score; HbA1c; eGFR; healthy subjects; population studies

1. Introduction

A diet rich in protein, ranging from 1.2 to 1.6 g protein/kg/day, may improve body weight
regulation [1–3]. Protein-rich diets also appear to supplement other strategies, such as energy restriction
and physical activity, to combat the global obesity epidemic [4]. As obesity is an independent
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risk factor for type 2 diabetes (T2D), higher protein diets for weight regulation and maintenance
might also be beneficial for the prevention of T2D [5]. Although the total amount of protein may be
important, the source of protein will influence other components of the diet, such as dietary fibre
and micronutrients. Therefore, protein source is likely to be an important determinant for health
outcomes [6]. Dietary guidelines suggest moving towards a more plant-based diet [7]. Plant-derived
diets provide a number of phytochemicals that have been associated with protection against many
chronic diseases, but conversely compared to dietary proteins from animal sources, plant proteins
lack sufficient amounts of key essential amino acids. In most industrialised countries, animal protein
is the main source of dietary protein rather than plant protein, and is therefore often a differentially
increased choice when total protein intake is increased. However, the consumption of animal products,
especially red and processed meat, has been associated with an increased risk of diseases such as
cancer, T2D and cardiovascular diseases [8–10]. The optimal plant to animal protein ratio in the diet
has not yet been established.

Firstly, we considered whether a higher protein intake might be associated with lower glycated
haemoglobin (HbA1c). HbA1c levels measure average blood glucose concentration over the
previous six to eight weeks; high concentrations are a risk factor for T2D. A recent meta-analysis
of 32 randomised controlled trials showed a long-term positive effect of higher-protein diets on body
weight management, which in turn could lead to lower HbA1c [11]. Several dietary intervention studies
have also shown that higher protein diets can lower HbA1c directly, at least among T2D patients [12].
Secondly, we considered whether a higher protein intake may be associated with elevated estimated
glomerular filtration rate (eGFR), an adverse indicator of renal function, since carefully controlled
dietary studies show that higher protein diets may increase this marker of kidney function [13].
The current concern for adverse renal effects of higher protein diets derives from the detrimental
effects of induced glomerular hyperfiltration [14]. Thirdly, with respect to protein quality, there are
several lines of epidemiological evidence indicating that an increased consumption of plant protein
may be associated with a reduced risk of cardiovascular disease, T2D [5,15] and inflammation [16],
which might be ascribed in part to lower levels of HbA1c.

In the past three decades, studies have clearly shown that the relationship between dietary intake
and health is very complex, with many interactions [17]. For all these reasons, examining composite
indices of food and nutrient intake can be useful. Recently, a low-carbohydrate diet score was developed
by Halton et al. [18] to classify women in the Nurses’ Health Study according to their relative levels
of fat, protein—including animal and vegetable protein—and carbohydrate intake. This score was used
to prospectively examine the association with the risk of coronary heart disease in this cohort.

A scoring tool to specifically assess quantity, as well as the source, of protein intake has to our
knowledge not previously been developed. Therefore, we aimed to develop a protein diet score
based on dietary protein quantity and source—plant or animal—as a tool to investigate the role
of protein in T2D-related adverse metabolic health. We hypothesised that a protein score with a higher
protein energy percentage (E%) within the acceptable macronutrient distribution range for protein [19],
in combination with a higher plant to animal protein ratio, would be associated with a lower HbA1c
level and possibly also an increase in eGFR.

2. Materials and Methods

2.1. Study Design and Population

This study included cross-sectional data from two Dutch and one Finnish observational studies,
NQplus, Lifelines and The Young Finns Study, all part of the PREVIEW project (PREVention
of diabetes through lifestyle Intervention and population studies in Europe and around the World)
www.previewstudy.com, The overall aim of PREVIEW is to investigate the impact of a higher-protein,
low glycemic index (GI) diet and physical activity regime for the prevention of T2D in overweight and
obese adults and children at high risk of developing this disease [20].
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The Nutrition Questionnaires plus study (the NQplus study) is a longitudinal observational
study in Dutch adults within the surroundings of Wageningen, the Netherlands. Its main aims are to
develop a national dietary assessment reference database for the future development and improvement
of dietary assessment methods, to validate newly developed food frequency questionnaires (FFQs),
and to study dietary factors and intermediate health outcomes. A total of 2048 individuals aged from
20–70 years took part in the study [21,22].

Lifelines is a large observational population-based cohort study of both adults and children
conducted in the north of the Netherlands [23]. The overall aim of this study was to gain insight into
the etiology of healthy aging in the general population. Lifelines was initiated in 2006 and baseline data
have been collected for 167,729 individuals, aged 6 months–93 years. Regular follow-up measurements
are planned.

The Young Finns Study is a multi-centre follow-up study in Finland. Its main goals are to
determine the contribution made by childhood lifestyle, biological, and psychological measures to
the risk of cardiovascular diseases in adulthood. At baseline in 1980, 3596 subjects aged 3–18 years
were included, and the same subjects have now been followed for more than 30 years [23]. For the
purposes of this cross-sectional investigation, we used measurements from the 2007 follow-up, when
subjects were 30–45 years of age.

All subjects at baseline who had missing data on the FFQ, or subjects who had implausibly high
(>3500 kcal) or low (<500 kcal) daily energy intake on the FFQ, were excluded [18]. Furthermore,
subjects with missing values in either exposure or outcome variables were omitted. Also, subjects with
a history of diabetes, hypertension, hypercholesterolemia, cardiovascular disease, cancer or kidney
disease were excluded, because these diseases can cause alterations in the habitual diet. After these
exclusions, a total of 76,777 subjects from Lifelines (n = 75,131), NQplus (n = 492), and The Young Finns
Study (n = 1154) remained in the current analysis.

2.2. Assessment of Diet

NQplus used a validated 180 item semi-quantitative general FFQ to assess usual dietary
intake [24,25]. Answer categories for frequency questions ranged between never per month to
6–7 days per week, and portion sizes were estimated using typical portion size estimates (e.g., glass,
slice) and commonly used household measures. Average daily nutrient intakes were calculated
by multiplying the frequency of consumption by portion size and nutrient content per gram using
the Dutch food composition table of 2011 [26]. With respect to the definition of animal and vegetable
protein, the Dutch food composition table distinguishes between these sources and was used for both
NQplus and Lifelines.

In Lifelines, a newly developed FFQ consisting of 110 items was used to estimate intake of energy,
fat, carbohydrate, protein and alcohol. Responses to food frequency questions ranged between
never per month to 6–7 days per week, and portion sizes were estimated using typical portion size
estimates and commonly used household measures. Average daily nutrient intakes were calculated by
multiplying frequency of consumption by portion size and nutrient content per gram using the Dutch
food composition table of 2011 [26].

In the Young Finns Study, a validated 131-item quantitative FFQ was used [27]. The food items
were presented in 12 subgroups, e.g., dairy products, vegetables, or fruits and berries. After each
subgroup, there were empty lines for subjects to add foods not listed in the questionnaire. The portion
sizes were fixed and, if possible, specified using typical portion size estimates. The nine frequency
categories ranged from never or seldom to six or more times a day. The food consumption and nutrient
intakes were calculated by multiplying the frequency of food consumption by fixed portion sizes
to obtain the weight of each listed food item consumed as an average per day [28]. The Finnish
food composition database of 2008 was used for the nutrient calculations [29]. The database does
not distinguish between animal or plant protein as separate nutrients; therefore, all foods were first
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classified into either “animal” or “plant” foods. Protein intakes were calculated by the source using
these classes.

2.3. Calculation of the Protein Score

Following the methodology of Halton et al. [18], a protein score was developed based on relative
cut-off points i.e., the population distribution. The scoring was set according to the hypothesis that
a higher protein intake, as well as a higher plant to animal protein ratio, would be associated with
improved markers of health outcomes, including a lower HbA1c (a measure of average blood glucose
concentrations in the previous 6–8 weeks) and higher eGFR (a measure of good kidney function).
Each study population was divided into 11 strata according to total protein intake (expressed as E%),
and 11 strata according to plant to animal protein ratio. Subjects in the highest stratum of protein
intake received 10 points, subjects in the next stratum received 9 points, and so on, down to subjects in
the lowest stratum, who received 0 points. In terms of calculating plant to animal protein ratio, those
with the highest intake of plant to animal protein received 10 points, and those with the lowest plant
to animal protein ratio received 0 points. The sum of the points of each of the two components created
the overall protein diet score, which ranged from 0 to 20 points. Therefore, a higher score reflects
a higher energy percentage of total protein, and a higher plant to animal protein ratio, while a lower
score reflects a lower protein and a lower plant to animal protein ratio. Each component of the score
was also considered separately.

2.4. Validation of the Protein Score in NQplus Using a Urinary Biomarker

Nitrogen (N) from 24-h urine was determined in NQplus by the Kjeldahl technique
(Foss KjeltecTM 2300 analyser, Foss Analytical, Hilleroed, Denmark). This allowed us to evaluate the
validity of the protein E% component score based on FFQ versus nitrogen excretion in urine, assuming
N balance. Adjustments for incomplete urine samples were also done by para-aminobenzoic acid [30].

An attenuation factor, usually between 0 and 1, was defined as the correlation between
the self-reported N intakes using the FFQ and the measured N losses (assumed to be “true” intake)
using the urinary biomarker [30,31].

2.5. Risk Factor Assessment

In NQplus, fasting venous blood was collected, and immediately centrifuged and stored at −80 ◦C
until further analyses. Serum creatinine was determined using enzymatic methods via a Dimension
Vista 1500 automated analyser or Roche Modular P800 chemistry analyser (Roche, Basel Switzerland).
HbA1c was determined with a high-performance liquid chromatographic (HPLC) measurement
technology using an ADAMSTM A1c HA-8160 analyser (A. Menarini Diagnostics, Florence, Italy).
eGFR was estimated using the chronic kidney disease epidemiology collaboration creatinine equation
(CKD-EPI) [32].

In Lifelines, fasting blood samples were processed on the day of collection and stored at
−80 ◦C until analysis. Serum creatinine was measured on a Roche Modular P chemistry analyser
(Grenzacherstrasse, Switzerland). The HbA1c level was measured using a turbidimetric inhibition
immunoassay (COBAS INTEGRA 800 CTS analyser; Roche Diagnostics, Almere, the Netherlands),
but standardised against the reference method of the International Federation of Clinical Chemistry
and Laboratory Medicine (IFCC). eGFR was estimated using the chronic kidney disease epidemiology
collaboration creatinine equation (CKD-EPI) [32].

In the Young Finns Study, fasting blood samples were collected and stored at −70 ◦C until analysis.
Serum creatinine was determined photometrically (Creatinine reagent, Dublin, Ireland) on an AU400
analyser (Olympus, Tokyo, Japan). eGFR was estimated using the Modification of Diet in Renal
Disease (MDRD) formula [33]. The HbA1c fraction in blood was measured by an ARCHITECT ci8200
analyser (Abbott Laboratories, Abbott Park, IL, USA). The concentration of HbA1c was measured
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immunoturbidimetrically with the microparticle agglutination inhibition method (HbA1c reagent;
Thermo Fisher Scientific, Waltham, MA, USA).

2.6. Statistical Analyses

All statistical analyses were performed using R version 3.2.0 [34], and IBM SPSS Statistics 22.
Separate but similar analyses as detailed below were carried out for each of the three studies.
Associations between total protein score, HbA1c and eGFR were evaluated by means of analysis
of covariance (ANCOVA). Furthermore, associations between the single components of the protein
score (plant to animal protein ratio, animal protein (E%), plant protein (E%), and total protein
intake (E%)) and HbA1c and eGFR were investigated using ANCOVA. The protein score and its
components were adjusted for total energy intake by means of the residual method [35] before entering
the analyses. Both unadjusted and adjusted analyses of associations between total protein score,
HbA1c and eGFR were performed. The adjustment for possible confounders included: age (years),
gender (male/female), education (low, medium and high), alcohol (0 g/day, 0–6 g/day, 6–12 g/day,
≥12 g/day), smoking status (never, former, current <10 cigarettes/day, current ≥10 cigarettes/day)
and exercise. Low education meant no education or primary education; medium education meant
lower or preparatory vocational education, lower general secondary education, intermediate vocational
education or apprenticeship, higher general secondary education, or pre-university secondary
education; high education meant higher vocational education or university). Smoking status was
included as a confounding factor, because smoking has been associated with increased T2D risk [36]
and may be an independent risk factor in the progression of kidney disease [37]. Light intense,
moderate intense, and intense physical activity were measured in the metabolic equivalent of the task
in minutes per week.

Potential effect modification was assessed through stratified analyses for age, gender, and BMI
categories. A p-value < 0.05 was considered statistically significant.

3. Results

3.1. Characteristics of the Study Populations

The average protein diet score ranged from 8.0 in the lower quartile to 12.0 in the upper quartile
in NQplus, Lifelines and the Young Finns Study (Table 1). In NQplus, Lifelines and the Young
Finns Study, 50% of the subjects had a protein score between 8.0–12.0. The mean daily protein
intake ranges were 13.1–15.9 E% in NQplus, 13.3–16.0 E% in Lifelines, and 16.0–19.0 E% in the
Young Finns Study. The median age of 39.0 years in the Young Finns Study was lower compared
to NQplus (53.0 years) and Lifelines (44.0 years). In the Young Finns Study, median physical
activity was 792 MET min/week, as compared with NQplus (2376 MET min/week) and Lifelines
(2205 MET min/week). Furthermore, the median daily intake of animal protein was larger in the
Young Finns Study (12.3 E%), as compared with NQplus (7.7 E%) and Lifelines (8.4 E%). In addition,
the median intake of cereals was higher in both NQplus (190 g/day) and Lifelines (181 g/day) than in
the Young Finns Study (124 g/day) (Table 1).

In NQplus, we evaluated the validity of the protein score against nitrogen excretion in urine,
after adjusting for incomplete urine samples. The attenuation factor for the protein score was 0.48,
indicating a 48% average concordance between self-reported protein intake and the urine biomarker
of protein intake.

Table 1. Characteristics of the study populations (n =76,777).

Study NQplus (n = 492) Lifelines (n = 75,131) Young Finns Study (n = 1154)

Age-years 53.0 (44.0; 60.0) 42.0 (32.0; 49.0) 39.0 (33.0; 42.0)
Age <44 years % (no.) 24.6 (121) 59.9 (44,992) 83.3 (961)
Age >44 years % (no.) 75.4 (371) 40.1 (30,139) 16.7 (193)
Males-% (no.) 61.0 (312) 38.8 (29,145) 59.7 (691)

83



Nutrients 2017, 9, 763

Table 1. Cont.

Study NQplus (n = 492) Lifelines (n = 75,131) Young Finns Study (n = 1154)

Age <44 years (no.) (M/F) (265/227) (16,969/28,023) (574/387)
Age >44 years (no.) (M/F) (47/74) (12,176/17,963) (117/76)

Education-% (no.)

- Low 0.4 (2) 1.7 (1253) 56.7 (655)
- Medium 42.3 (208) 63.9 (48,038) 22.95 (264)
- High 57.3 (282) 34.2 (25,729) 20.4 (235)

Body mass index-kg/m2 24.8 (22.7; 26.9) 24.7 (22.6; 27.3) 25.0 (22.4; 27.8)
Physical activity-MET–min/week 2376 (1380; 2950) 2205 (1260; 3582) 792 (180.0; 1899)

Smoking status-% (no.)

- Never 54.7 (268) 50.3 (37,821) 53.0 (611)
- Former 37.4 (184) 27.8 (20,895) 23.8 (275)
- Current <10 cigarettes/day 3.4 (17) 10.5 (7881) 15.5 (179)
- Current ≥10 cigarettes/day 4.5 (22) 11.4 (8534) 7.7 (89)

HbA1c (mmol/mol) 35.5 (33.3; 37.0) 36 (34.0; 38.0) 36.0 (34.0; 38.0)
eGFR (mL/min/1.73 m2) 91.1 (81.7; 100.1) 100.0 (89.3; 109.5) 100.5 (90.2; 107.9)
Energy intake-calories/day 2039 (1728; 2456) 1983 (1639; 2386) 2217 (1834; 2653)
Protein diet score 10.0 (8.0; 12.0) 10.0 (8.00; 12.0) 10.0 (9.0; 12.0)

Total protein intake

- Total protein-(E%/day) 14.6 (13.1; 15.9) 14.6 (13.3; 16.0) 17.4 (16.0; 19.0)
- Protein-(g/kg body weight/day) 0.99 (0.79; 1.17) 0.95 (0.78; 1.13) 1.3 (1.1; 1.6)

Animal protein-(E%/day) 7.7 (6.3; 9.3) 8.4 (7.1; 9.9) 12.3 (10.8; 14.0)
Plant protein-(E%/day) 6.6 (5.9; 7.4) 6.1 (5.5; 6.7) 3.8 (3.2; 4.3)
Plant to animal protein ratio 0.9 (0.7; 1.1) 0.72 (0.58; 0.90) 0.3 (0.2; 0.4)
Red meat-(g/day) 34.8 (19.2; 45.5) 38.6 (23.4; 50.5) 79.4 (55.5; 106.3)
Processed meat-(g/day) 16.9 (6.1; 31.1) 17.6 (8.4; 31.1) 38.1 (23.0; 64.5)
Poultry-(g/day) 9.5 (5.3; 15.0) 9.6 (6.1; 15.0) 26.0 (20.3; 60.8)
Fish-(g/day) 14.5 (8.2; 16.2) 10.5 (4.2; 16.4) 24.0 (16.6; 36.2)
Eggs-(g/day) 8.9 (7.1; 17.9) 7.2 (4.5; 17.9) 19.3 (13.9; 25.9)
Dairy-(g/day) 324.0 (211.8; 456.6) 295.7 (186.0; 426.1) 546.6 (343.4; 779.7)
Cereals-(g/day) 190.4 (140.3; 254.0) 181.2 (137.5; 234.0) 123.9 (91.8; 166.7)
Legumes-(g/day) 35.7 (19.2; 67.3) 4.4 (0.0; 13.3) 8.2 (4.7; 12.5)

Total carbohydrate

- Total carbohydrate-(E%/day) 43.3 (39.7; 47.1) 45.2 (41.8; 48.7) 46.1 (42.4; 49.8)
- Total carbohydrate-( g/day) 220 (178.5; 269.2) 223.3 (182.0; 271.4) 254.7 (206.7; 309.2)

Total fat

- Total fat-(E%/day) 35.6 (31.7; 39.2) 35.4 (32.1; 38.4) 32.6 (29.5; 35.6)
- Total fat-(g/day) 80.8 (62.9; 102.6) 77.6 (61.4; 96.4) 79.6 (64.4; 96.8)

Alcohol consumption-(g/day) % (no)

- 0 g/day 3.9 (19) 2.5 (1875) 0.8 (9)
- >0–6 g/day 41.7 (205) 54.4 (40,775) 56.2 (646)
- 6–12 g/day 21.1 (104) 23.0 (17,243) 24.6 (283)
- >12 g/day 33.3 (164) 20.3 (15,238) 18.4 (212)

Glycemic index 53.1 (50.7; 55.4) 56.0 (54.1; 57.8) 51.0 (48.3; 53.8)
Glycemic load 117.4 (93.1; 146.7) 125.0 (100.8; 153.2) 129.8 (104.7; 159.9)

Characteristics are shown as median and IQR: interquartile range or as % (no.). eGFR: estimated glomerular filtration
rate; E%: energy percentage; g: gram; HbA1c: glycated hemoglobin; low education: no education or primary
education; medium education: lower or preparatory vocational education, lower general secondary education,
intermediate vocational education or apprenticeship, higher general secondary education, or pre-university
secondary education; high education: higher vocational education or university; F: females; M: males; MET:
metabolic equivalent of task.

3.2. Association between Protein Diet Score and HbA1c

There were no associations between the protein diet score and HbA1c in either NQplus, Lifelines
or the Young Finns Study. After adjustments, an inverse association between the protein diet score and
HbA1c (slope −0.02 ± 0.01 mmol/mol, p < 0.001, Table 2) was seen in Lifelines.
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3.3. Association between Total E% and HbA1c

There was a positive association between total protein (E%) and HbA1c in Lifelines (slope
0.07 ± 0.01 mmol/mol, p < 0.001, Table 2). After adjustments, we found an inverse association between
the total protein intake (E%) and HbA1c in Lifelines (slope −0.03 ± 0.01 E%/mmol/mol, p < 0.001,
Table 2). In NQplus and the Young Finns Study, no associations were found, neither in the basic model
nor after adjustments.

3.4. Association of Plant to Animal Protein Ratio and HbA1c

In Lifelines, we found an inverse association (slope −0.19 ± 0.04 mmol/mol, p < 0.001, Table 2)
between the plant to animal protein ratio and HbA1c in the unadjusted model. After adjustments,
this association did not remain.

3.5. Association between Protein Diet Score and eGFR

For eGFR, we found a positive association between the protein diet score and eGFR in NQplus
(slope 0.53 ± 0.21 mL/min/1.73 m2, p = 0.02, Table 2), and an inverse association between the protein
diet score and eGFR in Lifelines (slope −0.08 ± 0.02 mL/min/1.73 m2, p < 0.0001, Table 2). After
adjustments, a positive association was only detected in Lifelines (slope 0.17 ± 0.02 mL/min/1.73 m2,
p < 0.0001, Table 2). We found no significant association between the protein diet score and eGFR in
the Young Finns Study.

3.6. Association Total Protein E% and eGFR

Before adjustments, we found an inverse association in both NQplus (slope −0.74 ± 0.31
E%/mL/min/1.73 m2, p = 0.02, Table 2) and Lifelines (slope −0.60 ± 0.03 E%/mL/min/1.73 m2,
p < 0.0001, Table 2), between the total protein intake (E%) and eGFR. For Lifelines, the association
changed into a positive association after adjustments (slope 0.08 ± 0.02 E%/mL/min/1.73 m2,
p < 0.0001, Table 2). However, in NQplus (slope −0.56 ± 0.25 E%/mL/min/1.73 m2, p = 0.02, Table 2),
the inverse association persisted after further adjustments.

3.7. Association between Plant to Animal Protein Ratio and eGFR

Adjusted analyses showed a positive association between the plant to animal protein ratio
and eGFR in both NQplus (slope: 3.96 ± 1.04 mL/min/1.73 m2, p < 0.001, Table 2) and Lifelines
(slope: 1.14 ± 0.10 mL/min/1.73 m2, p < 0.001, Table 2). Unadjusted analyses also showed
positive associations.

For the adjusted analyses, the variability of R-squared ranged from 0.00–0.23 for protein score
versus. HbA1c and between 0.00–0.45 for protein score versus eGFR, respectively.

The relationship between the protein diet score and either HbA1c or eGFR was not qualitatively
modified by age, gender, or BMI (Table 3).

Table 3. Stratified analyses of the associations of HbA1c and eGFR (estimate ± SE).

Variable
NQPlus (n = 492) Lifelines (n = 75,131) Young Finns Study (n = 1154)

Slope ± SE Slope ± SE Slope ± SE

HbA1c
Age

<44 years −0.073 ± 0.104 0.149 ± 0.022 * −0.013 ± 0.033
≥44 years −0.250 ± 0.036 * 0.219 ± 0.024 * 0.016 ± 0.094

Gender

Men −0.012 ± 0.058 −0.016 ± 0.008 * −0.008 ± 0.039
Women 0.0004 ± 0.072 −0.020 ± 0.006 * 0.005 ± 0.056
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Table 3. Cont.

Variable
NQPlus (n = 492) Lifelines (n = 75,131) Young Finns Study (n = 1154)

Slope ± SE Slope ± SE Slope ± SE

BMI

<25 kg/m2 −0.009 ± 0.055 −0.012 ± 0.006 −0.039 ± 0.041
25–30 kg/m2 −0.021 ± 0.076 −0.033 ± 0.008 * 0.005 ± 0.048
≥30 kg/m2 −0.012 ± 0.044 0.005 ± 0.018 −0.012 ± 0.031

eGFR
Age

<44 years 0.040 ± 0.414 −0.019 ± 0.006 * 0.131 ± 0.129
≥44 years 0.424 ± 0.199 −0.012 ± 0.008 −0.053 ± 0.275

Gender

Men 0.191 ± 0.277 0.189 ± 0.022 * 0.016 ± 0.165
Women 0.124 ± 0.319 0.137 ± 0.022 * −0.098 ± 0.181

BMI

<25 kg/m2 0.227 ± 0.234 0.164 ± 0.022 * −0.014 ± 0.167
25–30 kg/m2 0.252 ± 0.299 0.179 ± 0.03 * −0.024 ± 0.193
≥30 kg/m2 0.858 ± 0.822 0.117 ± 0.049 * 0.621 ± 0.333

Change in age (years), gender, and BMI (kg/m2) respectively, per 1 unit change in protein score. Model adjusted
for age, gender (except for gender-stratified models), education (low/middle/high), alcohol (0 g/day, >0–6 g/day,
6–12 g/day, ≥12 g/day), smoking status (never, former, current <10 cigarettes/day, current ≥10 cigarettes/day),
light intense, moderate intense, and intense physical activity (MET: minutes/week), Fat (en%), GI and BMI (kg/m2);
* p < 0.05.

4. Discussion

In the current cross-sectional study, we aimed (1) to develop a protein score capturing both relative
quantity and source (plant versus animal) of dietary protein and (2) to examine the association between
this score and markers of diabetes and renal function. We developed a protein score with a maximum
range from 0 to 20 based on the FFQ data from the study populations investigated. In practice,
the scores ranged between 8.0 and 12.0 across all three populations. The significant associations
shown in Lifelines were partly reproduced by NQplus and the Young Finns Study, although in
these smaller sample size studies, trends were more heterogeneous and affected by adjustment for
potential confounders. In particular, the associations between the total protein score and both risk
markers HbA1c and eGFR showed consistent patterns across all cohorts when compared to results for
the separate components, i.e., animal and plant protein levels (Table S1). A higher total protein diet
score was associated with a lower HbA1c and an increase in eGFR after adjustment for the potential
confounders in Lifelines, but with no significant relationship in NQplus or the Young Finns Study.

Dietary protein has previously been shown to be beneficial, leading to better glycemic control
in T2D [38]; hence, a higher protein diet has been advocated for glycemic control in individuals with
T2D [39]. However, when evaluating the association between a higher protein score and HbA1c, it must
also be taken into account that dietary protein will always substitute either carbohydrate and/or fat.
In a recent study, even a relatively small variation in the proportion of fat and carbohydrates were
significantly associated with metabolic risk factors in patients with T2D [40]. Although we adjusted
for fat E%, residual confounding by other substances related to meat intake might be present. Previous
studies have suggested several plausible mechanisms linking red and processed meat metabolites,
including sodium, heme iron, saturated fatty acids, advanced glycation end products, nitrites and
nitrates, to an increased risk of T2D [41–43]. In Lifelines, the protein score, protein intake and plant
protein were associated with lower HbA1c. The optimal amount and quality of protein for prevention
of T2D is still controversial [44]. In a recent study by Virtanen et al., high protein intake was not
independently associated with risk of T2D, but the quality of protein was of importance, favouring
plant over animal protein in the prevention of T2D [44]. In the study of Malik et al. [10], conducted
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in three ongoing prospective cohort studies: Nurses’ Health Study (NHS), Nurses’ Health Study II
(NHS II) and Health Professionals Follow-up Study (HPFS)), a higher intake of total protein (E%) was
positively associated with a higher risk of T2D, but this was shown to be largely due to animal protein
intake. In contrast, intake of plant protein was associated with a lower risk of T2D. Results from
the European Prospective Investigation into Cancer and Nutrition (EPIC)-NL study [45] also suggested
a significantly increased diabetes risk over the quartiles of total protein intake after initial dietary
adjustments. However, after further adjustment for waist circumference and BMI, the association was
no longer significant. Similar results were observed for animal protein intake (E%), whereas vegetable
protein intake was not related to T2D [45]. These results are consistent with the current findings
observed in our dataset, which show an inverse association between plant protein intake and HbA1c.
In the (EPIC)-InterAct case-cohort study [46], diabetes incidence was 17% higher in individuals with
the highest protein intake, again largely explained by animal protein intake.

In contrast to these studies, we did not find the same association between total and animal protein
and increased HbA1c values. This may be explained by differences in study population and the range
of protein intakes. In the present analyses, median protein intake ranged from 0.95 to 1.3 g protein/kg
body weight/day across the studies, which is within the daily recommended intake for adults [47].
Furthermore, variation in the protein diet score was low, reflected in the fact that 50% of the population
had a range of 8.0 to 12.0. In addition, the difference in the findings may be due to differences in
definitions of sources of animal protein or misclassification. The correlation between self-reported
protein intake and urinary excretion of total nitrogen measured in the NQplus study was 48%.

Higher protein diet score and total protein intake was related to an increase in eGFR in Lifelines.
In NQplus, we found an inverse association between total protein and eGFR. Based on data from the
National Health and Nutrition Examination Survey (NHANES), Berryman et al. found no significant
associations between total protein intake, or intake of animal or plant protein, and eGFR [48]. Similar
results were found in a prospective cohort study by Halbesma et al. [49] and in the Nurses’ Health
Study [50]. We suspect that differential residual confounding may be partly the cause of these
discrepancies. In contrast, in a sub-study of the OmniHeart Trial, in a randomised three-period
crossover feeding design, a protein-rich diet (48% plant-based) increased eGFR compared to diets
rich in carbohydrates and unsaturated fat [51]. Similar to these findings, Frank et al. [13] showed
a significant increase in eGFR with a higher protein diet in a randomised, crossover feeding study.
According to Marckmann et al., an increase in eGFR is explained by an acute increase in renal plasma
flow and eGFR due to a higher protein intake. The increase is maintained over weeks to months if
protein intake is kept high. This condition, glomerular hyperfiltration, may have serious long-term
effects on renal health [52]. In contrast, Bankir et al. stated that an increase in eGFR is likely to be
a normal adaptation of the kidney to increased protein intake, and hence leads to higher urinary urea
concentration [53], rather than being a reflection of poor renal function.

The strengths of the protein diet score developed in our study include easy calculations from
FFQ data, as well as simple application and qualitative interpretation e.g., in term of risk prediction.
However, a limitation in this protein score is that it is only applicable once population strata are
generated. Limitations of FFQ data also apply to the protein score, and include potential confounding
and measurement error [54]. Furthermore, it may be comparable across populations because of the use
of percentile groups in a relative ranking, and adjustments for protein quality. The present study
showed that the protein score was comparable across three study populations within northern Europe
with a large number of participants. It can be argued that confounding is also controlled when protein
quantity and source are considered simultaneously, in contrast to when the two elements of the score
are analysed separately.

By nature, a weakness of the protein score is that it aggregates and condenses information,
possibly capturing only some features of the dietary energy composition. Also, the score may not be
directly applicable, i.e., quantitatively interpretable, in clinical practice because it is based on the above
mentioned relative cut-off points. Our study also has other limitations. As with any cross-sectional
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investigations, conclusions regarding causality cannot be drawn and long-term intake patterns may
not necessarily be captured. In addition, there are large differences in sample size between the trials,
which may be responsible for the presence of significant effects in the Lifelines study, but the lack
of such effects in the two other studies. However, the overall magnitude of the associations is very
small, and thus unlikely to be of any clinical significance.

A weak point in all dietary analysis studies is the validity of self-reported dietary data, which
is always debatable. The inherent limitations of over- and underreporting in self-reported dietary
data must be acknowledged. In addition, absolute protein is often underreported with FFQ [31].
In the current study, we validated the FFQ used in NQplus with a urinary biomarker. It showed
a reasonable agreement, with an attenuation factor of 0.48. This value is quite high when compared
with a similar large study from Freedman et al. [31], which pooled five large US validation cohorts
of dietary self-report instruments. They found an average attenuation factor for reported protein intake
by FFQ of only 0.17.

5. Conclusions

In conclusion, we developed a protein diet score using cross-sectional data from three large
European population studies. The protein score was comparable across these diverse study populations.
We found some evidence that a higher protein score (higher intake of total protein and plant to animal
protein) was associated with lower HbA1c values and with a higher eGFR. This study provides some
evidence supporting the notion that both quantity and source of proteins (plant to animal protein
ratio) are determining factors on their effect on HbA1c and eGFR. However, further studies are needed
to clarify the usefulness of the novel protein score in long-term population and intervention studies,
as well as in other health conditions.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6643/9/7/763/s1,
Table S1: Associations of HbA1c and eGFR (mean ± SE) across quintiles energy-adjusted protein diet score
and quintiles of its energy-adjusted components.
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Abstract: The translation of the growing increase of findings emerging from basic nutritional
science into meaningful and clinically relevant dietary advices represents nowadays one of the
main challenges of clinical nutrition. From nutrigenomics to deep phenotyping, many factors need to
be taken into account in designing personalized and unbiased nutritional solutions for individuals
or population sub-groups. Likewise, a concerted effort among basic, clinical scientists and health
professionals will be needed to establish a comprehensive framework allowing the implementation
of these new findings at the population level. In a world characterized by an overwhelming increase
in the prevalence of obesity and associated metabolic disturbances, such as type 2 diabetes and
cardiovascular diseases, tailored nutrition prescription represents a promising approach for both the
prevention and management of metabolic syndrome. This review aims to discuss recent works in
the field of precision nutrition analyzing most relevant aspects affecting an individual response to
lifestyle/nutritional interventions. Latest advances in the analysis and monitoring of dietary habits,
food behaviors, physical activity/exercise and deep phenotyping will be discussed, as well as the
relevance of novel applications of nutrigenomics, metabolomics and microbiota profiling. Recent
findings in the development of precision nutrition are highlighted. Finally, results from published
studies providing examples of new avenues to successfully implement innovative precision nutrition
approaches will be reviewed.

Keywords: precision nutrition; nutrigenomics; physical activity; deep phenotyping; metabolomics;
gut microbiota

1. Precision Nutrition

The Road to Tailored Dietary Advices

One of the ultimate goals of the promising field of precision nutrition is the design of tailored
nutritional recommendations to treat or prevent metabolic disorders [1]. More specifically, precision
nutrition pursuits to develop more comprehensive and dynamic nutritional recommendations based on
shifting, interacting parameters in a person’s internal and external environment throughout life. To that
end, precision nutrition approaches include, in addition to genetics, other factors such as dietary habits,
food behavior, physical activity, the microbiota and the metabolome. Following the completion of the
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mapping of the Human Genome, a cumulative number of association studies have been performed in
order to identify the genetic factors that may explain the inter-individual variability of the metabolic
response to specific diets. In this sense, while numerous genes and polymorphisms have been already
identified as relevant factors in this heterogeneous response to nutrient intake [2–7], clinical evidence
supporting these statistical relationships is currently too weak to establish a comprehensive framework
for personalized nutritional interventions in most cases [8]. Thus, although most of findings on
this topic are still relatively far from giving their fully expected potential in terms of translation
and application of this knowledge to precision nutrition [9], some of them have been successfully
developed in both the public and the private sectors. On one hand, the hypolactasia diagnosis [10], the
celiac disease ruling out [11] or the phenylketonuria screening [12], have allowed the implementation
of tailored nutritional advices based on genetic makeup for years, i.e., avoiding lactose-, gluten- and
phenylalanine-containing products to at-risk individuals. On the private sector, many companies
are already offering genetic tests to customize diets based on the individual response to specific
nutrients. For instance, that is the case of genetic tests based on the specific metabolism of caffeine
(slow or fast metabolizers) [13,14], the predisposition to weight gain by saturated fat intake [15,16],
or the increased risk of developing hypertension by high salt intake [17,18], among others. Together,
these nutritional recommendations solely based on genetic background represents a straightforward
approach to the concept of personalized nutrition. Although quite similar to the concept of precision
nutrition, and sometimes interchangeable, the latter makes reference to a conceptual framework
covering a wider set of individual features allowing an effective and dynamic nutritional approach [1].
Thus, while personalized nutrition based on genes is already being implemented successfully based
on numerous research studies, such as the ones above mentioned, precision nutrition may still lack
sufficient evidence for full implementation given its complexity, as will be reviewed below.

Regarding obesity and metabolic syndrome, recent published studies focusing on
gene-environment interactions have revealed important insights about the impact of macronutrient
intake in the association of genetic markers with metabolic health, fat mass accumulation or body
composition. This is broadly relevant in precision nutrition, since results from these studies, focused
on macronutrient intake, open the door to tailor efficiently diets based on the individual genetic
makeup. In this regard, recent work by Goni et al. [19] analyzed the usefulness of a genetic risk
score (GRS) on obesity prediction, and more interestingly, the impact of macronutrient intake in
the predictive value of this GRS. The GRS was built as an additive summary measure of a set of
16 genetic variants (according to the number of risk alleles for each variant) previously associated
with obesity (rs9939609, FTO; rs17782313, MC4R; rs1801282, PPARG; rs1801133, MTHFR and rs894160,
PLIN1) and lipid metabolism disturbances (rs1260326, GCKR; rs662799, APOA5; rs4939833, LIPG;
rs1800588l, LIPC, rs328, LPL; rs12740374, CELSR2; rs429358 and rs7412, APOE; rs1799983, NOS3;
rs1800777, CETP and rs1800206, PPARA). After the validation of the GRS, i.e., high risk group (subjects
having more than 7 risk alleles) showing increased body mass index (0.93 kg/m2 greater BMI), body
fat mass (1.69% greater BFM), waist circumference (1.94 cm larger WC) and waist-to-hip ratio (0.01
greater WHR), significant interactions between macronutrient intake and GRS prediction values were
observed. For instance, higher intake of animal protein was significantly associated with higher BFM
in individuals within the high-risk GRS group (Pinteraction = 0.032), whereas higher vegetable protein
consumption showed a protective effect among subjects in the low-risk group (Pinteraction = 0.003),
as these individuals were characterized by a lower percentage of BFM [19]. Similar trends were
reported by Rukh et al., where total protein intake was found to modulate GRS association with
obesity in women (Pinteraction = 0.039) [20]. Other studies on gene-macronutrients interactions, in
which a GRS developed on the basis of BMI-associated single nucleotide polymorphisms (SNPs)
was used, have revealed that high intake of sugar-sweetened beverages [21–23], fried foods [24] or
saturated fatty-acids [25] are also able to modulate the risk to develop obesity. Altogether, these results
suggest that the accumulation of common polymorphisms at loci known to influence body weight
may influence one’s predisposition to gain weight when exposed to certain types of diets.
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Over the past recent years, it has become increasingly evident that the assessment of dietary
patterns provides a more reliable picture of real food intake compared to the assessment of
macronutrients intake considered in isolation. In this regard, a recent work focused on the effect of the
obesity-associated MC4R gene on metabolic syndrome has revealed a relevant gene-diet interaction
with dietary patterns [26]. In this case-control study, participants with metabolic syndrome from
the Tehran Lipid and Glucose Study [27] were randomly matched with controls by age and sex,
leading a total of 815 pairs. Healthy and western dietary patterns were identified by factor analysis
based on 25 food groups extracted from a 168-item semi-quantitative food frequency questionnaire
(FFQ). The healthy dietary pattern was characterized by high intake of vegetables, legumes, low fat
dairy, whole grains, liquid oils and fruits, while the western dietary pattern consisted of high intake
of soft drinks, fast foods, sweets, solid oils, red meats, salty snacks, refined grains, high fat dairy,
eggs and poultry. Results from this study revealed that carriers of the rare allele in the MC4R gene
and having the highest score of the western dietary pattern had increased risk (odds ratio—OR) of
developing metabolic syndrome (OR = 1.71 (1.04–2.41); Ptrend = 0.007), as compared to those having
lower scores [26]. Similar gene-dietary pattern interactions were revealed in another study linking
GRS with WHR and BMI, and different diet scores, ranging from healthier (whole grains, fish, fruits,
vegetables, nuts/seeds) to unhealthier (red/processed meats, sweets, sugar-sweetened beverages and
fried potatoes) [28]. Results from this study, where more than 68,000 participants from 18 different
cohorts were used, showed nominally significant associations between diet score and WHR-GRS,
with stronger genetic effect in subjects with a higher diet score (βinteraction (SEinteraction) = 4.77 × 10−5

(2.32 × 10−5); Pinteraction = 0.04), i.e., consuming healthier diets [28].
As above mentioned, the scientific community generally agrees that the future of precision

nutrition will not be solely based on nutrigenetics [29]. Clearly, factors beyond genetics also need to be
considered when designing personalized or tailored diets. In this regard, the usefulness of tailored
dietary advices to adequately anticipate individual responses to nutritional intakes is one of the main
goals of precision nutrition. In order to attain this goal, and as illustrated in the precision nutrition
plate (Figure 1), determinants not only related to nutritional or genetic factors, e.g., lifestyle including
physical activity (PA) habits, metabolomics or gut microbiomics, are also emerging as significant
contributors that merit consideration in the field of precision nutrition [30–32].

MICROBIOTA

METABOLOMICS

DEEP PHENOTYPING

PHYSICAL ACTIVITY

FOOD BEHAVIOR

DIETARY HABITS

NUTRIGENOMICS

PRECISION 
NUTRITION 
PLATE

Figure 1. The precision nutrition plate. A schematic representation of the main factors worth to consider
when approaching precision nutrition.
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This is the case of a recent study where the power of a machine-learning algorithm to predict
postprandial glucose levels was tested [33]. In this study, the ability of an algorithm to forecast
postprandial glycaemia as well as an expert-based prediction was reported. To do that, the high
inter-individual variability of postprandial glycemic response was first revealed by using subcutaneous
sensors that accurately monitored glucose levels (every 5 min during 7 full days) in a cohort of
800 subjects, resulting in over 1.5 million glucose measurements, corresponding to nearly 47,000 real-life
meals and over 5000 standardized meals. A comprehensive profiling including data derived from a
FFQ, sleep and PA habits, medical histories, anthropometric measures, blood tests and microbiota
profiling was assessed for each participant. These features were then included in the prediction
algorithm, which was first tested in the cohort of 800 subjects and further successfully validated in
an independent cohort of 100 patients. Further analyses allowed the quantification of the partial
contribution of each parameter of the algorithm, from meal nutrient content (carbohydrates, fat,
dietary fibers, sodium) to microbiome-based features, in the prediction of postprandial glucose levels.
Finally, the predictive performance of the algorithm was examined in a two-arm blinded randomized
controlled trial with 26 new participants. In the first arm, after the 1-week profiling, 12 participants
were sequentially assigned to an unhealthy or a healthy diet according to the postprandial glycemic
responses predicted by the algorithm for each participant. In the second arm, 14 participants followed
the same unhealthy and healthy diets, but dietary advices were given by a registered dietitian and a
scientist experienced in analyzing continuous glucose monitoring data. The tailored dietary advice
in both the predictor and the expert arms resulted in a significant decrease of postprandial glucose
levels when participants were assigned to the healthy diet. More specifically, the correlation between
postprandial glucose levels measured during the profiling and the intervention weeks was 0.7 in the
expert arm, and it reached 0.8 with the algorithm-predicted values. These results, in spite of providing
support for the potential of this personalized nutrition approach, should be taken with caution
until further studies are completed, since some observations mainly concerning the inter-individual
variability in glycemic responses have been recently pointed out [34]. In any case, such an innovative
prediction algorithm, which utilizes clinical, nutritional and lifestyle variables, as well as microbiome
profiles as input parameters, exemplifies the great possibilities offered by these sophisticated methods
for the further implementation of precision nutrition.

According to the International Society of Nutrigenetics/Nutrigenomics (ISNN), the future of
precision nutrition should be discussed at three levels: stratification of conventional nutritional
guidelines into population subgroups by age, gender and other social determinants, individual
approaches issued from a deep and refined phenotyping, and a genetic-directed nutrition based
on rare genetic variants having high penetrance and impact on individuals’ response to particular
foods [29] (Figure 2). This categorization of precision nutrition pillars includes a more in-depth
exploration of the challenges that nutrition science must face in next years to evolve in the context
of an increasing prevalence of obesity and associated metabolic disorders, resulting largely from the
wide-scale adoption of unhealthy feeding behaviors in an obesogenic food environment in which it has
become increasingly difficult to adhere to healthy dietary patterns.

 

PRECISION 
NUTRITION 

LEVELS

GENOTYPE-DIRECTED NUTRITION

INDIVIDUALIZED NUTRITION

STRATIFIED NUTRITION

Figure 2. The three levels of precision nutrition according to the International Society of
Nutrigenetics/Nutrigenomics (ISNN) [29].
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In this regard, a better understanding of the inter-individual variability in the response to diet
has been recently identified by the American Society of Nutrition (ASN) as one of the six top research
priorities to be addressed in nutrition science to face the forthcoming challenges in population health
management [35]. Moreover, the ASN has identified the required tools to attain these research needs
for enabling an accurate nutritional impact prediction on health (omics technologies), an enhanced
patient information survey (bioinformatics and database management), and a suitable assessment of
disease progression and patient response to a nutritional treatment (biomarkers, metabolomics, etc.).

This paper will review the recent advances in the field of precision nutrition, with special emphasis
on the novel approaches of dietary habits assessment, food behavior evaluation, PA monitoring, as
well as on the novel techniques applied to deep phenotyping, metabotyping and microbiota profiling.

2. Dietary Habits

Fine-Tuning Adherence

The main goal sought with nutritional interventions is to assess potential associations between
feeding behaviors and metabolic outcomes such as body composition, insulin sensitivity and markers
of the lipoprotein-lipid profile. These potentially causal relationships should then enable to draw
conclusions on the clinical relevance of specific nutritional recommendations for population subgroups.
Unfortunately, one of the most common obstacles that nutritional science needs to tackle when
exploring such associations is that conventional nutritional intervention studies often lack the power to
detect subtle effects of diet on metabolic parameters, either because of the short duration of such studies
or by the small number of participants involved [36]. The problem resulting from lack of statistical
power may be amplified by several additional issues among which inter-individual variability and
limited adherence evaluation stand out as potential determinants of modest study outcomes and
underestimation of diet effects [37]. Regarding the impact of nutrition on genetic makeup and vice
versa, the capacity to accurately monitor food and energy intake remains a major challenge in precision
nutrition research.

A better characterization of dietary habits throughout an intervention study will ultimately
increase one’s chance of generating clear findings. This implies, however, thorough data acquisition
in terms of individual food consumption and other factors that could affect adherence evaluation of
a particular intervention [38]. The limitations of subjective and memory-based dietary assessment
methods (M-BM), such as FFQ, 24-h dietary recall (24H), dietary record (DR) and dietary history
(DH) have been known for a long time [39] and continue to be questioned today [40], with under-
or over-reporting not being accounted for in many studies, which may lead to biased results in
nutritional intervention studies. Other than recall bias inherent in self-reported data, limitations shown
by subjective dietary assessment methods comprise the high cost and time-consuming of DH and of
multiple 24H and DR, which could also drive to unintentionally changes in participants’ diet due to
repeated measurements [41]. Since a reliable dietary assessment is key for interpreting diet-induced
metabolic outcomes, many approaches aimed at overcoming these issues from different perspectives
have been proposed.

Two examples of novel dietary adherence methods are the Mediterranean Diet Adherence Screener
(MEDAS) [42,43] and the Mediterranean Lifestyle index (MEDLIFE) [44]. The MEDAS consists
of a simple 14-point-instrument to overcome the classical time-consuming FFQ. This time saver
questionnaire allows a more robust estimation of Mediterranean diet adherence that can be used
in clinical practice. The final MEDAS score ranges from 0 (worst adherence) to 14 (best adherence),
according to 9 items from a previously validated index [45], plus three questions on Mediterranean food
consumption frequency (nuts per week, sugar-sweetened beverages per day, and tomato sauce with
garlic, onion and olive oil per week), and two more questions about Spanish Mediterranean food intake
habits (olive oil as the principal source of fat for cooking and preference of white meats—chicken, rabbit,
turkey—over red meats—beef, pork, etc.). The MEDAS has been validated within the Prevención
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with Dieta Mediterránea (PREDIMED) study [46], a primary prevention nutrition-intervention trial
that will be presented below. Using a holistic approach, the MEDLIFE index is the first to include PA
and social interaction to the classical assessment of food consumption [44]. The MEDLIFE index has
been validated with previous diet quality indices, the Alternate Healthy Eating Index (AHEI) [47],
the alternate Mediterranean Diet Index (aMED) [48] and the MEDAS [42], and it consists of 28 items
divided into three blocks. The first two blocks are dedicated to estimate food consumption frequency
and Mediterranean dietary habits, such as the previous MEDAS index [43]. The third block consists of
six items that include information about PA (more than 150 min/week or 30 min/day jogging, walking
quickly, dancing or doing aerobics) and social habits (time spent sitting, watching television or in front
of a computer, sleeping or socializing with friends). The MEDLIFE index is the first to measure other
variables beyond food consumption that are part of the Mediterranean lifestyle and it is expected to
help in the refinement of association testing between metabolic diseases and diet/lifestyle, as well as
in the improvement of measuring adherence to a Mediterranean lifestyle.

Some authors have proposed that more complex and sophisticated statistical methods may help
monitoring the adherence of patients to a nutritional intervention, which would lead to a more accurate
detection of the potential associations between dietary interventions and metabolic improvements.
In this regard, Sevilla-Villanueva et al. [49] have recently reported that adherence evaluation through
trajectory analysis allows researchers to observe how study participants evolve during a nutritional
intervention depending upon their assigned nutritional group. This artificial intelligence-based
approach considers an initial classification of individuals according to the Integrative Multiview
Clustering [50], which uses 65 parameters divided in two blocks to group individuals. These two
blocks are the baseline block, describing the health condition (biometric measures, tobacco and drug
consumption, socio-demographic characteristics, diseases and biomarkers) and the habits block, which
describes food habits and PA. This clustering process is performed at the beginning and at the end
of the study, creating a trajectory map showing how the individuals belong to one or other final
class by observing changes in diet indicators and depending on the initial state and the assigned
intervention. Adherence to the intervention was tested in a randomized, parallel, controlled clinical
trial with three dietary interventions (Mediterranean diet plus virgin or washed olive oil, and a
control group with habitual diet) [51] where the previously mentioned MEDAS was used to assess
individual diet scores [42]. By using this approach, researchers are able to unmask dietary changes
within a given intervention group and to discriminate participants according to their particular
diet trajectories during the study, and not only by their assigned intervention groups. This type of
study allows a more specific evaluation of adherence and a more accurate characterization of the
impact of the intervention. In any case, the application of these algorithms will likely continue to
be influenced by inadequate self-reported-based estimates of energy intake that are, after all, the
input parameters of such sophisticated algorithms [52]. In this sense, a recent study has revealed
that energy intake under-reporting keeps being a major concern in nutrition research, regardless of
self-reporting method [53]. In this study, a total of 200 men and women from the SCAPIS study
(Swedish CArdioPulmonary bioImage Study) [54], and aged 50–64 years were recruited and invited
to complete a rapid FFQ (the MiniMeal-Q) and a 4-day web-based food record tool (the Riksmaten
method). Reported energy intake by the MiniMeal-Q and the Riksmaten method were tested against
total energy expenditure measured with the double-labelled water technique in 40 participants.
Both methods are widely used in national dietary surveys in Sweden and in large-scale epidemiological
studies, and have been partially validated. Results of this study showed that both methods displayed
a similar degree of energy intake under-reporting, with a reporting accuracy of 80% and 82% for the
for MiniMeal-Q and the Risksmaten methods, respectively [53].

Aiming at a better standardization of adherence monitoring in restricted and free-living
individuals, self-reported assessment methods should then be used with caution, and priority should
be given to the development of alternative techniques to assess food and energy intake. In this
regard, new methods to measure food consumption in a more accurate way are emerging and being
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validated. A food image-based method, called the Remote Food Photography Method (RFPM) [55],
has been recently validated for measuring energy and nutrient intake [56] and has been proposed
as a cheap, easy, and reliable method for detecting individual adherence better than classical FFQ.
This method involves participants capturing images of their meals and plates waste with a phone
camera. These images are further sent to a server where energy and nutrient intake are estimated by
validated methods [55]. Another method based on wrist motion tracking aims to give consistent energy
intake measurements from daily living by monitoring food bites thanks to a wearable (watch-like)
device coupled with a micro-electro-mechanical gyroscope [57]. Although these methods still need
to be fine-tuned, they appear to be promising for the optimization of dietary monitoring focused on
estimated energy intake and to assess adherence to a nutritional intervention.

Innovative and sophisticated tools to estimate food and energy intake are expected to be further
improved and validated, while more precise devices and techniques such as the above mentioned
must be developed. Further research is also needed to test whether these high-tech methods can be
widely used in free-living subjects [58].

3. Food Behavior

Foodstyle Monitoring

In addition to the measurement of total food intake, additional key aspects concerning precision
nutrition that must be considered are, for instance, the frequency at which we consume foods
throughout the day, the time we have lunch or dinner, and our snacking habits. Again, relying
on methods able to collect accurate and valid clinical observations are key priorities as we strive to
obtain reliable research results that will ultimately lead to unbiased interpretations.

Innovative technologies in this area are being developed, such as the Universal Eating Monitor
(UEM), a table-embedded scale able to precisely quantify the amount of food consumed by a given
person over time [59]. Initially conceived to monitor unrestricted eating, currently existing algorithms
can be used only under restricted laboratory conditions. Nevertheless, the ability of the UEM to
monitor different eating behavior parameters such as eating rate, bite size or food-to-drink ratio makes
this tool a potentially useful device in precision nutrition. Accordingly, the Automatic Ingestion
Monitor (AIM) is a wearable device designed to monitor the food intake behavior, such as snacking,
night eating or weekend overeating, and analyze eating behavior in free living conditions [60]. In this
regard, the AIM uses three different sensors (jaw motion, hand gesture and accelerometer) that allow
obtaining reliable eating behavior measurements. These systems are two examples of how technology
can be implemented to account for inter-individual differences in feeding behavior.

One important aspect of food behavior lies in its interaction with the circadian system, a
physiological internal clock working autonomously with rhythms and oscillators synchronized by
external time cues, and regulating a variety of physiological functions [61]. Several authors have
already shown the relevance of the circadian system in human nutrition. Results from the ONTIME
study, a clinical trial focused on the interaction between meal timing, genetics and weight loss
showed that carriers of variants at the PLIN1 locus exhibited lower weight loss within individuals
assigned to the group of late lunch eaters (after 15:00), as compared to early lunch eaters (before 15:00)
(7.21 ± 0.67 kg vs. 10.63 ± 0.56 kg; p = 0.001) [62]. Other food behaviors, such as frequent snacking have
also been pinned down to genetics. Garaulet et al. reported that carriers of PER2 variants displayed
extreme snacking, suffered from diet-induced stress and bored-eating, among other behavior atypical
patterns [63]. Results of two other recent studies have underscored the relevance of genes linked to the
circadian clock in scheduled food behavior. For instance, significant interactions between specific gene
variants within the CLOCK [64] and the CRY1 [65] circadian genes, with low-fat diet and carbohydrate
intake, respectively, have been identified.

In the first study, the interaction between SNPs at the CLOCK locus (rs1801260, rs3749474,
rs4580704) with a Mediterranean diet and a low-fat diet was tested in 897 patients with coronary
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heart disease from the Coronary Diet Intervention with Olive Oil and Cardiovascular Prevention
(CORDIOPREV) clinical trial (ClinicalTrials.gov: NCT00924937). After 12 months of intervention, a
significant interaction was found between rs4580704 and low-fat dietary pattern for high sensitivity
C-reactive protein (hsCRP) levels and the ratio high-density lipoprotein cholesterol/apolipoprotein
A1 (HDL/ApoA1). Specifically, after the low-fat diet intervention, rs4580704 major allele carriers
(CC) displayed a significant decrease of CRP levels, as compared to minor allele carriers (GG + CG)
(~42% vs. ~12.5%; p < 0.001) and increased HDL/ApoA1 ratio (~4% vs. ~1.2%; p < 0.029) , whereas
no changes were observed between genotypes after the Mediterranean diet intervention, thereby
suggesting that some metabolic disturbances, such as inflammation or dyslipemia, may be improved
with personalized nutritional advices based on the genetic background of circadian rhythm [64].

On the other hand, a SNP (rs2287161) at the CRY1 locus was tested for interaction with
carbohydrate intake in predicting insulin resistance [65]. Results showed that increased carbohydrate
intake led to a significant increase of fasting insulin (βinteraction (SEinteraction) = 0.0040 (0.0015);
Pinteraction = 0.007) and the homeostatic model assessment of insulin resistance (HOMA-IR) (βinteraction

(SEinteraction) = 0.0040 (0.0016); Pinteraction = 0.011) only among individuals homozygous for the
rs2287161 rare allele. The initial results found in the Mediterranean population of 728 subjects
following a Mediterranean diet were further replicated in a North American population of 820 subjects
participating in the Genetics of Lipid Lowering Drugs and Diet Network (GOLDN) study.

These and other findings reviewed by Asher & Sassone-Corsi and Oike et al. [66,67] highlight
the relevance of chrono-nutrition, i.e., the study of how food components interact with circadian
clocks and how meal times affect metabolic processes [67], in the application of precision nutrition.
Concretely, these findings point to circadian genetic variability as a relevant factor to be considered
when developing scheduled and personalized nutrition programs aimed to face metabolic disorders
associated with obesity.

4. Precision Physical Activity

Physical Activity: A Key Factor to Proper Precision Nutrition

There is a wide consensus in the literature that a sedentary lifestyle is one of the main factors
contributing to the epidemic of cardiometabolic diseases [68]. Monitoring of PA should be then
considered as a central factor when approaching precision nutrition. In words of Betts and González:
An optimal diet can therefore be personalized not only to what an individual is currently doing but to what
they should be doing [1]. In this context, Bouchard et al. have shown that besides the inter-individual
variability in the beneficial response to a PA intervention regarding cardiovascular disease (CVD)
and type 2 diabetes (T2D) risk factors, some individuals may even experience negative responses,
such as a decrease in plasma HDL-C or an increase in systolic blood pressure, fasting plasma insulin
and plasma triglyceride (TG) levels [69]. Thus, tailored dietary recommendations should take into
account the PA profile of individuals, which will open the door to more integrative interventions,
including personalized PA prescriptions. Moreover, not only the inter-individual variability in PA rates
is relevant when tailoring nutritional advices, but even greater is the within-individual PA variability
with time. In this regard, a recent study has shown the relevance of accounting for day-to-day
individual variability of insulin and glucose levels in response to a standardized PA intervention.
In this study, 171 sedentary, middle-aged abdominally obese adults were randomly assigned to
four exercise groups (non-exercise, a low-amount/low-intensity, high-amount/low-intensity and
high-amount/ high-intensity). The intervention consisted of walking on a treadmill five times per
week at the required intensity (relative to the cardiorespiratory fitness) for 24 weeks. The day-to-day
variability was calculated as the square root of the sum of squared differences of repeat measures
(glucose and insulin baseline and 24-week levels in the control group), divided by the total number of
paired samples and multiplied by two. Taking into account this individual variability, approximately
80% of the participants did not improve glucose and insulin levels, independently of the PA
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intensity, underscoring the need for a more comprehensive assessment of the PA-derived metabolic
outcomes [70]. This study stressed that within-subject variation must be accurately assessed when
evaluating the inter-individual differences in precision nutrition approaches. In this regard, Atkinson
& Betherman [71] have proposed a logical framework to identify true inter-individual differences after
an intervention, as well as to evaluate their clinical relevance. Such approach includes a comparator
arm where standard deviation from the intervention arm should be compared to for the identification
of reliable differences among participants.

Recent approaches have started to scrutinize the potential role of PA in previously detected genetic
associations with obesity and related metabolic disturbances. For example, it has been reported that a
sedentary behavior, estimated as prolonged television watching, accentuates genetic predisposition
(measured as GRS) to increased BMI in two prospective cohorts, the Nurses’ Health Study and the
Health Professionals Follow-up Study [72]. Specifically, an increment of ten points in the GRS was
associated with 0.8–3.4 kg/m2 higher BMI across the different categories of television watching
(1–40 h/week; Pinteraction = 0.001). Recent findings have also reported that the impact of gene variants
within FTO gene, the first and most strongly obesity-associated gene [73,74], on obesity development
is in fact attenuated by PA, i.e., the increase in BMI is 76% more pronounced in inactive individuals
carrying the risk allele (Pinteraction = 0.004) [75]. Additional studies have also reported a protective
effect of PA (assessed using self-administered questionnaires) on the impact of obesity-associated
genetic variants in the form of aggregated GRS [76,77]. Results from Li et al. [76] revealed that the
genetic predisposition to obesity in individuals with high-risk GRS could mitigated by higher levels of
PA, as illustrated by BMI differences in physically active vs. sedentary participants. More specifically,
the BMI difference between high- and low-risk GRS individuals in the sedentary group amounted
to 0.74 kg/m2, whereas this difference was 0.41 kg/m2 in the physically active group. These results
were also replicated in a meta-analysis of 11 cohorts [77], where a significant but weak association was
reported (0.65 kg/m2 vs. 0.53 kg/m2). Despite the adequate power to detect small effects and the large
number of participants in above-mentioned studies, over 20,000 and 100,000 individuals, respectively,
gene × PA interactions are not strong enough to establish causal relationships between increased PA
and decreased risk of genetic predisposition to develop obesity, or to use them in clinical practice, as
reported by Ahmad et al. [77]. Likewise, a more recent GWAS meta-analysis of 200,452 subjects from
60 previous studies analyzing gene-PA interactions revealed 11 novel loci associated with adiposity,
suggesting that accounting for PA could facilitate the uncovering of novel biological determinants of
obesity [78]. Nevertheless, the search for PA interactions with obesity-associated loci only provided
significant results with the FTO gene, showing a decrease of 30% of FTO effect in active as compared
to sedentary subjects [78]. Although it has been hypothesized that highly penetrant genetic variants
may be less influenced by environmental factors [79], it is important to point out that PA is most often
estimated by self-reported questionnaires in population studies. In this regard, it is worth highlighting
that the majority of studies included in this meta-analysis used self-reported PA data (self-administered
or interviewer-administered questionnaires) instead of objective measures (only two studies measured
PA by accelerometry), and PA was finally treated as a dichotomous variable (active and inactive
individuals) to harmonize this parameter, with the resultant loss of power to detect associations.

It then becomes crucial to replicate these findings with direct and objective measures of PA. In this
sense, the recent use of accelerometers to objectively measure PA levels has consistently revealed that
both BMI-associated GRS [80] and FTO impact on obesity susceptibility [81] are attenuated by higher
levels of objectively measured PA. With direct PA measurements, results from the FTO-related work [81]
are similar to previous findings [75,82], but the attenuation of FTO impact on obesity-associated
features, such as BMI and WC, is quantitatively more important. These findings could be explained,
according to the authors, by the higher precision of PA measurements and its ability to accurately
categorize PA intensity into light, moderate or vigorous.

These findings underscore the importance of a reliable assessment of PA for a more accurate
interpretation of its potential modulating effect on the association between diet and health outcomes.
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Up to now, motion sensors such as accelerometers could be considered as the gold standard to obtain
accurate PA measurements [83], and their use in biomedical research in increasing [84,85]. A recent
systematic review of the use of accelerometers for measuring PA under free-living conditions revealed
that triaxial accelerometers were the most commonly used, followed by biaxial and uniaxial [86].
Among triaxial accelerometers, the most used models in longitudinal assessment of PA in studies
related to health and disease [87] were ActiGraph GT3X (ActiGraph LLC, Pensacola, FL, USA) [70,88]
and TracmorD (DirectLife, Philips Consumer Lifestyle, Amsterdam, The Netherlands) [81,89].
Nevertheless, these methods have some limitations for large prospective epidemiological studies, e.g.,
intrusiveness, elevated cost or specialized training for an efficient use [90], limitations that researchers
should try to overcome in order to develop precision nutrition approaches that integrate the important
notions of energy expenditure and energy balance. In this regard, together with an accurate knowledge
of dietary habits, food behaviors, genetics and gut microbiota factors, as well as a precise metabolic
phenotyping, precision energy expenditure measurements, including resting energy expenditure (REE),
thermic effect of food and activity-related PA should be considered when implementing precision
nutrition approaches, as depicted in Figure 3. Regarding activity-related PA, a multidimensional
representation of PA (including factors such as occupational PA, sedentary time and leisure activities)
has been recently proposed as a way to provide a more comprehensive picture of PA, reducing the bias
associated to a unidimensional approach solely based on PA per se [91].

 

Figure 3. Precision nutrition features and their relationships. PA: physical activity.

5. Deep Phenotyping

High-Quality Phenotypes to Stratify Obesity

The need for precise measures to refine phenotypes emerges as a key pillar to understand
inter-individual variability observed for certain pathologies, as well as over time variability for an
individual [92]. This is of special relevance when the impact of a given diet or lifestyle advice on
specific phenotype features is the pursued goal. Accurate and well-defined disease stratification,
taking into account phenotypic heterogeneity, is then required in order to obtain reliable associations
in nutritional interventions (Figure 3).

Complex diseases mean complex phenotypes. This is the case of most metabolic disorders,
such as obesity, CVD or T2D. The development of new tools or methods with the ability to stratify
and distinguish different phenotypes in terms of etiology, severity or underlying mechanisms thus
represents a challenge in the field of precision nutrition. In this regard, although obesity is a condition
associated with increased risk of T2D, CVD and other metabolic complications, a significant proportion
of individuals with excess body weight are characterized by a much healthier metabolic risk profile
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than what could be expected form their excess adiposity [93], thereby suggesting that BMI does
not reflect the actual health status of an individual. On the other hand, individual with a normal
BMI may still be characterized by metabolic dysfunction if they carry excess visceral or hepatic fat.
Since excess visceral adipose tissue (VAT) accumulation and adipose tissue dysfunction are tightly
related to the development of obesity-related metabolic complications [94], it has been proposed
that the combined measure of WC and plasma TG levels may represent an inexpensive and useful
biomarker of both VAT accumulation and dysfunction, as well as a potential predictor of T2D and
CVD risk [95,96]. Results from a study including 21,787 apparently healthy individuals, followed for
approximately 10 years as part of the EPIC-Norfolk prospective population study, have shown that the
hypertriglyceridemic-waist phenotype (the combination of elevated WC and plasma TG levels) was
associated with increased risk (unadjusted hazard ratio—UHR) for coronary artery disease in both
men (UHR = 2.40 (2.02–2.87)) and women (UHR = 3.84 (3.20–4.62)) [97].

Several imaging studies have now shown that VAT accumulation has a more deleterious effect
than subcutaneous adipose tissue (SAT) on metabolic health [94,98]. Assessment of VAT accumulation
represents a challenge when stratifying subjects with abdominal obesity. In this regard, a recent study
has shown that epigenetic factors, such as DNA methylation marks, could discriminate VAT from
SAT after weight loss surgery [99]. Given that VAT biopsies represents an invasive technique, there
is a need to find surrogate biomarkers in more accessible tissues such as blood, allowing a better
characterization of obesity in addition to the traditional clinical outcomes, such as BMI or WC. Recent
studies have also suggested that whole genome differential methylation patterns derived from blood
leukocytes (BL) may be used as surrogates of those derived from VAT. More specifically, a set of
differentially methylated cytosine-phosphate-guanine (CpG) sites, common in VAT and BL, were
shown to successfully discriminate men with or without metabolic syndrome [100]. These and other
results suggest that BL methylation levels could be a good marker of VAT DNA methylation [101], and
could then be used to determine the effect of a nutritional intervention on the epigenetic profile, and
therefore on metabolic health related to VAT accumulation. Thus, knowledge of epigenetic variations
predictive of metabolic complications among individuals with obesity could be of considerable
relevance to the field of precision nutrition. For instance, recent studies focusing on DNA methylation
differences between responders and non-responders to a weight loss intervention (energy restriction
or bariatric surgery) [102–105] suggest that these epigenetic marks may be used as biomarkers to
identify high-risk individuals who may be targeted in personalized nutritional programs focused on
prevention, management and treatment of obesity.

Robinson has defined deep phenotyping as the precise and comprehensive analysis of phenotypic
abnormalities in which the individual components of the phenotype are observed and described [106].
Traditional risk factors for T2D and CVD, such as blood pressure, lipid profile or BMI, are not
always representative enough of a given health condition. Rather, in some instances, a thorough,
individualized and precise evaluation of a number of metabolic parameters, e.g., continuous glucose
monitoring in T2D, could be required [106,107]. This means that a much more detailed phenotyping is
required in order to capture the diverse, interindividual and time-dependent, variability of disease
manifestations for a better disease stratification.

An example of this extensive phenotyping is the Maastricht Study, where a cohort of
10,000 individuals with an overrepresentation of patients with T2D are being surveyed in a regular
basis for T2D traditional risk factors, etiology and associated metabolic disturbances [108]. In this study,
traditional (hypertension, dyslipidemia, obesity or inflammation status) and advanced phenotyping
techniques (body composition by dual energy X-ray absorptiometry, electrophysiology of the heart,
ocular pressure, corneal confocal microscopy or lung function evaluation by spirometry) are being
used to elucidate the underlying pathophysiology of T2D and associated metabolic disturbances.
This large epidemiological study will likely provide important clues on how detailed phenotyping
can be extracted and eventually applied in precision nutrition. In-depth phenotyping methods
utilized in this study can be divided into four different approaches: exhaustive biobanking for an
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efficient risk stratification (whole blood for DNA and RNA extraction, 24 h and morning urine,
fasting and post-oral glucose tolerance test serum samples), advanced cardiovascular imaging for
better knowledge of T2D-associated CVD risk (microvascular assessment by nail fold microscopy,
vascular and cardiac ultrasound), use of accelerometry to objectively measure PA and sedentary time,
and the study of psychosocial factors through personality questionnaires. The use of advanced and
objective measurements (abdominal fat ultrasound, triaxial accelerometry), combined with traditional
and self-reported data (FFQ, PA) represents a strength of this study [108] and a step forward in
precision nutrition.

As previously outlined in the Precision nutrition section, a similar strategy was carried out by
Zeevi et al. in their work about prediction of glycemic responses and personalized nutrition [33].
This work represents a proof-of-concept for the feasibility of individualized prediction of the response
to a meal by combining traditional and in-depth measurements, such as FFQ, food diaries, blood tests
and microbiome profiling, being able to assign specific diets allowing to successfully lower post-meal
blood glucose.

The strengths of deep phenotyping span from providing a much more detailed picture of a given
pathology, which allows a better clinical decision-making, to deepening the knowledge of mechanisms
governing the progression of the pathology, which improves the evaluation of intervention outcomes.
Thus, despite its limitations, such as the high cost, the need for intensive clinical measurements, or the
necessity of accurate evaluation by trained professionals, deep phenotyping represents an essential tool
for the optimal stratification of diseases to easily and efficiently manage each subtype according to its
particular characteristics [107,109]. Translational and precision nutrition approaches shall then profit
from this specific and fine-grained phenotype information to adequately apply novel and personalized
dietary advices.

6. Metabolomics

Towards a Better Characterization of Eating

The accurate understanding of how nutrients are metabolized, and how these metabolites are
able to illustrate the body’s response to a diet has been previously addressed in many studies [110].
Regarding precision nutrition, metabolomics stands as a cornerstone in the knowledge of the real
impact of foods on an individual’s health. By identifying food-derived biomarkers, scientists can now
determine how different individuals metabolize the same foods distinctly, and how such food products
or metabolites may further influence health outcomes in different healthy or unhealthy situations, as
well as in atypical conditions, such as intolerances or allergies. In this regard, the standardization of
reference values for metabolites is necessary for the further use of them as food-derived biomarkers in
the setting of precision nutrition. A recent study carried out in 800 French healthy volunteers where
185 plasma metabolites were analyzed has established a reference dataset for the majority of them [111].
Moreover, this study allowed to differentiate normal metabolomes between men and women, elderly
and young subjects, and to determine the main sources of variation between population subgroups.
As an example, results of this study revealed that individuals with high total cholesterol levels were
also characterized by higher plasma sphingomyelins and phosphatidylcholine concentrations [111].

As previously mentioned in the Dietary habits section, objective measurement of the adherence to a
dietary pattern remains a major challenge of precision nutrition. Recent advances in metabolomics offer
a glimpse into promising avenues for better eating characterization. For instance, it could be possible
to identify individual foods or nutrients, such as polyphenols, wheat, sugar-sweetened beverages
or walnut consumption [112–115]. A further step in metabolomics usefulness is to test its ability to
determine the overall picture of an individual food consumption [116]. In this sense, spectroscopic
profiling of urine with the use of proton nuclear magnetic resonance (1H-NMR) has recently been
validated for the objective measurement of an overall dietary pattern [117]. The 19 participants
of this randomized, controlled, crossover trial were assigned to four dietary interventions with
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a stepwise variance in concordance with the World Health Organization (WHO) healthy eating
guidelines. Adherence to the intervention was strictly monitored by food and plate waste weighing,
and urine samples were collected daily over three time periods. A global metabolomic profiling
with a combination of 16,000 spectral variables was used to generate representative metabolite
patterns relevant to each diet. Systematic differences were found in metabolomic profiles between
diets 1 and 4 (the most and the least concordant diets to the WHO guidelines). Among individual
metabolites, significantly higher concentrations of hippurate (fruit and vegetables), tartrate (grapes)
or dimethylamine (fish) were found in the urine of participants assigned to diet 1, as compared to
participants assigned to diet 4, while others were significantly lower, such as carnitine (red meat).
The ability of this technique to discriminate metabolomic profiles of participants and classify them
according to their assigned healthy or unhealthy diet during a nutritional intervention was further
successfully validated in free-living populations [117]. However, the low specificity and sensitivity of
this method in the discrimination of dietary patterns must be addressed, and some other challenges
such as its potential to capture diet dynamics thorough long-term studies have to be considered [118].
The same 1H-NMR technique has also been used to characterize the metabolomic profiles of a whole
meal [119]. In this study, a cereal breakfast and an egg and ham breakfast were distinguished by
identifying acute metabolomic fingerprints and key discriminatory metabolites in postprandial urine
samples. Concretely, phosphocreatine/creatine, citrate and lysine were at higher concentrations
after an egg and ham breakfast, whereas erythrose showed a higher concentration after a cereal
breakfast [119].

Metabolomics has also been successfully applied in the development of novel population
classification methods according to the metabotype, which stands for a group of individuals with
similar metabolic profiles, and therefore represents a pillar of deep phenotyping [120]. One of
the advantages of stratifying population according to the metabolic profile (metabotyping) is the
possibility to scale precision nutrition advices to relatively uniform groups of individuals. As an
example, since low-grade inflammation is known to be an important factor in insulin resistance
development, the search for nutritional strategies focused on alleviating the inflammatory state
becomes an attractive approach for precision nutrition [121–123]. In this regard, recent studies
based on baseline metabolic profiles, e.g., plasma lipoprotein and fatty acid profiles, cardiometabolic
biomarkers or insulin and glucose fasting and postprandial levels, have revealed the ability to a
priori discriminate between responders and non-responders to a specific treatment or nutritional
intervention, as recently reviewed by Riedl et al. [124]. Moreover, preliminary results from a dietary
intervention in overweight and obese adolescents (ClinicalTrials.gov: NCT01665742) suggest that
the beneficial effects of anti-inflammatory supplements (omega-3 polyunsaturated fatty acids—n-3
PUFA—vitamin C, vitamin E, and polyphenols) on insulin sensitivity are limited to the patients with
the least favorable metabotype, whose different components (high HOMA-IR and cholesterol levels)
also serve as independent predictors of nutritional supplementation outcomes [125].

Emerging evidence suggests that both pre- and post-metabolic profiles in patients undergoing a
nutritional intervention can provide valuable information about capabilities of metabotypes to predict
a given response to nutrients, and to determine the influence of individual foods, whole meals and
dietary patterns on plasma metabolite levels. Thus, the potential of metabolomics has to be further
explored in precision nutrition approaches.

7. Microbiota Phenotyping

Diet-Gut Microbiome Interplay

Gut microbiota profiling is becoming a top priority in nutritional interventions, and the impact
of specific dietary factors on the ecological diversity of the gut is currently the subject of many
ongoing investigations. The development of nutritional interventions based on individual profiles are
focused on optimizing gut microbial composition, both richness and diversity, and emerging evidence

105



Nutrients 2017, 9, 913

suggests that gut microbiota profiling should be included as a key feature of precision nutrition [126].
In fact, both composition and diversity of gut microbiota have been identified as potential risk factors
for the development of several metabolic disorders including the metabolic syndrome, T2D and
CVD [127]. In this regard, the previously discussed study of Zeevi et al. [33] is an example of how
gut microbiome profiling could represent a tool allowing accurate glucose response prediction after
a meal. In this study, gut microbiota profiling was performed in stool samples of the entire cohort
of 800 participants by 16S rRNA and metagenomics sequencing. Numerous microbiome features of
composition and function were then integrated into the postprandial glucose response prediction
algorithm. The analysis of the contribution of each factor to algorithm predictions revealed 21 beneficial
and 28 non-beneficial (decreased or increased predicted postprandial glucose response, respectively)
microbiome-based features. For instance, Eubacterium rectale abundance was mostly beneficial, whereas
Parabacteroides distasonis was found to be non-beneficial by the prediction algorithm. Other studies
have also highlighted the potential relevance of gut microbiota in tailoring diets. For instance, the
FRUVEDomics Study, a behavioral interventional trial (ClinicalTrials.gov ID: NCT03115866), aims at
identifying metabolomic and microbiome risk factors that may be subjected to modification through a
nutritional intervention, mainly based on increasing fruit and vegetable consumption in young adults
at risk for the metabolic syndrome. For that purpose, 36 participants were randomized into three
intervention groups. The first one was based on a dietary intake of 50% fruit and vegetables, and the
other two groups were based on the same 50% fruit and vegetables plus low refined carbohydrate
or low fat. Although it is expected that this trial will be completed in 2019, preliminary results have
suggested that individuals with a higher risk of developing metabolic syndrome also exhibited a
higher Firmicutes to Bacteroidetes ratio before the intervention [128–130]. Other than being able to
identify different combinations of diets to improve metabolic health, this type of trial is an example of
group-based nutritional interventions (at-risk metabolic syndrome young adults). Studies like this
have the potential of revealing novel biomarkers, both metabolomic and issued from microbiome
profiling, allowing a phenotype refinement that could eventually be used in further individually
tailored studies.

A relevant aspect of the gut microbiome is the fact that its composition and diversity can be
modulated by host genetic makeup [127]. But even more relevant for the precision nutrition field
is the fact that the interaction between diet and host genetic background is also able to modulate
the composition of the gut microbiota. A recent study aiming at documenting the impact of host
genetics on the gut microbiome found that, in addition to 9 novel loci associated with gut microbial
taxonomies and other chromosomal regions related to food preferences, gene-diet interactions regulate
Bifidobacterium abundance [131]. This study was carried out in three independent Dutch population
cohorts: a discovery cohort of 1539 individuals, and two replication cohorts of 534 and 105 individuals,
respectively. Interestingly, a functional variant at the lactase (LCT) locus, tightly associated with
lactase persistence in Europeans [132], was associated with higher abundance of Bifidobacterium. Dairy
product consumption was not altered significantly by this haplotype, nor by increased Bifidobacterium
abundance. Nevertheless, the interaction between this haplotype and the intake of dairy products was
associated to Bifidobacterium abundance [131]. These results pointed out the potential modulation of
the microbiome through the interaction between diet and genetic makeup as a target to be considered
in further precision nutrition studies [133].

Other examples highlighting the relevance of gut microbiota in precision nutrition have reported
its role in the relationship between red meat consumption and the development of atherosclerosis
and CVD [134,135]. In these studies, increased fasting plasma levels of trimethylamine (TMA),
produced by gut microbiota metabolism, and its proatherogenic metabolite trimethylamine-N-oxide
(TMAO) were observed in mice and humans, concomitant with increased risk of atherosclerosis,
after oral intake of L-carnitine [134] and phosphatidylcholine [135], both having red meats as a major
source. Interestingly, as suggested by Zmora et al. [136], these pieces of work suggest that the general
recommendation of reducing the intake of red meat [137] may be better focused on subjects with
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gut microbial configurations more prone to metabolize such nutrients into proatherogenic species.
This study also revealed that the association between red meat intake and mortality could be due to
a certain extent to gut microbiota-derived metabolites. Other general recommendations, such as the
substitution of sugar consumption by artificial sweeteners, have also revealed that such an approach
may not potentially be beneficial for a population subgroup, as reported by Suez et al. [138]. In this
study, an increase in the intake of sweeteners led to the development of glucose intolerance in the
subgroup of individuals having a sensitive gut microbiota [138]. However, given the high dose of
sweetener used (5 mg saccharin/kg body weight—FDA’s maximum acceptable daily intake) and the
limited number of participants (n = 7), the results issued form the study of Suez et al. [138] are still
controversial and have generated a broad discussion in the field [139,140]. Although there is mounting
evidence supporting the impact of sweeteners on microbiota in rodents [141], larger studies in humans
are still needed. In this regard, a recent study has shown that gut bacterial diversity could be affected
by recent (four-day food record) sweetener consumption (aspartame and acesulfame potassium) [142].

In summary, recent findings summarized herein suggest a link between microbiome biomarkers
and nutritional intervention outcomes [33], the ability of gene-diet interactions to modify gut
microbiota composition [131], and the existing link between food consumption, disease development
and gut bacteria diversity [134,135]. Altogether, these findings suggest that gut microbiota should be
considered when designing individualized nutrition advices.

8. Recent Advances in Precision Nutrition

8.1. From Nutrigenomics to Tailored Nutrition

Genetics have been frequently considered in association studies as an independent factor
predisposing to obesity, increased adiposity, T2D and CVD [143–146]. Both GWAS and candidate gene
studies have mostly focused on the impact of genetics on metabolic health [147–150]. Although this
strategy has identified strong statistical associations, knowledge about the underlying molecular
mechanisms affected by these genetic variants, and allowing to interpret their clinical relevance in
the development of such pathologies is still scarce [151]. As already mentioned in this review, the
physiological consequences of genetic variants and of their interactions with nutrient intake and other
lifestyle factors, such as PA [76–78] or dietary habits [19,20,28] have been carried out in the field of
precision nutrition.

Besides the fact that interesting findings have emerged from these studies, more ambitious,
comprehensive and overarching strategies are currently broadening the knowledge about factors
involved in the different response to a given nutritional intervention. This is the case of two large
randomized control trials, PREDIMED and Food4me.

8.2. PREDIMED

Given that previous studies have reported that increasing adherence to the Mediterranean diet
has beneficial effects on cardiovascular health [152,153], the PREDIMED study was designed as a
multicenter, randomized, controlled trial to determine the impact of this diet on cardiovascular
outcomes in participants at high cardiovascular risk [46]. The general guidelines to follow the
Mediterranean diet were provided to participants as a personalized dietary advice according to
their prior adherence to this type of diet, evaluated by the previously mentioned 14-item MEDAS
questionnaire [42]. These guidelines consisted in abundant use of olive oil for cooking, generous
consumption of vegetables and fresh fruits, legumes, fish or seafood, nuts and seeds, selection
of white meats instead of red and processed meats, and cook regularly with tomato, garlic and
onion. Further recommendations were focused on reducing the consumption of certain foods, such as
butter, sugar-sweetened beverages, pastries or French fries. The unique aspect of this study was the
intensive utilization of a constellation of omics techniques (transcriptomics, genomics, epigenomics or
metabolomics), the analysis of intermediate phenotypes (plasma lipid concentrations, inflammation
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markers or blood pressure) and end points (myocardial infarction, stroke, and death from CVD causes),
and a robust dietary adherence assessment with a validated 14-item questionnaire [42,154], all of them
key pillars in in the field of precision nutrition [155]. The plethora of biomarkers analyzed in the
PREDIMED study ranged from genetic, epigenetic and transcriptomic, to proteomic, lipidomic and
metabolomic determinants, allowing an in-depth evaluation of the effect of Mediterranean diet on the
basis of an integrated framework. For instance, the use of this integrative approach allowed further
analysis focused on the genetic makeup, such as the TG-lowering effect of a genetic variant (rs3812316)
at the MLXIPL locus. Such TG-lowering effect was strengthened in subjects having a high adherence
to the Mediterranean diet (OR = 0.63 (0.51–0.77); p = 8.6 × 10−6), as compared to those having a
low adherence (OR = 0.88 (0.70–1.09); p = 0.219), which also enhanced the protective effect against
myocardial infarction among carriers vs. non-carriers of this SNP (HR = 0.34 (0.12–0.93); p = 0.036)
vs. (HR = 0.90 (0.35–2.33; p = 0.830), respectively). [156]. Previous nutritional interventions focused
on gene-diet interactions have also revealed that TG levels can be modulated by diet depending
upon the genetic background [157]. In that study, 210 participants received a daily supplementation
of n-3 PUFA (5 g of fish oil) during 6 weeks to investigate the interindividual variability in plasma
TG response to such supplementation. The GRS built with 10 SNPs showing significant frequency
differences between extreme responders (the most significant reduction in plasma TG levels) and
non-responders (no change in plasma TG levels) explained 21.5% of the variation in TG response.
Another example of the distinctive effect of the Mediterranean diet depending on genetic background
was found in a recent case-control study with more than 7000 participants, with or without T2D, issued
from the PREDIMED study [158]. A significant interaction was observed between the adherence score
to the MEDAS 14-item questionnaire and a GRS formed by two SNPs at the FTO and MC4R loci in
determining T2D risk (Pinteraction = 0.006). Specifically, carriers of the rare alleles of these two loci had
higher T2D risk when adherence to the Mediterranean diet was low, but this association disappeared
as adherence increased [158].

Metabolomic tools such as liquid chromatography and mass spectrometry are also being
used in the PREDIMED study to characterize walnut or cocoa consumption under free-living
conditions [115,159], providing a better assessment of dietary exposure to specific nutrients, which
might be successfully applied in precision nutrition for the assessment of complex dietary patterns.
More examples of gene-diet interactions, metabotyping and the Mediterranean diet impact on gene
expression, epigenetic or lipidomic biomarkers emerged from the PREDIMED study are extensively
reviewed by Fitó et al. [155].

8.3. Food4Me

Advanced tools and innovative approaches in nutrition assessment are being developed within the
Food4Me project (food4me.org). This project, which started in 2011, is carried out by an international
consortium focused on the translation of current nutrition knowledge into tailored diets and nutritional
advices by meeting three fundamental elements: reliable dietary intake assessment, deep phenotyping
(metabotyping), and universal genotyping [160]. The Food4Me project represents a step forward in
the potential application of precision nutrition, since in collaboration with stakeholders from different
areas (consumers, industry, regulators, etc.) it also seeks to report the attitudes and beliefs of study
participants [161], as well as the legal and ethical aspects of this type of nutritional interventions.

Regarding dietary assessment, an innovative web-based tool was tested in a large randomized,
controlled trial where participants were randomly assigned to intervention groups for a 6-month
period [162]. Nutritional interventions were divided into conventional dietary advice, personalized
nutritional advice based on baseline diet and phenotype and, finally, a third group where personalized
nutritional advice where based on diet, phenotype and genotype. Baseline diet was evaluated by means
of the validated Food4Me online-FFQ [163,164] and phenotypes were assessed by using self-reported
anthropometric measurements (body weight, height and upper thigh, waist and hip circumferences)
and metabolic parameters (glucose, total cholesterol, carotenoids, n-3 fatty acid index and 32 other
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fatty acids, and vitamin D). Genetic information used for deriving genotype-based personalized
nutrition advice was based on loci associated with BMI, weight and WC (FTO; rs9939609), n-3 PUFA
(FADS1; rs174546), fat intake (TCF7L2; rs7903146), saturated fat (ApoE(e4); rs429358/rs7412) and
folate (MTHFR; rs1801133). This type of study design was applied to test the efficacy of personalized
nutritional advices for improving consumption of a Mediterranean diet [89], that was estimated on
the basis of the PREDIMED 14-item questionnaire [42,154]. In this last study, personalized nutritional
interventions were divided as previously mentioned (based on baseline diet, phenotype and genotype),
plus on the basis of PA, that was evaluated by using the Baecke questionnaire [165] and accelerometer
data. Results from this study revealed that adherence scores to a Mediterranean diet were greater
among individuals assigned to personalized intervention groups, as compared to the control group
(non-personalized general dietary advice) (5.48 ± 0.07 vs. 5.20 ± 0.05, respectively; p = 0.002), with the
largest differences found when genotype data was included in the analysis of the intervention group
(5.63 ± 0.10 vs. 5.38 ± 0.10, respectively; p = 0.029). Similarly, a recent randomized controlled trial
illustrated how disclosing genetic information can lead to greater behavioral changes in dietary habits
than population-based or general nutritional recommendations [166]. Specifically, sodium intake
after a 12-month intervention in participants informed that they possessed a risk allele of the ACE
gene (associated with increased sodium sensitivity) [17,18], and given a targeted recommendation,
was significantly reduced as compared to participants in the control group, who received a general
recommendation for sodium intake (mean change in mg: −287.3 ± 114.1 vs. 129.8 ± 118.2, p = 0.008).
On the other hand, the intervention group composed of non-risk ACE participants and receiving a
general recommendation for sodium intake did not show significant differences as compared to the
control group (mean change in mg: −244.2 ± 150.2 vs. 129.8 ± 118.2, p = 0.11), suggesting that a
targeted nutritional advice based on genotype information impact the intake of specific nutrients in a
greater extent than a general recommendation.

It is worth highlighting that the optimal assessment of nutrient intake remains the foundation
for personalized nutritional advice in the Food4Me study [160]. In this regard, dietary data was
collected by a validated online FFQ [163,164] and participants received regular feedback with practical
advice to improve, increase or decrease, the intake of specific nutrients. Likewise, besides traditional
parameters (self-reported BMI and WC), deep phenotyping was performed by means of metabolomic
measurements (glucose, cholesterol, carotenoids and lipid profile) collected using a dried blood spot
technique [162]. Finally, dietary advice was also controlled regarding individual genotype information,
that was referred to five diet-responsive SNPs located within genes linked to different anthropometric
(body weight) and metabolic functions (total fat, saturated fatty acids, n-3 PUFA and folate) [162].

Recent findings from the Food4Me project have revealed promising advances around the three
levels stated: dietary intake, deep phenotyping and genotyping. First, it has been reported that a
personalized nutritional advice only based on individual baseline diet information (first level) could
lead to greater positive changes in nutritional behavior than a conventional dietary advice after a
6-month intervention, i.e., decreased consumption of red meat (8.5%), saturated fat (7.8%) and salt
(8.9%), and increased consumption of folate (11.5%), leading to significantly higher Healthy Eating
Index (HEI) scores [167,168]. Second, it was also reported that deep phenotyping information could
serve as predictor of the response to a nutritional intervention. For instance, baseline fatty acid
profiles were able to predict the cholesterol response to a personalized dietary intervention [169].
Finally, regarding genotyping data, although disclosure of information about FTO genotype risk had a
greater effect on body weight and WC reduction in risk carriers, as compared to the non-personalized
control group, these changes were similar to the previously mentioned levels of personalized dietary
advice [170]. In line with these results, a previous meta-analysis carried out with data from eight
randomized controlled trials revealed that carriage of the FTO minor allele was not associated with
significant differences in BMI, body weight or WC change in response to a weight loss intervention
(dietary, PA or drug-based) [171].
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9. Conclusions

Altogether, the studies reviewed herein illustrate the most recent approaches to precision nutrition
from different perspectives, highlighting the need for an integrative framework that takes into account
the richness of innovative tools and methods in this field. This review was an attempt to stress the
most important challenges and issues that nutritional science has to overcome in order to successfully
translate basic and clinical knowledge into an effective precision nutrition care.

Up to date, the PREDIMED study and the Food4Me project could be considered as state-of-the-art
trials in the field of precision nutrition, and two of the most stimulating wide-scale approaches in this
field, that will hopefully provide guidance about how precision nutrition could be used to successfully
prevent and manage cardiometabolic disorders. As already mentioned, such integrated approaches
have the potential to improve dietary behaviors in an individualized or in a group-based manner, and
to generate new and innovative tools, methods and procedures.

It is worth mentioning that although precision nutrition remains in its infancy, it does not take
away from the fact that great approaches have been translated into general practice, mainly in the
field of nutrigenetics. As extensively reviewed in [172], the large body of evidence supporting
this genetic-based approach warrant further progress in this field. At this point, it is important to
underscore some limitations encountered by genetic-based nutrition in its translation into general
practice, such as the skeptical views of registered dietitians toward genetic testing and the scarcity of
such personalized approach in higher education curricula of health professionals [173,174]. In this
regard, the feasibility of the whole precision nutrition framework will depend on joint efforts of
all actors involved. On one hand, while nutrition professionals are expected to start adopting
new diagnosis and follow-up techniques, policy makers should elaborate appropriate policies
assuring, among others, an adequate protection of personal information issued from intensive data
collection. On the other hand, a substantial part of the task of translating precision nutrition into a
widely applicable procedure in nutritional practice remains on private industries, by pursuing the
development of precision nutrition tools affordable and accessible to the general population. Thus, as
highlighted in the position statement of the International Society of Nutrigenetics/Nutrigenomics [175],
ethical and legal aspects around precision nutrition, as well as the built environment and social contexts
that influence food consumption have to be considered for a wide and fruitful implementation of this
promising concept of modern nutrition into the general population.
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Abstract: This review provides a literature overview of new findings relating nutritional genomics
and bariatric surgery. It also describes the importance of nutritional genomics concepts in personalized
bariatric management. It includes a discussion of the potential role bariatric surgery plays in altering
the three pillars of nutritional genomics: nutrigenetics, nutrigenomics, and epigenetics. We present
studies that show the effect of each patient’s genetic and epigenetic variables on the response to
surgical weight loss treatment. We include investigations that demonstrate the association of single
nucleotide polymorphisms with obesity phenotypes and their influence on weight loss after bariatric
surgery. We also present reports on how significant weight loss induced by bariatric surgery impacts
telomere length, and we discuss studies on the existence of an epigenetic signature associated with
surgery outcomes and specific gene methylation profile, which may help to predict weight loss after
a surgical procedure. Finally, we show articles which evidence that bariatric surgery may affect
expression of numerous genes involved in different metabolic pathways and consequently induce
functional and taxonomic changes in gut microbial communities. The role nutritional genomics plays
in responses to weight loss after bariatric surgery is evident. Better understanding of the molecular
pathways involved in this process is necessary for successful weight management and maintenance.

Keywords: obesity; bariatric surgery; gene; polymorphism; gene expression; epigenetics; DNA methylation;
microbiota; biomarkers

1. Introduction

Bariatric surgery, including gastric bypass, has emerged as the most effective strategy to treat
obesity and its associated comorbidities [1,2]. Non-surgical treatments generally fail to provide
substantial and long-term weight loss in severe obesity cases [3]. Every year, about 500,000 bariatric
surgical procedures are performed worldwide; sleeve gastrectomy (SG, 49%) and Roux-en Y gastric
bypass procedure (RYGB, 43%) are the most commonly performed techniques [4–6].

Long-term excess body weight reduction is a major goal of bariatric surgery. Excess weight loss is
about 62%, 68%, and 48% for RYGB, vertical-banded gastroplasty (VBG), and laparoscopic adjustable
gastric banding (LAGB), respectively [7]. Despite the positive effects of bariatric surgery, weight regain;
that is, recovery of 10 to 20% of the minimum weight achieved by the patient [8], occurs in between
30% and 50% of the patients at the late postoperative period (between one and a half and two years
after the surgical procedure) [9,10].

Just as genetic and epigenetic signatures influence the obesity phenotype [11], genetics recognizably
underlies weight loss percentage, resistance, and maintenance after surgical treatment [11,12].
Different surgical techniques (restrictive, malabsortive, or a combination of both) [13] and genetic
background [14] account for the wide variation in responses to bariatric surgery.
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In the last decades, many efforts have been made to understand the variations in inter-individual
responses to the same obesity treatment strategy. In this context, “omics” sciences such as
genomics, transcriptomics, proteomics, metabolomics, microbiomics, and epigenomics have emerged.
Together, these sciences establish genomic nutrition [15]. Genetic variation among individuals underlies
the variety of physiological responses in the same environment and explains why some individuals
are more likely to gain/lose weight than others in the same environmental conditions [16], including
weight gain/loss after bariatric surgery. However, the complex interactions between nutrients and
genes have not been fully elucidated [17].

In this scenario, precision nutrition in bariatric surgery is an important tool in personalized
medicine and may target specific guidelines based on interindividual differences (Figure 1). In this
paper, we summarize the main literature findings relating nutritional genomics and bariatric surgery.

Figure 1. Algorithm of Personalized Nutrition in Bariatric Surgery. The individual responses of
the surgery are due, in addition to the caloric restriction, alterations of the gut hormones and the
malabsorption process, of the individuals’ genetic information, as well as of the epigenetic signature,
modifications in the gene expression and the microbiota.

2. Genetic Background and Bariatric Surgery Management

Nutrigenetics studies inborn genetic variants that predict an individual’s risk for disease and explains
the individual’s nutritional requirements and nutrient absorption, metabolism, and excretion [18,19].
In this sense, it is possible to affirm that genetic factors partially determine susceptibility to obesity, and that
an obesogenic environment is necessary for phenotypic obesity expression. Therefore, despite new
evidence that genetics influences obesity, it is necessary to consider that biological and psychosocial
factors interact in a complex way [19].

In the context of obesity treatment, different types of patients exist. Obese patients may be
classified as normo-responders, hypo-responders, or hyper-responders, depending on their phenotypic
response to diet or surgical treatment. This indicates that not only the environment but also
genetic variations account for successful weight-loss therapy [20,21]. Several genes as well as single
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nucleotide polymorphisms (SNPs) are associated with obesity phenotypes and weight loss after
bariatric surgery [21–25].

Novais et al. (2016) [24] evidenced that the 5-HT2C gene polymorphism (rs3813929) is associated
with a greater percentage of excess body weight after RYGB. Two SNPs in the UCP2 gene (Ala55Pro
and −866G > A) are considered as biomarkers of weight loss after bariatric surgery [22]. When Seip
et al. (2016) [26] evaluated 330 SNPs of genes involved in metabolic regulation they identified many
genes that could be potential markers to discriminate changes in body mass index (BMI) one year after
surgical intervention (LAGB or RYGB). Other authors suggested that polymorphisms, like the SNP
of the preproghrelin gene (rs696217), could mark a successful weight loss outcome [27]. Table 1 lists
recent studies that associate SNPs and bariatric surgery outcomes.

Table 1. List of recent articles associating the outcomes of different types of bariatric surgery with
single nucleotide polymorphisms (SNPs).

Genes Polymorphism Main Results Surgery/Time N◦ Patients Ref.

MC4R rs17782313

Women carrying this polymorphism
present higher pre-surgical BMI and tend
to maintain BMI > 35 kg/m2,
which characterizes treatment failure

60 months of RYGB 217 [21]

UCP2 Ala55Val
−866G > A

Mutated alleles (T and A) could be
biomarkers of weight loss 12 months of RYGB 150 [22]

FTO rs9930506 Weight percentage is significantly higher in
carriers of the AG and GG genotypes

Six months of sleeve
gastrectomy 11 [28]

PNPLA3
TM6SF2
MBOAT7

p.I148M
p.E167E
rs641738

Mutated allele might be associated with
greater improvement of hepatic steatosis
after bariatric surgery

One year of gastric bypass
gastric sleeve 84 [29]

5-HT2C rs3813929
The TT genotype predicts greater
percentage of excess weight loss among
female patients

12 months of RYGB 351 [24]

FKBP5 rs1360780 The T allele is associated with weight loss. Bariatric surgery 42 [25]

UCP2 Ala55Val
−866G > A

Patients with at least one rare allele for
polymorphisms and with at least one rare
allele for both polymorphisms together
(haplotype) present greater energy and
carbohydrate intake even after adjustment
for gender, age, and weight.

12 months of RYGB 150 [30]

32 SNPs -
The LYPLAL1 genotype is associated with
different eating behavior and loss of
extensive body weight

Two years of RYGB 251 [31]

330 SNPs -

Information derived from patient DNA
may be useful to predict surgical weight
loss outcomes and to guide selection of
surgical approach.

One year of RYGB or
LAGB 161 [26]

FTO rs9939609
Weight loss progresses differently in obese
carriers of the FTO gene variant rs9939609
after bariatric surgery

Two months of RYGB 146 [32]

MC4R: melanocortin 4 receptor; UCP2: uncoupling protein 2; FTO: alpha-ketoglutarate-dependent dioxygenase
or fat mass and obesity-associated protein; PNPLA3: patatin-like phospholipase domain containing 3; TM6SF2:
transmembrane 6 superfamily member 2; MBOAT7: membrane-bound O-acyltransferase domain containing 7;
5-HT2C: 5-hydroxytryptamine receptor 2C; FKBP5: FK506 binding protein 5; n: number of individuals; RYGB:
Roux-en-Y gastric by-pass; LAGB: laparoscopic adjustable gastric banding; BMI: body mass index.

Algorithms that predict the chances of treatment failure or that even help to identify guidelines to
prevent body weight recovery are critical to obesity management [24]. Nicoletti et al. (2016) [30]
proposed a genetic predisposition score to estimate the contribution of seven obesity-related
polymorphisms to the weight loss process after one year of RYGB. The authors found that lower
score is associated with higher weight and BMI values, which shows that the higher the number of
effect alleles, the lower the severity of obesity and the better the metabolic outcomes after the surgical
procedure. Moreover, weight regain in the late postoperative period is more frequent and occurs
sooner in individuals that carries a polymorphism in the FTO gene (rs9939609) [32].

It is noteworthy that the genetic variants reported in the literature are located in genes associated
with obesity development per se, thermogenesis, adipogenisis, and eating behavior/appetite control.
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However, the mechanisms through which these variants influence weight loss are largely unknown.
Some authors investigated variants of genes associated with eating behavior in obese individuals
before and after bariatric surgery. Bandstein et al. (2016) [31] demonstrated that the rs4846567 SNP
in lysophospholipase-like 1 gene is associated with the hunger score, a factor that can determine
therapeutic success. Likewise, a haplotype of the UCP2 gene is associated with dietary consumption
after RYGB. Nicoletti et al. (2016) [30] showed that carriers of at least one rare haplotype present
greater energy and carbohydrate intake [30].

Located at the end of eukaryotic chromosomes, telomeres are special structures characterized by
a TTAGGG sequence [33], which ensures stable genetic material inheritance [34]. Telomeres shorten
progressively at each cellular division, and they can serve as a cellular aging marker [35]. Several large
studies show that telomere length (TL), adiposity, and BMI are inversely associated [36,37].

Knowing that oxidative stress and chronic inflammation are related to weight gain, and that
obesity is associated with telomere shortening [38,39], studies associate shorter telomeres with obesity
comorbidities such as diabetes and hypertension [40,41]. On the other hand, published works show
that diet components (e.g., fiber) and caloric restriction with significant weight loss influence TL and
possibly have a preventive effect on telomere shortening [42,43].

The fact that weight loss induced by bariatric surgery does not restore short TL after one year
was one of the first signs that bariatric surgery impact TL [43]. Formich et al. (2014) [44] discussed
that the immediate postoperative period is characterized by a catabolic state, which accelerates
telomere erosion [44,45]. In contrast, Dersham et al. (2017) [37] evaluated subjects between three
and five years after gastric bypass. The latter authors observed increased TL and emphasized that
significant lengthening occurs in patients with the shortest baseline TL. Nevertheless, TL does not
correlate with weight loss percentage. In the late postoperative period (10 years), some authors also
verified increased TL [46]. These changes in TL may stem from weight loss itself and from an improved
metabolic condition, which reduce telomere attrition [46]. Interestingly, a study that investigated
subjects before and six months after bioenteric intragastric balloon found that individuals who present
greater weight loss show greater telomere lengthening [47].

Further studies are necessary to assess and to establish interactions between these genetic variants
and bariatric surgery outcome, so that biomarkers can be determined for more personalized weight
loss management.

3. Epigenetic Signatures Related to Bariatric Surgery Outcomes

DNA is a highly dynamic biomolecule, which is reflected in its diverse and complex regulation [48].
Epigenetics is defined as an inheritable process during which reversible changes in the chromatin
structure take place without involving the underlying DNA sequence, to impact transcriptional control
and cellular function [49,50]. Epigenetic alterations include DNA methylation, histone modification
(such as histone acetylation and methylation), and noncoding RNAs (e.g., microRNAs) [51–53].

In this context, epigenome dysregulation may modify an individual’s phenotype and lead to
numerous chronic diseases, like obesity [54,55]. In a recent guide paper, authors discussed interactions
among dietary components and epigenetic alterations involved in disease risk [56]. For example,
high-fat and high-sugar diet is related to leptin and fatty acid synthase methylation, which consequently
contributes to the obesity phenotype in Wistar rats [57,58]. Other studies describe the role epigenetic
markers play in the anthropometric and metabolic outcomes of obesity treatment [59,60]. Methylation
patterns of appetite-regulatory genes are related to weight loss and regain after eight-week nutritional
intervention [61]. Indeed, Nicoletti et al. (2016) [62] showed that DNA methylation patterns behave
differently according to the adopted weight loss strategies.

In the bariatric surgery context, genome-wide DNA methylation analysis shows that weight loss is
associated with changes in methylation at CpG and exonic regions close to transcription start sites [63].
Numerous mechanisms are likely to contribute to metabolic improvements after RYGB surgery;
for example, restricted calorie ingestion, rapid influx of undigested complex nutrients, and altered gut
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and intestinal hormone secretion [64,65]. However, authors have recently reported that changes in
DNA methylation could be another mechanism that contributes to the metabolic outcomes observed
after gastric bypass and to postoperative metabolic homeostasis [63,66]. Table 2 summarizes the main
recent studies that evaluate epigenetic modifications after bariatric surgery. Epigenetic changes related
to bariatric surgery may be due to weight loss per se or to other factors related to the surgical procedure,
such as the daily use of vitamin-mineral supplements and alterations in hormone secretion and dietary
intake after the procedure [62].

Table 2. Recent studies evaluating epigenetics modifications after bariatric surgery.

Target Gene Type of Material Modification Type Surgery/Time Ref.

IL-6 Whole blood Decrease six months after RYGB [62]
PDK4, IL-6, and TNF Whole blood Increase 12 months after RYGB [66]

SCD-1 Whole blood Increase six months after RYGB [67]
PGC-1a and PDK4 Skeletal muscle - six months after RYGB [63]

ADK - Decrease six months after RYGB [68]
PTPRE Liver Increase - [69]

ETP, FOXP2, HDAC4 and DNMT3B Adipose tissue Decrease - [70]
Global LINE-1 Whole blood Not modified six months after RYGB [71]

IL-6: interleukin 6; PDK4: pyruvate dehydrogenase kinase 4; TNF: tumor necrosis fator; SCD-1: stearoyl CoA
desaturase-1; PGC-1a: proliferator-activated receptor g coactivator-1 a; ADK: adenosine kinase; PTPRE: protein tyrosine
phosphatase, receptor type E; ETP: early T-cell precursor; FOXP2: forkhead box protein P2; HDAC4: histone deacetylase
4; DNMT3B: DNA methyltransferase 3 beta; LINE-1: long interspersed nuclear elements; RYGB: Roux-em Y
gastric bypass.

Furthermore, a specific gene methylation profile can be used to predict weight loss after RYGB.
Nicoletti et al. (2016) [62] evidenced that high responders have lower SERPINE-1 methylation levels
six months after RYGB. There is evidence that the methylation profiles in promoter gene regions
of postoperative obese patients presenting weight loss become similar to the methylation profiles
of normal-weight individuals [72]. Barres et al. (2013) [63] compared obese women before and six
months after RYGB. These authors found increased and decreased promoter methylation of pyruvate
dehydrogenase kinase, isoenzyme 4 (PDK4) and proliferator-activated receptor g coactivator-1 a
(PGC-1a), respectively, and observed that surgery normalized this pattern to the levels in control
women [63]. Methylation profile normalization occurs at the same time that metabolic parameters
such as fasting glucose, total cholesterol, and triglycerides concentrations normalize [63].

Remarkably, studies demonstrate that bariatric surgery promotes durable and detectable changes
in subsequent offspring methylome and transcriptome [73]. When Guénarda et al. (2013) [73] compared
methylation profiles in siblings born before and after the surgical procedure, these authors found that
3% of the probes are differentially methylated, and they identified differences in genes that underlie
improved cardiometabolic risk profile. Moreover, the sperm methylome is changed in morbidly obese
men submitted to RYGB, and these gametic epigenetic modifications modify the metabolic profile [74].

DNA methylome studies hold enormous promise for personalized medicine and nutrition,
but technological challenges like cost-effective sample analysis impair such studies [75].

4. Bariatric Surgery and Gene Expression Profile

Nutrigenomics is the science that studies how nutrients and food components influence gene
expression profile [76]. This science also examines how a nutritional strategy affects gene expression
and uses the gene expression pattern as a tool to predict responsiveness to nutritional treatments [56,77].
Dietary caloric restriction is sufficient to alter the expression of different genes related to resting energy
expenditure and lipid metabolism and contributes to the development of strategies for obesity and
weight control [78–80].

In this sense, bariatric surgery may affect the expression of various genes involved in different
metabolic pathways [80]. Table 3 depicts some interactions between bariatric surgery and the gene
expression profile. A recent study on whole transcriptome analysis evidenced that about 1366 genes

125



Nutrients 2017, 9, 974

are differentially expressed (1188 upregulated and 178 downregulated genes) in the postoperative
period as compared to the preoperative period of RYGB, and that these genes are associated with
gene transcription, lipid and energetic metabolism, immunological processes, cell differentiation,
oxidative stress, substrate oxidation, and adipocyte differentiation [81].

Table 3. Some interactions between bariatric surgery and the gene expression profile.

Gene Modification Type
Related Metabolic
Pathways

Surgery/Time Ref.

GGT1, CAMP, DEFA1, LCN2,
TP53, PDSS1, OLR1, CNTNAP5,
DHCR24, and HHAT

- Lipid metabolism and
obesity development

Six to twelve months
after bariatric surgery
(SG and RYGB)

[82]

IL-6, IL-8, and TNF-alpha
GLUT4, IRS1, and adiponectin

Increase
Decrease

Inflammation
Glucose metabolism

Acutely postoperative
RYGB [83]

CIDEA
Glutathione Increase

Lipid droplet formation
in the adipose tissue
Glutathione metabolism

12 months after bariatric
surgery (SG and RYGB) [84]

UCP2
PLIN1

Increase
Unchanged

Thermogenesis
Lipolysis Six months after RYGB [85]

TNF, CASP3 Increase Inflammation 12 months after bariatric
surgery [86]

Leptin
PPARg1
PPARg2

Decrease
Increase
Unchanged

Insulin metabolism 12 months after RYGB [87]

UCP1
UCP3 Unchanged Thermogenesis Six months after RYGB [88]

GGT1: gamma-glutamyltransferase; CAMP: cathelicidin antimicrobial peptide; DEFA1: defensin alpha 1; LCN2: lipocalin
2; TP53: tumor protein p53; PDSS1: decaprenyl diphosphate synthase subunit 1; ORL1: oxidized low-density lipoprotein
receptor 1; CNTNAP5: contactin- associated protein like 5; DHCR24: 24-dehydrocholesterol reductase; HHAT: hedgehog
acyltransferase; IL-6: interleukin 6; IL-8: interleukin 8; TNF: tumor necrosis factor; GLUT4: glucose transport; IRS1:
insulin receptor substrate 1; CIDEA: cell death-inducing DFFA-like effector A; UCP2: uncoupling protein 2; PLIN1:
perilipin 1; CASP3: caspase 3; PPARg1: peroxisome proliferator activated receptor gamma 1; PPARg2: peroxisome
proliferator activated receptor gamma 2; UCP1: uncoupling protein 1; UCP3: uncoupling protein 3.

Ortega et al. (2016) [83] observed that acutely postoperative RYGB changes insulin receptor
substrate 1 (IRS1) expression in the subcutaneous adipose tissue. Concomitantly, RYGB increases
expression of inflammatory (interleukin (IL) 6 (IL-6), IL-8, and tumor necrosis factor alpha (TNF-alpha))
and lipogenic (lipopolysaccharide binding protein, LBP) genes. Moreover, a recent study showed that
gene expression patterns in subcutaneous adipose tissue one year postoperatively are characteristic of
a reduced inflammatory profile [86]. In contrast, cytokine expression in adipose tissue does not change
one and 12 months after the surgical procedure [89].

Expression of the geneUCP2, a gene that participates in thermogenesis and body weight regulation,
affects weight loss after bariatric surgery. A study conducted with obese women revealed increased
UCP2 expression six months after the surgical procedure and a positive association between baseline
gene expression and weight loss percentage [85].

Eutrophic individuals and obese patients have different gene expression profile, and bariatric
surgery modulates this default [87]. Knowledge of the metabolic pathways affected by this surgical
procedure is important when bariatric surgery is indicated and ensures successful obesity treatment [85].

5. The Role of Bariatric Surgery on Microbiota

According to several studies, bariatric surgery as a strategy to achieve weight loss plays a
crucial part in functional and taxonomic changes observed in the gut microbial communities after
surgery [90–92]. Gut microbiota is associated with an individual’s metabolic health, so it is essential that
these microorganisms be taken into consideration during development of new personalized treatments
and identification of biomarkers of different metabolic diseases [90,93]. Given that bariatric surgery
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elicits significant anatomical and physiological alterations in the gastrointestinal tract regardless of
the surgical technique, there is growing interest in understanding intestinal microbiota modification
and in establishing how these changes contribute to improving the metabolic profile and the weight
loss process.

Liou et al. (2013) [92] evaluated germ-free mice that received intestinal microbiota from other
animals that had undergone RYGB surgery. These authors found that the former animals had
reduced diet caloric intake, increased resting energy expenditure, and higher fatty acid concentrations,
which proved transmission of these characteristics. Moreover, Tremaroli et al. (2015) [91] verified
that germ-free mice that received fecal microbiota collected from humans nine years after RYGB or
SG had lower body fat accumulation (46% and 26%, respectively) two weeks after transplantation as
compared to rats that received microbiota from obese individuals that had not undergone any surgical
procedure. In addition, the test animals used more fat as energy substrate, but energy expenditure at
rest remained unaltered.

In a more recent study, Palleja et al. (2017) [94] compared patients before and after bariatric surgery.
These authors verified not only weight loss and improved glycemic profile, but also alterations in
the intestinal microbiota, including changes in microbiota diversity and composition within three
months after the surgical procedure. In addition, more than half of the altered microbiota species were
maintained in the long term, which indicated that bariatric surgery could lead to rapid and sustained
changes in the patients' gut microbiota.

Human feces microbial composition analysis showed that six main phyla are present therein:
Bacteroidetes, Firmicutes, Proteobacteria, Actinobacteria, Fusobacteria, and Verrucomicrobia [95].
Some studies compared patients’ pre- and postoperative (RYGB) microbiota to non-operated control
individuals’ microbiota, to detect alterations in intestinal bacteria after surgery; more specifically,
increased Proteobacteria and Bacteroidetes and decreased Firmicutes (Table 4).

Table 4. Alterations of bacterial phyla after bariatric surgery.

Phylum Changes Ref.

Firmicutes Decrease [91,96–98]
Bacteroidetes Decrease [96]
Actinobacteria Decrease [96–98]

Chloroflexi Decrease [96]
Fibrobacteres Decrease [96]
Verrucomicrobia Increase [95,96]
Proteobacteria Increase [91,95]
Spirochaetes Decrease [96]
Fusobacteria Decrease [95,96]

New studies aiming at better understanding the interactions between microbiota and obesity and
the possible ways to modulate gut microbiota could benefit bariatric surgery patients in the future.

6. Conclusions

Surgical management of obesity requires understanding the genetic and epigenetic factors that
play a crucial key role in obesity development and weight loss response. Given the concepts of nutritional
genomics, defining a “nutrigenomic risk score” or a “nutrigenomic profile” for each individual may
represent a novel therapeutic approach for the management of obese patients submitted to bariatric
surgery. We believe that nutritional genomics will soon enable the delivery of precise nutrition
recommendations to patients undergoing bariatric surgery, to provide high-risk individuals with
personalized treatment and to prevent complications.
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Abstract: Maternal obesity predisposes offspring to metabolic dysfunction and Non-Alcoholic Fatty
Liver Disease (NAFLD). Melanocortin-4 receptor (Mc4r)-deficient mouse models exhibit obesity
during adulthood. Here, we aim to determine the influence of the Mc4r gene on the liver of
mice subjected to perinatal diet-induced obesity. Female mice heterozygous for Mc4r fed an
obesogenic or a control diet for 5 weeks were mated with heterozygous males, with the same
diet continued throughout pregnancy and lactation, generating four offspring groups: control wild
type (C_wt), control knockout (C_KO), obese wild type (Ob_wt), and obese knockout (Ob_KO).
At 21 days, offspring were genotyped, weaned onto a control diet, and sacrificed at 6 months
old. Offspring phenotypic characteristics, plasma biochemical profile, liver histology, and hepatic
gene expression were analyzed. Mc4r_ko offspring showed higher body, liver and adipose tissue
weights respect to the wild type animals. Histological examination showed mild hepatic steatosis
in offspring group C_KO. The expression of hepatic genes involved in regulating inflammation,
fibrosis, and immune cell infiltration were upregulated by the absence of the Mc4r gene. These results
demonstrate that maternal obesogenic feeding during the perinatal period programs offspring obesity
development with involvement of the Mc4r system.

Keywords: obesity; developmental programming; Non-Alcoholic Fatty Liver Disease;
maternal nutrition; intra-abdominal fat

1. Introduction

Obesity is a chronic, multifactorial and pro-inflammatory disease defined as a disproportionate
increase of body weight with excessive adipose tissue accumulation [1]. The prevalence of obesity is
rising alarmingly worldwide, with more than 640 million obese patients and an estimated 1.5 billion
overweight people according to the World Health Organization (WHO) [2]. This increase in adiposity
is associated with all causes of mortality, a significant decrease in lifespan of up to 20 years, and a
tremendous fiscal burden [3,4]. Obesity is associated with multiple comorbidities representing the
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main causes of illness and death in affluent societies, especially cardiovascular and cerebrovascular
illnesses, type 2 diabetes mellitus, many cancers, and Non-Alcoholic Fatty Liver Disease (NAFLD) [1,5].
NAFLD is now the most common cause of liver disease in these affluent countries; it may progress
through steatosis, inflammation and injury (non-alcoholic steatohepatitis, NASH), fibrosis, cirrhosis,
and hepatocellular carcinoma [6–8]. Considering that the prevalence of obesity and NAFLD in Western
countries ranges between 20–30%, these alterations in liver morphology and functionality secondary
to NAFLD are a major concern for national health policies [6].

The increase in global obesity rate affects all populations, including women in their reproductive
age. As a result, the risk of pregnancy loss, maternal gestational diabetes, fetal malformations, and
other complications during pregnancy has increased in obese women [9]. Interestingly, retrospective
epidemiological human studies and animal interventions have recently highlighted that, during early
development, an adverse pro-obesogenic in utero environment plays an important role in promoting
offspring obesity and metabolic diseases in later life [10]. Our previous studies have demonstrated that
maternal obesogenic diet during perinatal periods programs the development of obesity and NAFLD
in the offspring [11–13], although the precise involved mechanism remains uncertain.

The etiology of obesity is mostly thought of, perhaps simplistically, as higher caloric intake greater
than energy expenditure. However, the underlying mechanisms are much more complex and include
genetic predisposition, epigenetic regulation, environmental factors, and/or interactions with the
gut microbiota [1,14]. Indeed, current Genome Wide Association Studies (GWAS) point to several
key genes with very important influences on the origin and development of obesity: these include
Fat-Associated Obesity (FTO), Leptin, Leptin Receptor, Pro-Opiomelanocortin (Pomc), or Melanocortin
Receptor 4 (Mc4r) [15]. Importantly, multiple meta-analyses and GWAS studies have confirmed the
association between Mc4r polymorphisms and obesity and its associated comorbidities [16–18]. Mc4r is
a critical mediator in energy homeostasis, regulating both food intake and energy expenditure as well
as affecting blood pressure homeostasis [19,20]. Interestingly, a novel study in rats by Tabachnik et al.
demonstrated that perinatal obesogenic environment increased in the offspring histone acetylation
marks at the Mc4r promoter. This epigenetic regulation was also associated with thyroid hormones
metabolism as well as with the inhibition of Mc4r transcription [21]. The aim of this study, therefore,
was to investigate ab initio whether the Mc4r gene plays a role in the maternal programming of
offspring obesity and consequent NAFLD.

2. Materials and Methods

2.1. Animals and Experimental Design

All experiments were approved by the Local Ethics Committee of the University of King’s College
London, and were conducted in accordance with the Home Office Animals (Scientific Procedures)
Act of 1986 guidelines (United Kingdom). Mice were housed under controlled conditions (light-dark
cycle 12 h, 21 ± 2 ◦C, 40–50% humidity) with food and water available ad libitum. Adult female
mice heterozygous for Mc4r with C57BL/6J background were fed an obesogenic diet (824053, Special
Dietary Services, Wittam, UK) [22] supplemented with sweetened condensed milk (Nestlé, Vevey,
Switzerland) and fortified with 3.5% (AIN 93G; Special Diets Services) mineral mix and 1% vitamin mix
or a control standard laboratory diet (RM1, Special Diets Services) for 5 weeks (dietary composition in
Table 1). Then, as previously described, obesogenic-fed heterozygous females were around 50% heavier
than control-fed females [23]. The female mice were mated with control-fed heterozygous males from
the same litter. Conception was determined by vaginal plug formation. The female animals were
maintained on their allocated diets throughout gestation and lactation, as previously described [11].
Litter sizes from both maternal feeding groups were similar [23]. After birth, litters were standardized
to six pups each with an equal number of males and females when possible. At day 21 postnatally,
offspring were genotyped and weaned onto a control diet until 6 months old. They were then killed
by schedule 1 method after an overnight fast. Blood samples were collected, centrifuged (10,000× g,
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10 min at 4 ◦C), and stored at −80 ◦C until further analysis. Liver and inguinal adipose depots were
harvested, weighted, and stored at −80 ◦C. A representative sample of each liver was fixed in 10%
formalin for histological analysis.

Table 1. Macronutrient composition of the diets.

Dietary Composition (g/Kg) Control Obesogenic Condensed Milk

Protein 144 230 80
Amino Acids

Glutamic Acid 31.7 45.5 16.6
Proline 12 24.8 7.7
Leucine 9.8 20.5 7.8
Aspartic Acid 6.7 15.4 6
Serine 5.6 12.9 4.3
Valine 6.9 14.5 5.3
Lysine 6.6 18.9 6.3
Glycine 11.1 4.1 1.7
Arginine 9.1 8.1 2.9
Others 44.5 65.3 20.5

Carbohydrates
Polysaccharides 500 283 0
Simple sugars 40 105 550
Cellulose 43.2 61.7
Hemicellulose 101.7

Lipid 27 226 90
Saturated Fatty Acids 5.1 76.2 59.4
Monounsaturated Fatty Acids 8.8 85.2 24.3
Polyunsaturated Fatty Acids 8.8 39.1 3.4

Mineral content 35
Vitamin content 4.1
AIN-93G mineral mix 1.68
AIN-93M mineral mix 43
Vitamin mix 12
Energy (kcal/g) 3.52 4.54 3.22

2.2. Liver Histology

Offspring liver samples at 6 months of age (n = 5–6 per experiment group) were fixed in formalin
(10%), dehydrated, and subsequently embedded in paraffin. Liver samples were cut into 4-μm sections,
mounted, and dried overnight at 37 ◦C. The liver sections were then stained with hematoxylin and
eosin (H&E), and the extent of steatosis assessed by an expert liver pathologist blinded to the group
identities, as previously described [24].

2.3. Plasma Analysis

Plasma glucose, triglycerides, alanine aminotransferase (ALT), and aspartate aminotransferase
(ALT) concentrations were assayed by the Royal Free Hospital Clinical Biochemistry Department
(London, UK).

2.4. mRNA Extraction and Real-Time qPCR

Frozen liver samples (n = 5–6 per experiment group) were homogenized using TRIzol Reagent
(Invitrogen, Carlsbad, CA, USA) and mRNA was extracted by following the suppliers’ protocol.
Sample quality and concentrations were measured using a NanoDrop ND-1000 Spectrometer
(Thermo Scientific, Waltham, MA, USA). DNase treatment and retrotranscription to cDNA were
carried out using the Qiagen QuantiTect Reverse Transcriptase kit (Qiagen, Hilden, Germany).
Quantitative real-time PCR (rt-qPCR) was performed by triplicate using the ABI PRISM 7500 HT
Fast real-time PCR system (Applied Biosystems, Austin, TX, USA) with QuantiFast SYBR Green PCR
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(Qiagen, Hilden, Germany). 18S was used as a control for cDNA quality and Gapdh was used as
the control housekeeping reference gene. All designed primers were obtained from Sigma-Aldrich
(St. Louis, MO, USA) and a melting curve analysis confirmed the amplification of specific PCR products
and the absence of non-specific amplification or primer-dimers. Gene-specific primer sequences for
18S ribosomal RNA (18S), glyceraldehyde-3-phosphate dehydrogenase (Gapdh), alpha-smooth muscle
actin (α-SMA), tumor necrosis factor alpha (TNF-α), collagen type I alpha 1 (Col-1α), interleukin
6 (IL6), chemokine (C-C motif) ligand 2 (MCP1), interleukin 1 beta (IL-1β), and transforming growth
factor beta (TGF-β) are listed in Table 2. Fold changes between groups were calculated using the
2−ΔΔct method.

Table 2. Rt-qPCR primer sequences.

Gene Primer Sequence

18S
sense: AGTCCCTGCCCTTTGTACACA
antisense: CGATCCGAGGGCCTCACTA

Gapdh sense: CGTCCCGTAGACAAAATGGT
antisense: TCAATGAAGGGGTCGTTGAT

α-SMA
sense: CTCTTGCTCTGGGCTTCATC
antisense: GGCTGTTTTCCCATCCATC

TNF-α
sense: CCACCACGCTCTTCTGTCTA
antisense: AGGGTCTGGGCCATAGAACT

Col-1α
sense: GTCCCCGAGGCAGAGATG
antisense: GTCCAGGGCCAGATGAAACT

IL6
sense: TCAATTCCAGAAACCGCTATG
antisense: GTCTCCTCTCCGGACTTGTG

MCP1
sense: CCCACTCACCTGCTGCTACT
antisense: TCTGGACCCATTCCTTCTTG

IL-1β
sense: CAACCAACAAGTGATATTCTCCATG
antisense: GATCCACACTCTCCAGCTGCA

TGF-β
sense: AAAATCAAGTGTGGAGCAAC
antisense: CCACGTGGAGTTTGTTATCT

18S: 18S ribosomal RNA; Gapdh: glyceraldehyde-3-phosphate dehydrogenase; α-SMA: alpha-smooth muscle
actin; TNF-α: tumor necrosis factor alpha; Col-1α: collagen type I alpha 1; IL6: interleukin 6; MCP1: chemokine
(C-C motif) ligand 2; IL-1β: interleukin 1 beta; TGF-β: transforming growth factor beta.

2.5. Statistical Analysis

All data are expressed as the mean ± standard error of the mean (SEM). Two-way ANOVA was
applied for studying the effect of maternal obesogenic feeding (C vs. Ob) and offspring genotype
(wt vs. knockout). Comparison of the means was carried out by Tukey post-hoc test. The statistical
unit used throughout the analysis was the number of dams. Statistical significance was accepted with
a p value of less than 0.05. IBM SPSS 24 software (24.0, SPSS Statistics, IBM, Chicago, IL, USA) was
used for the statistical analysis.

3. Results

3.1. Phenotypic and Histological Characteristics

We firstly analyzed the effect of maternal obesogenic feeding on phenotypical parameters and
hepatic morphology (Figure 1). As we have previously reported, at 6 months of age, body weight of
Mc4rko and wild type mice from control- and obesogenic-fed dams had already reached a plateau [23].
Thus, at this age, there was a marked genotype effect independent of maternal nutrition, with increased
body mass (+0.37-fold, p < 0.001) (Figure 1a), inguinal fat mass (+1.59-fold, p < 0.001) (Figure 1b),
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and liver weight (+1.51-fold, p < 0.01) (Figure 1c) in KO mice compared to the wild type animals.
Furthermore, maternal obesogenic feeding during perinatal periods predisposed the offspring to
higher body weight (+0.27-fold, p < 0.05) and inguinal fat deposition (+1.19-fold, p < 0.05). In offspring
subjected to maternal control diet, C_KO mice presented a marked obesity phenotype compared to
C_wt animals, with higher body mass (+0.29-fold, p < 0.01), inguinal fat mass (+1.96-fold, p < 0.01),
and liver weight (+0.47-fold, p < 0.05). Finally, the combination of maternal obesity and Mc4r gene
deletion strongly influenced offspring phenotype when compared to the C_wt group, showing a
marked increase in body mass (+0.48-fold, p < 0.001), inguinal fat mass (+2.47-fold, p < 0.001), and
liver weight (+0.60-fold, p < 0.001). According to the hepatic morphology (Figure 1d), there was a mild
steatosis in C_KO animals with no changes in the general liver architecture.

 
Figure 1. Phenotypic and histological parameters. Effects of Mc4r gene deletion and maternal
obesogenic feeding on (a) body weight, (b) inguinal fat weight, (c) liver weight as well as (d) hepatic
representative histological Hematoxylin and Eosin stained sections. Mc4r, melanocortin 4 receptor;
C_wt, control wild type; C_KO, control knockout; Ob_wt, obese wild type; Ob_KO, obese knockout;
n.s., non-significant; * p < 0.05; ** p < 0.01; *** p < 0.001; T p > 0.05 and p < 0.1.

3.2. Plasma Biochemical Features

Plasma glucose concentration (Figure 2a) showed a tendency to be increased (+0.38-fold, p < 0.1)
in the offspring subjected to maternal obesity compared to control-fed dams. However, the absence
of the Mc4r gene had no effect on this parameter. Furthermore, there was a decrease in plasma
triglyceride concentration (Figure 2b) in offspring from obese mothers (−0.30-fold, p < 0.05) compared
to the controls. However, this effect was mainly caused by the elevated TG levels in the C_KO group
compared to the C_wt (+0.75-fold, p < 0.05), Ob_wt (+0.67-fold, p < 0.1), and Ob_KO groups (+1.05-fold,
p < 0.05). With the hepatic transaminases (Figure 2c,d), there was a trend of increased ALT caused
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by maternal obesity (+0.74-fold, p < 0.1), which may be explained by the elevated concentrations of
this transaminase in the Ob_KO with respect to the C_wt group (+1.68-fold, p < 0.1). Additionally,
AST was markedly increased by the absence of the Mc4r gene in offspring from control-fed dams
(+0.40-fold, p < 0.05) and partially increased in wild type animals subjected to maternal obesogenic
feeding (+2.80-fold, p < 0.1).

Figure 2. Plasma biochemical profile. Effects of Mc4r gene deletion and maternal obesogenic feeding
on (a) Glucose, (b) Triglycerides, (c) ALT, and (d) AST concentrations. Mc4r, melanocortin 4 receptor;
C_wt, control wild type; C_KO, control knockout; Ob_wt, obese wild type; Ob_KO, obese knockout;
n.s., non-significant; * p < 0.05; T p > 0.05 and p < 0.1; TG: triglycerides; ALT: alanine aminotransferase;
AST: aspartate aminotransferase.

3.3. Hepatic Transcriptomic Profile

We also studied the effect of maternal and obesogenic feeding on hepatic mRNA expression of
genes associated with inflammation and immune mediation. As depicted in Figure 3, there was a
marked effect of the genotype on the expression of α-SMA (+2.33-fold, p < 0.05) (Figure 3a), TNF-α
(+1.85-fold, p < 0.01) (Figure 3b), Col-1α (+0.90-fold, p < 0.05) (Figure 3c), and TGF-β (+1.36-fold,
p < 0.01) (Figure 3g) in KO mice independent of maternal feeding. On the other hand, maternal
obesity compounded with the Mc4r KO genotype had decreased α-SMA (−0.73-fold, p < 0.01), TNF-α
(−0.54-fold, p < 0.05), and IL6 (−0.56-fold, p < 0.05) (Figure 3d) hepatic mRNA levels in the offspring.
These effects were mainly explained by the characteristic transcriptional profile of the C_KO group,
which showed a consistent higher expression of α-SMA (from +3.19-fold to +6.61-fold, p < 0.01), TNF-α
(from +1.59-fold to +3.37-fold, from p < 0.05 to p < 0.01,) and Col-1α (from +1.08-fold to +1.75-fold,
from p < 0.05 to p < 0.01) with respect to the C_wt, Ob_wt, and Ob_KO groups.
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Figure 3. Liver mRNA levels by real-time qPCR. Effects of Mc4r gene deletion and maternal obesogenic
feeding on (a) α-SMA, (b) TNF-α, (c) Col-1α, (d) IL6, (e) MCP1, (f) IL-1β, and (g) TGF-β expression.
Mc4r, melanocortin 4 receptor; C_wt, control wild type; C_KO, control knockout; Ob_wt, obese wild
type; Ob_KO, obese knockout; n.s., non-significant; * p < 0.05; ** p < 0.01; *** p < 0.001; T p > 0.05 and
p < 0.1; α-SMA: alpha-smooth muscle actin; TNF-α: tumor necrosis factor alpha; Col-1α: collagen
type I alpha 1; IL6: interleukin 6; MCP1: chemokine (C-C motif) ligand 2; IL-1β: interleukin 1 beta;
TGF-β: transforming growth factor beta; AU: arbitrary units.

4. Discussion

Observations of human polymorphisms highlight the Mc4r gene as one of the key genes for
understanding obesity risk and its associated comorbidities [16–18]. Mc4r is shown to be an energy
balance modulator. Recently, a mouse study described that the activation of Mc4r reduces food intake
and increases energy expenditure, preventing obesity-associated increased adiposity [25]. Additionally,
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the absence of Mc4r inhibits brown adipose tissue activity; therefore, the stimulation of the Mc4r
pathway can be a potential target for increasing energy expenditure and accelerating weight loss [26].
Although melanocortin receptors are predominantly expressed in the brain, Mc4r is also known
to be present in liver cells [27,28]. Therefore, the lack of this gene not only exerts systemic effects
through the nervous system, but may also have a direct hepatic component. Evidence from liver
regeneration after acute liver injury, where rats were subjected to partial hepatectomy, has shown that
there is an overexpression of Mc4r in the hepatocytes [29]. Furthermore, NAFLD is the main hepatic
manifestation of the metabolic syndrome, often accompanied by alterations in glucose homeostasis
and waist circumference, and has been directly associated with genetic variations of Mc4r [30].

Itoh et al. reported that Mc4r_KO mice developed steatohepatitis when fed a high-fat diet, which
was associated with an obese phenotype, insulin resistance, and dyslipidemia. Histologic analysis
found enhanced inflammation, macrophage infiltration, hepatocyte ballooning, and, after a year
of obesogenic feeding, hepatocellular carcinoma [31]. However, these results should be carefully
compared with our experimental model because the direct, long-term effects of adult obesogenic
feeding have greater impact on mice metabolism than maternally induced obesity. Probably due to this
reason, our liver phenotypes did not present as marked of a proinflammatory stage. In the previous
study, the authors also described obesity-related traits in Mc4r-silenced mice fed a control diet; similar
to what we have showed here in our study, there was overexpression of TGF-β and Col-1α compared
to wild type mice [31]. In vitro studies have also shown that the treatment of isolated liver cells with
melanocortin agonists inhibits endotoxin-induced upregulation of the pro-inflammatory cytokines
IL-6, IL1β, and TNF-α by Kupffer cells [28]. Thus, changes we described in liver gene expression in
our Mcr4_ko offspring from control-fed dams may be the initial step for the apparition of later fibrotic
markers in the liver, in addition to the detection of infiltrated macrophages and their polarization to
different subpopulations. Indeed, there was a tendency to increase Mcp1 hepatic expression in these
animals, which in turn may exacerbate, as we have shown, the hepatic expression of pro-inflammatory
and immune system-related genes.

Maternal perinatal physiology and environmental insults predispose offspring to metabolic
diseases in adult life. Thus, our previous studies with rodent models have demonstrated that a
hypercaloric diet enriched in fat and simple sugars during peri-conception, pregnancy, and/or lactation
periods affects offspring phenotype with increased body weights, visceral fat, liver and pancreas
weights, plus a parallel accumulation of lipids in visceral organs [11–13,32]. Our previous results
showed that maternal obesity programs development of a dysmetabolic and NAFLD phenotype,
which is critically dependent on the early postnatal period involving alteration of hypothalamic
appetite nuclei signaling by maternal breast milk and neonatal adipose tissue-derived leptin [12,32].
Furthermore, in a perinatal model of mice lacking the Mc4r gene, we demonstrated that maternal
obesity (apparently through neonatal leptin exposure) permanently resets the responsiveness of
the central sympathetic nervous system, specifically via the hypothalamic paraventricular nucleus
melanocortin system, to initiate hypertension [23]. Moreover, in that study, we found increased food
intake and leptin plasma levels influenced by maternal obesity and by the lack of the Mc4r gene.
Surprisingly, in the current study, we found that the offspring phenotype was more influenced by
the lack of the Mc4r gene, rather than by maternal obesity. Indeed, although maternal obesogenic
feeding was associated with higher body and adipose depots, there was a lack of steatosis in liver
histological samples. This may be partially explained by the age of these animals, as in our previous
murine studies with similar feeding protocol, the steatotic effect induced by maternal obesity was
well defined at 12 months and vague at 6 months of age [12,33]. Indeed, the age of these animals is
directly proportional to their intra-abdominal adipose tissue accumulation and, therefore, to the
abnormal fat infiltration in visceral organs. Interestingly, we did not find an additional effect
of the lack of Mc4r on the maternal obesogenic feeding offspring. We may hypothesize that the
molecular mechanisms affecting obesity and the associated liver fat accumulation and damage may
be common for maternal-associated programming of obesity and for Mc4r pathways. For example,
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there is appetite regulation in both situations as well as a decrease in energy expenditure induced
by maternal obesity and Mc4r blockage [23,26]. Moreover, a study in rats with high-fat diet-induced
maternal obesity recently described a downregulation of hypothalamic Mc4r mRNA expression at
weaning in the offspring from obese dams [34]. Others have replicated these results, proposing an
epigenetic mechanism for the decrease in Mc4r expression in the offspring of obese rats due to histone
acetylation in the Mc4r promoter region, which may also be associated with the thyroid hormone
receptor-β, a transcription inhibitor for this gene [21]. This research group has also described how other
Mc4r-related genes involved in obesity through appetite regulation such as Pomc may be epigenetically
regulated in the offspring because of maternal obesity [35,36].

As a limitation of this study, the use of animal models and, more specifically, knockout and
perinatally-based designs makes the translation of the findings to the general population difficult.
However, besides the ethical considerations of human interventions during pregnancy, rodent
models shorten the experimental time, and also allow studying the effects during offspring adult
life. Furthermore, the similar genetic and physiological background to humans and the control of
external insults and confounding factors make necessary to perform experimental animal models in
this field. Furthermore, although phenotypically the offspring were influenced by maternal obesity,
from a metabolic and transcriptomic point of view the effect became partially diluted, which differs
with our previously standardized developmental programing protocols [11–13,33,37]. This may be
due to the Mc4r gene silencing; however, the lack of difference in some of the variables only due to
maternal obesogenic feeding may be also due to a limited number of animals and the wide intra group
differences. Finally, the lack of some interesting plasma and hepatic biochemical markers such as
liver triglyceride content or food consumption may be a limitation for the explanation of the findings
described in the current study.

5. Conclusions

In conclusion, these results emphasized the importance of the melanocortin system as a target
for the development of new therapeutic tools against obesity and its associated implications in liver
metabolism through obesogenic feeding and developmental programming. We showed that dietary
changes during the perinatal period may follow an adaptive response of the offspring to be predisposed
to long-term changes in metabolism and physiology. Although the lack of Mc4r induced an increase in
body, fat, and liver weights, the interaction with maternal perinatal obesity suggested a protective effect
in the Mc4r_ko mice. Thus, offspring from obese mothers did not show liver steatosis and presented
lower hepatic expression of proinflammatory and profibrogenic genes. This interaction should warrant
further research in this model, given the potential to elucidate new mechanistic pathways implicated
in the developmental programing of obesity and NAFLD.
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Abstract: Cancer is a multistage and multifactorial condition with genetic and environmental factors
modulating tumorogenesis and disease progression. Nevertheless, cancer is preventable, as one
third of cancer deaths could be avoided by modifying key risk factors. Nutrients can directly affect
fundamental cellular processes and are considered among the most important risk factors in colorectal
cancer (CRC). Red and processed meat, poultry consumption, fiber, and folate are the best-known
diet components that interact with colorectal cancer susceptibility. In addition, the direct association
of an unhealthy diet with obesity and dysbiosis opens new routes in the understanding of how daily
diet nutrients could influence cancer prognosis. In the “omics” era, traditional nutrition has been
naturally evolved to precision nutrition where technical developments have contributed to a more
accurate discipline. In this sense, genomic and transcriptomic studies have been extensively used in
precision nutrition approaches. However, the relation between CRC carcinogenesis and nutrition
factors is more complex than originally expected. Together with classical diet-nutrition-related genes,
nowadays, lipid-metabolism-related genes have acquired relevant interest in precision nutrition
studies. Lipids regulate very diverse cellular processes from ATP synthesis and the activation
of essential cell-signaling pathways to membrane organization and plasticity. Therefore, a wide
range of tumorogenic steps can be influenced by lipid metabolism, both in primary tumours and
distal metastasis. The extent to which genetic variants, together with the intake of specific dietary
components, affect the risk of CRC is currently under investigation, and new therapeutic or preventive
applications must be explored in CRC models. In this review, we will go in depth into the study
of co-occurring events, which orchestrate CRC tumorogenesis and are essential for the evolution
of precision nutrition paradigms. Likewise, we will discuss the application of precision nutrition
approaches to target lipid metabolism in CRC.

Keywords: precision nutrition; lipid metabolism; colorectal cancer; diet; genomics; transcriptomics;
SNPs; obesity; microbiota

1. Introduction

Cancer is the second leading cause of mortality and is responsible for one sixth of deaths
worldwide. During 2015, there were 17.5 million cancer cases and 8.8 million patient’s deaths [1].
Particularly, colorectal cancer (CRC) ranks as the third leading cause of cancer-related deaths (data
from The World Health Organization; WHO). In the course of this multifactorial condition, a cascade
of alterations takes place, modifying the expression of both tumor suppressor genes and oncogenes.
Together with this, when compared to quiescent cells, proliferating cells present a distinct metabolism
characterized by high rates of glycolysis, lactate production, and the biosynthesis of lipids and other
macromolecules. During the last decade, many laboratories focused their interest on understanding
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this metabolic switch that occurs during tumorogenesis [2,3]. In fact, several studies have demonstrated
the importance of lipid metabolism regulation in the promotion of migration [4], invasion [5,6], and
angiogenesis [7,8], three basic steps during metastasis [9]. Regarding CRC, key enzymes involved in
lipid-metabolic pathways have been found differentially expressed in normal and tumoral tissues.
Some of them were associated with cancer survival and were individually proposed as prognosis
markers [6,10,11]. Furthermore, one of the transcriptomic consensus molecular subtypes (CMS) of
CRC described by Guinney and colleagues [12], the “metabolic subtype 3” (CMS3), exhibits a clear
enrichment for multiple metabolism signatures along with KRAS (Kirsten Rat Sarcoma Viral Oncogene
Homolog)-activating mutations that have been described as inducing metabolic reprogramming [12].

The majority of the primary tumours initially respond to chemotherapy and regress, but frequently
and due to minimal residual diseases, they relapse and are no longer sensitive to therapy [13]. The
genetic alterations that directly affect the genome of tumoral cells before diagnosis and during
treatment are the most studied factors implicated in resistance acquisition. However, not only gene
expression but the interaction between genetic factors and environment plays a crucial role in the
causality of cancer progression [14,15] (Figure 1). In this direction, epigenetic changes that could be
originated by environmental factors can provide tumour heterogeneity and an ineffective response to
chemotherapy [16].

 

Figure 1. Colorectal cancer malignancy relays on genetic factors, environmental factors, and their
interaction between each other. Together with patient genome, environmental factors associated
with lifestyle (alcohol consumption, smoking, unhealthy diet, or reduced physical activity) influence
colorectal cancer initiation and malignancy. They can alter specific target tissues or affect human
physiology, giving rise to pathologies that can promote tumour progression such as obesity or dysbiosis.

Tumours cannot be considered as simple bulks of cells with an altered cell cycle control. Neoplastic
cells interact with each other and, more importantly, with the healthy tissue that surrounds them,
the tumour microenvironment (TME) [17]. Thus, during the neoplastic progression, a co-evolution
takes place between malignant cells, the extracellular matrix (ECM), cancer associated fibroblasts
(CAF), the immune system, and the vascular endothelial cells. Tumor heterogeneity not only relies

146



Nutrients 2017, 9, 1076

on intratumoral variability derived from Darwinian evolution [18], but also on the different types
of immune cells that infiltrate the primary tumor, the plasticity of the CAFs and the tissue of origin
responsible for the neo-vascularization [19]. Distant metastases are responsible for 90% of cancer
deaths, making it essential to consider its phenotypic variability in cancer malignancy (reviewed by
Marusyk et al. [18]). Based on this intra-tumoral, TME and distant metastasis heterogeneity, basic
research together with translation medicine and oncologists in the clinic, are gathering strength to
identify patient subpopulations and designing new targeted therapies for personalized treatment.

Current evidence demonstrates that one third of cancer deaths could be prevented by modifying
key risk factors such as smoking, assessment of infection-related risk factors, or alcohol consumption.
Moreover, physical activity, nutrition, and diet are also considered among the most important
environmental risk factors for cancer development due to their association with obesity (Figure 1).
Nutrient components can modulate cancer progression or even the risk of developing this disease by
regulating, directly or indirectly, gene expression.

In the early seventies, red meat and fat consumption were already proposed to increase the
incidence and mortality of colon cancer [20,21]. Furthermore, in the last decade, several studies based
on meta-analyses demonstrated a link between obesity, risk of cancer, and disease prognosis [22].

The recent development of powerful “omics” technologies has opened new avenues towards
nutritional sciences. The genomics, transcriptomics, proteomics, metabolomics, and lipidomics
approaches lead to a new vision of the delivery of nutritional advice: the precision nutrition. Current
views on precision nutrition consider this discipline at three stages: (1) conventional nutrition based on
general guidelines for population groups; (2) individualized nutrition based on phenotypic information;
and (3) genotype-directed nutrition focused on gene variation and its consequences [23].

Single nucleotide polymorphisms (SNPs) are the most common forms of sequence variation in
the human genome [24]. The analysis of SNPs is a well-known tool for precision nutrition, and the
recent development of next generation sequencing (NGS) techniques is highly improving genetic
variation studies [23,25]. Likewise, transcriptomic studies and RNA sequencing analyses will also
refine precision nutrition. So far, both genomic and transcriptomic studies have been extensively
used in precision nutrition approaches. Finally, the future technical development of proteomics,
metabolomics, and lipidomics will complete the full nutritional landscape [23].

In this review, we will discuss co-occurring events that take place in the course of tumorogenesis
and that were essential for the evolution of precision nutrition paradigms. The importance of new
“omics” technologies such as genomics and transcriptomics and their application to target lipid
metabolism will also be detailed.

2. Lipid Metabolism, Diet and Colorectal Cancer

Metabolic alterations encountered in tumors are well described and considered as a hallmark
of cancer [26]. Taking into account the importance of lipids at different levels in cellular physiology,
alterations in fatty acids (FA) synthesis and lipid metabolism can interfere with very diverse cellular
processes that go from plasmatic and organelles membrane organization and plasticity [27,28], substrate
supply for ATP synthesis [29], to cell signaling activation [30].

It is important to mention that these alterations do not only affect the primary tumour in a
cell autonomous manner, the exogenous lipids synthetized by tumour microenvironment could also
influence malignancy [31–34]. For example, pro-inflammatory eicosanoids can directly promote cell
proliferation, apoptosis, migration and invasion. More importantly, they are also associated with
angiogenesis promotion [35].

Regarding the primary tumour, alterations in lipid metabolism-related genes are able to promote
migration and invasion. TGFβ was shown to promote epithelial-to-mesenchymal transition (EMT)
together with a lipogenesis suppression, favoring energy production [4]. While sphingosine 1-phosphate
plays an inhibitory role, lysophosphatidic acid (LPA) is able to regulate Membrane-type matrix
metalloproteinase 1 (MT1-MMP) and promote invasion [5]. In addition to that, a recent publication
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uncovered ACSL1 (an isozyme of Acyl-CoA synthetase) and SCD (Stearoyl-CoA-desaturase 1) as part
of a metabolic network that increased energetic efficiency in CRC-derived cells together with the
promotion of migratory and invasive capacity [6]. Moreover, both Sphingosine 1-phosphate signaling
pathways [36] and CPT1A (Carnitine Palmitoyltransferase 1A), a rate-controlling enzyme in fatty acid
β-oxidation [8], were associated with lymphangiogenesis.

Several categories of lipids have been studied regarding its association with CRC. Fatty acids
are the building blocks for the formation of more complex lipids and they have also been associated
with colorectal tumorogenesis. Importantly, not all FAs behave in the same direction. First, plasma
concentration of saturated FA (SFA) as well as essential FAs were found to be significantly decreased
in CRC patients when compared to healthy controls [37]. Moreover, while ω3 is associated with
a protective role in CRC [38–40], other types of polyunsaturated FA (PUFA), ω6 present opposite
effects [41]. Regarding dietary FAs, while intake of unsaturated FA (UFA) may be beneficial for
health [42], SFAs were associated with tumorogenesis [41,43]. The steroids are essential components of
membrane lipids and can act as signaling molecules. Very low-density lipoprotein cholesterol (VLDL)
was shown to be positively correlated with adenoma frequency in colon. Importantly, triglycerides (TG)
and LDL were associated CRC prognosis, as its significantly increased levels were found in patients
with distant metastasis. Cholesterol is present in high-fat diets and, together with red meat and total
fat, its consumption is strongly associated with colorectal tumorogenesis [44]. Other essential structural
components of the cellular membrane are the sphingolipids. Among them, ceramide is known as
a chemopreventive agent; in fact, used in combination with tamoxifen, it is able to arrest cell cycle
progression and promote apoptosis [45]. Glycerophospholipids are the major lipid components of the
cellular membrane. The expression of cyclic phosphatidic acid (cPA) was found to impair metastasis
and invasion of cancer cells [46]. However, phosphatidylcholine (PC) was found significantly increased
in CRC-derived cells [47]. The knowledge of how glycerolipids, key molecules for the synthesis of
membrane lipids, and TG could influence CRC remains shallow, but a protective role was described
for 1-O-octadecyl 2-O-methyl-sn-glycerophosphocholine [48].

In addition to genetic alterations in genes that regulate lipid metabolism, affecting directly
colorectal tumorogenesis, an unhealthy diet would be able to modify the physiology of the patients,
giving rise to comorbidities that promote tumour growth and invasion of distant tissues [49].

2.1. Diet, Obesity, and CRC

Obesity can appear as a result of an unbalanced diet where the caloric intake is higher than
the energy expenditure. This pathology is defined by an excessive adipose tissue accumulation that
associates with a risk to the health of an individual [22]. Importantly, the worldwide prevalence of
this pathology has doubled between 1980 and 2014. Nowadays, 13% of the overall adult population
worldwide suffer from obesity. Importantly, in 2014, 41 million children under the age of 5 years were
overweight or obese (WHO) and, by 2030, the number of overweight and obese adults is projected to
reach 2.16 billion. Therefore, an unquestionable cause of concern is the constant increase in childhood
obesity. The dietary patterns of children from low- and middle-income countries together with the
low levels of physical activity gave rise to a sharp increase in obesity (WHO) [17]. This pathology
has been implicated in the development of cardiovascular diseases and type-2 diabetes [50] as well as
in the initiation and dissemination of several types of cancer [51]. In fact, overall risk of death from
cancer is 1.5–1.6-fold higher in men and women with a BMI > 40 kg/m [52]. The excess of visceral
fat provokes alterations in the cellular composition of the adipose tissue and promotes the increased
malignancy of tumors that develop in a microenvironment rich in adipocytes like breast, ovary, or
colon tumors [53]. The main types of cancer whose increased risk has been associated with obesity
are: prostate [54], postmenstrual endometrial [55] and breast [51], ovary [56], bladder [57], liver [58],
colon [22], pancreas [51], esophageal [59], gallbladder [60], kidney [61], and thyroid cancer [62].

During the last decade, in parallel with a decreased physical activity, the caloric intake has
constantly increased. The main environmental factors that interact with genetic variants and contribute
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to obesity are sugar-sweetened beverages, fried food consumption, and sedentary lifestyle [63]. As a
direct consequence of this energetic imbalance, a metabolic shift takes place in the body, giving rise to
hypertrophy and hyperplasia of the adipose tissue.

In the course of obesity, the excess of adipocytes accumulates in locations not classically associated
with adipose tissue. This increase in systemic ectopic fat shows positive correlation with several types
of cancer, CRC among them [64]. Currently, there are two wide-spread hypotheses describing the
underlying molecular mechanisms that link obesity and colorectal cancer: (1) insulin resistance and
the activation of insulin growth factor-1 (IGF1). A large volume of epidemiological studies as well
as meta-analysis, driven independently by several groups, demonstrated that the total levels of
this growth factor correlates to several types of cancer [62,65–67]; (2) systemic inflammation due to
hypertrophy of adipose tissue [68] (Figure 1).

Both overweight and obesity are largely preventable, but social education for health promotion,
the individual responsibility, as well as the food industry, together with basic research, need to team
up to face this urgent global health challenge.

2.2. Diet, Dysbiosis, and Colorectal Cancer

The term human microbiota refers to the assemblage of microorganisms (bacteria, archaea, or
lower eukaryotes) present in a defined environment, such as the gastrointestinal tract. It consists of
the 10–100 trillion symbiotic microbial cells harbored by each person, primarily bacteria in the gut.
A symbiotic association with microbiota exists in healthy individuals, offering protection from invading
pathogens and preventing tumorogenesis (eubiosis). The pathological condition developed when
the gut microbiota homeostasis is disturbed, due to an imbalance in the flora, changes in functional
composition and metabolic activities or changes if their local distribution is defined as dysbiosis [69].
This pathological scenario is characterized by a decrease in microbial diversity and an increase in
pro-inflammatory species. This imbalanced microbiota is unable to protect from pathogenic organisms
that could successfully be established and trigger inflammation, as well as producing genotoxins and
carcinogenic microbial metabolites (Figure 1).

Moreover, during obesity and along with its comorbidities, the composition of gut microbiota
and the features of the intestinal epithelium are altered, affecting its barrier function. Among other
diseases, microbial dysbiosis was associated with colorectal carcinogenesis and gastric and esophageal
cancers [70,71]. Several diet components are known to influence microbiota and protect or cause
detrimental metabolites that negatively affect the digestive tract. Therefore, CRC can be influenced not
just by specific pathogens in the patient but also by the metabolic output of the entire microbiota [72].
Both high fat diets as well as low fiber intake can lead to dysbiosis [72]. Low-carbohydrate intake
or an extreme change from vegetable-based to animal-based diet would drastically affect microbiota
composition. In fact, variations in regular diet generate specific profiles of microbiota: the pathogens
present in the microbiota of an individual with high consumption of fiber would be different if we
compared them with the composition of patients with high protein and fat intake [72]. These profiles,
indeed, determine CRC incidence in different populations due to changes in dietary patterns, as they
occur when rural native Africans are compared with African Americans [73].

The etiology of CRC is partially dependent on microflora and diet, so nowadays there is
increasing interest in the use of probiotics to modulate gut microbiota [74]. The Food and Agriculture
Organization of the United Nations (FAO) defines “probiotics” as the only bacterial group classified
as functional food which is intended to be consumed as part of a normal diet and that delivers
biologically active components that have the potential of disease risk reduction. The exact mechanisms
underlying this positive association between probiotics and health are not fully understood, but there
are consistent epidemiological and experimental data supporting its positive association with CRC
prevention and treatment [75]. There are several proposed effects that would explain the anticancer
effects of probiotics: (1) lowering of intestinal pH; (2) inactivation of carcinogens; (3) modulation of
immune cells populations; (4) modulation of the physical barrier by altering the intestinal microflora;
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(5) modulation of apoptosis and cell proliferation [74]. Epidemiological studies have shown that the
composition of CRC patients microbiota is different to the one present in healthy population [76].
Taking into account the effectiveness of probiotics in modulating microbiome composition, the design
of microbiota-targeting therapies is now considered as a feasible strategy in the clinic, both as a
preventive and a therapeutic approach [77].

3. Nutrition and Colorectal Cancer

Although the 5-year survival after CRC diagnosis when metastasis is already present has
improved in the last decade, this decrease is still lower than 3% [78]. The sequential administration of
three different chemotherapeutic drugs, along with vascular endothelial growth factor (VEGF) and
epithelial growth factor receptor (EGFR) inhibitors, allowed the median survival of the patients to
reach 30 months [79].

In most cases, early detection allows tumors to be successfully removed by surgery and
increases treatment efficiency. Nowadays, great part of survival improvements rely on CRC screening
programs that allow early diagnosis [12]. Thus, the main challenge in the clinic nowadays is the
understanding and characterization of the CRC inter and intra-tumour heterogeneity originated by
genomic, epigenomic, transcriptomic, and immune variability to stratify patients and shape the future
clinical development of personalized treatments [80]. New technologies allowed the identification of
new biomarkers and their co-evolution with drug discovery and targeted therapies design. Importantly,
cancer susceptibility does not just depend on the genetic background of patients; environmental factors
as well as lifestyle are determinants in the etiology of CRC [81]. Despite the improvements in early
diagnosis and targeted therapies design for CRC, the rates of its incidence have been increasing
for people younger than 40 years, pointing out the pressing needs for identifying the underlying
environmental factors and providing preventive strategies for high-risk individuals [82]. In addition
to alcohol consumption, smoking [83] or the presence of dysbiosis [84], diets rich in red, processed,
and grilled meats were strongly associated with colorectal cancer [85,86]. Several studies published
during the last two years supported the assessment published by the International Agency for Research
on Cancer (IARC) in October 2015 (data summarized by Bouvard et al. [87]). The results gathered
by IARC reached the final conclusion that the consumption of 50 g of red meat per day increased
by 18% the risk of suffering CRC. The meta-analysis carried out by Carr and collaborators found
that different red meat subtypes influence differently the diverse CRC subtypes [88]. Moreover, they
demonstrated that, although poultry or pork intake was not associated with higher risk of CRC, beef
and lamb consumption presented positive moderate association. Importantly, in a second publication
by the same group, they analysed patients 5 years after diagnosis and they observed no increased
mortality in those with higher red and processed meat intake [89]. When pre-diagnosed consumption
of red, processed meat, and poultry was assessed, no relation to CRC survival was found for red meat,
whereas positive association was demonstrated for processed meat and CRC mortality in females.
An increased all-cause mortality was associated with poultry consumption. Finally, no changes in CRC
mortality were found for dietary fiber [90].

Regarding the molecular mechanisms underlying this detrimental effect of red and processed
meat, multiple components were implicated. First, an increase in N-nitroso components
production is induced in the digestive tract by red and processed meat consumption. Moreover,
two genotoxic compounds that cause DNA damage as heterocyclic aromatic amines and
poly-cyclic aromatic hydrocarbons are present in high-temperature cooked meat and smoked
or grilled meat, respectively. In 2013, results from Kentucky Colon Cancer Study established
statistical correlations among total dietary intake of 2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline,
2-amino-3,4,8-trimethylimidazo[4,5-f]quinoxaline, meat-derived mutagenic (a marker for meat
mutagens combined) and colon cancer risk. Their analysis support estimated heterocyclic amines and
polycyclic aromatic hydrocarbons exposure as being a possible mechanism to increase colon cancer
risk in the context of red meat intake [91]. Besides, higher oxidative stress, as well as induction of APC
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gene mutations and its promoter methylation, were suggested to be triggered by increased red and
processed meat intake, and therefore with CRC risk [86,87].

Fiber is also among the well-studied dietary factors associated with colorectal tumorogenesis.
In this case, most of the epidemiological data defend the protective role of dietary fiber in CRC, but the
data are still no conclusive and further research needs to be performed [83,90,92].

Considering specific nutrient components, folate has been deeply studied as a modulator of
colorectal cancer prevention [93,94]. Plasma alterations of this water-soluble vitamin B9 are associated
with the hypermethylation of several tumour suppressor genes and with DNA hypomethylation [95].
The most consistent piece of data demonstrating that folate can be considered an independent risk
factor for CRC was published in 2011 [96]. The authors performed the largest prospective cohort
study in this regard and showed that those individuals with the highest folate intake presented a 30%
reduction in the risk of developing CRC.

In addition, according to several epidemiologic studies, milk, calcium and dietary vitamin D
are considered as protective factors against CRC development and are positively associated with
survival [97,98].

Apart from specific nutrients, the direct association of diet with an excessive accumulation of
adipose tissue and the subsequent development of obesity plays a role in tumor prognosis. During
cancer progression, a bidirectional crosstalk is established between malignant cells and adipocytes [78].
Because of malignant cell proximity, the cancer associated adipocytes (CAA) suffer delipidation and
acquire fibroblast-like features that will influence malignancy. The lipids secreted by adipocytes are
transferred to cancer cells that can use them for energy production through β-oxidation. Moreover, the
rapid expansion and hypertrophy of adipose tissue provokes oxygen deficiency, and compensatory
mechanisms to promote angiogenesis are triggered, favoring tumor spreading [99].

Precision Nutrition in Colorectal Cancer

The relation between CRC carcinogenesis and nutrition factors is probably more complex than
originally conceptualized. However, it is widely accepted in the field of precision nutrition that
several genetics variants in diet-nutrition-related genes are clearly associated with CRC prevention
(Table 1) [49]. The most representative example is the association between variants in genes related
to folate synthesis and CRC risk. Folate is involved in the synthesis of nucleic acids and DNA
methylation [100]. It has been described that genetic polymorphisms in methylenetetrahydrofolate
reductase (MTHFR) enzyme are modulating their own activity. In addition, SNPs in MTHFR and
levels of folate intake combine to regulate CRC risk [100,101]. Particularly, minor homozygous allele
TT of Cys677Thr polymorphism in MTHFR gene reduces in vitro MTHFR enzymatic activity to 30%.
The TT genotype is associated with CRC risk in the context of low folate intake, whereas it is protective
for CRC when high intake of folate occurs [100–102].

Many other examples of polymorphisms in diet-nutrition and/or metabolism-related genes,
that modulate CRC risk, have been described in the literature. Genetic variations in enzymes like
glutathione S-transferases (GSTs) have been related to CRC risk. These proteins are involved in phase
II detoxification process of drugs and endogenous compounds. GSTM1 and GSTT1 null genotypes
increased risk of CRC in Caucasian populations [103–105]. Polymorphisms in vitamin D receptor (VDR)
gene, in combination with dietary fat or calcium, seem to also modulate CRC risk, but controversial
results have been found [106–109]. The common Thr1482Ile polymorphism in the transient receptor
potential melastatin 7 (TRPM7), a ubiquitously expressed constitutive ion channel with higher affinity
for Mg2+ than for Ca2+, was associated with an elevated risk of both adenomatous and hyperplastic
polyps. Moreover, this polymorphism significantly interacted with the Ca:Mg intake in relation
to both types of polyps [110]. SNPs in genes belonging to the base excision repair pathway (BER)
have been associated with CRC risk. An association has been reported between Glu51His in APEX1
(ascorbate peroxidase) with CRC risk and a modifier role for the Val762Ala SNP in PARP gene (poly
ADP ribose polymerase) on the effect of diets higher in high-temperature cooked red meat [111]. Genes
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belonging to angiogenesis pathway have been interrogated for gene-environment interactions: SNPs
and smoking, dietary protein, and alcohol exposures, as well as associations of these interactions with
CRC risk and survival. Variants on FLT1 (vascular endothelial growth factor receptor 1) interacted
with smoking, animal protein intake, and CRC risk. Besides, KDR (vascular endothelial growth factor
receptor 2) variants interacted with alcohol and CRC risk [112]. However, there is high inter-group
variability in the results. Replication studies with accurate designs are needed in order to clarify
the use of many of these markers before applying these results to clinical practices [113,114]. In this
context, consortium studies arise in order to solve reproducibility and low sample size problems [24].
Huge collaborations among scientific groups, such as the Personal Genome Project, the International
HapMap consortium, or the Human Variome Project have been established to obtain information on
genetic variation with the goal of linking genetic variation to human disease risk and promoting the
development of personalized medicine [25].

Table 1. Associations between genetic variants in diet-nutrition-related genes and colorectal cancer
(CRC) risk.

Gene Symbol Gene Name SNP CRC Risk Interactors Reference

MTHFR Methylenetetrahydrofolate
reductase enzyme rs1801133 Cys677Thr Reduced High folate

intake [100–102]

GSTM1 Glutathione S -transferase M1 - Null
Phenotype Increased - [103,104]

GSTT1 Glutathione S -transferase T1 - Null
Phenotype Increased - [103,104]

APEX1 Ascorbate peroxidase rs1048945 Glu51His Reduced - [111]

PARP Poly ADP ribose polymerase rs1136410 Val762Ala Modifier of
rs1048945

High-temperature
cooked red meat [111]

FLT1 Vascular endothelial growth
factor receptor 1 rs678714 Reduced Smoking [112]

rs2387632 Reduced Animal protein
intake

KDR Vascular endothelial growth
factor receptor 2 rs6838752 Increased Alcohol [112]

BMP4 Bone morphogenetic protein 4 rs17563 Reduced Smoking [112]

Together with genomic approaches, transcriptomic studies also have been used for precision
nutrition in order to study responses to nutrients and/or bioactive products that can influence
gene expression. In this transcriptomic scenario, a representative example of a metabolic gene
whose expression is both dysregulated in CRC and modulated by bioactive compounds is GCNT3
(Glucosaminyl (N-Acetyl) transferase 3, mucin type). It codifies for a glycosyltransferase enzyme
implicated in glycosylation processes. GCNT3 catalyzes the formation of core 2 O-glycan, core 4
O-glycan, and I branches in mucin-type glycoproteins biosynthesis [115]. GCNT3 expression is
altered in cancer [116–119] and its upregulation has been clearly associated with favorable CRC
prognosis [116,117].

It has been established that rosemary extracts regulate GCNT3 expression in CRC. Rosemary
(Rosmarinus officinalis L.) is an evergreen shrub from Mediterranean region [120]. The rosemary leaves
have been employed as seasoning as well as in traditional medicine for treating several disorders such
as renal colic and respiratory diseases. In recent years, scientific investigations have been performed in
order to elucidate the potential utility of rosemary extracts and/or their constituents with antioxidant
activity in several diseases, including cancer [120,121]. The major components of rosemary extracts are
carnosic acid, carnosol, ursolic acid, and rosmarinic acid. Some of them exhibit intrinsic antitumor
properties; nevertheless, the efficacy of the complete extract is usually higher, due to a synergistic effect
as well as the presence of additional antitumor components whose effect has not been demonstrated
yet. Moreover, rosemary extract has also been used in combination with several antitumor agents and
chemotherapeutic drugs [121].

Interestingly, it has been shown that rosemary was able to increase the expression of GCNT3
gene. GCNT3 upregulation is associated with better prognosis in CRC [116,117] and this upregulation
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correlated with the antiproliferative effect of different rosemary extracts in tumor cells [122]. Moreover,
rosemary also regulates miR-15b expression, which was reported to target GCNT3 by in silico
analysis [122]. miR-15b has been found upregulated in CRC patients and, consequently, it has been
considered as potential biomarker [123]. miR-15b expression was downregulated by rosemary in CRC
cells. The rosemary component responsible for this modulation is carnosic acid. Since this regulation
was also detected in plasma, miR-15b could be considered as a potential non-invasive biomarker to
monitor in vivo responses [122].

4. Precision Nutrition and Lipid Metabolism in Colorectal Cancer

In 2015, consensus studies on transcriptomic data were successfully applied in order to solve
the intrinsic heterogeneity and molecular complexity of CRC. Several international research groups
shared large-scale data and they proposed a new CRC classification based on an unbiased approach to
facilitate clinical translation [12]. They established four transcriptomic consensus molecular subtypes
(CMS) of CRC: CMS1 or microsatellite instability (MSI) immune subtype, CMS2 or canonical, CMS3 or
metabolic, and CMS4 or mesenchymal subtype.

Interestingly, metabolic CRC subtype tumours (CMS3) have been characterized as those which
harbor KRAS mutations, a mixed MSI status, low somatic copy number alterations (SCNA), and low
CpG island methylator phenotype (CIMP). Furthermore, CMS3 tumours exhibit a prominent metabolic
activation with a clear enrichment for multiple metabolism signatures, in connection with the presence
of KRAS-activating mutations that have been described as inducing metabolic reprogramming [12].
Although KRAS mutants are more prevalent among CMS3 tumours, they are present in every molecular
subtype. KRAS mutations were more likely to be present in patients without a family history of colon
cancer and never smokers [124,125]. In a meta-analysis performed in 2009, no association was observed
between smoking and KRAS mutations in colorectal adenocarcinomas [126]. A recent study links
alcohol intake with an increased risk of KRAS+ and BRAF-/KRAS- [127]. Furthermore, a positive
association was reported between heme iron intake from red meat and the risk of CRC with activating
G > A mutations in KRAS [128].

In this cancer-metabolic scenario, the examples of metabolism-related pathways that could
be implicated in precision nutrition are currently increasing. Alterations in lipid metabolism also
contribute to cancer-metabolic progression (Figure 2). Highly proliferative cancer cells display strong
lipid and cholesterol avidity, which they satisfy by increasing the uptake of dietary or exogenous lipids
and lipoproteins or activating lipogenesis or cholesterol synthesis [129].

Metabolic genes belonging to fatty acids synthesis pathway have been interrogated in CRC for
precision nutrition uses (summarized in Table 2). In 2010, 43 fatty acid metabolism-related genes
and 392 SNPs were analyzed in 1225 CRC cases and 2032 controls from the European Prospective
Investigation into Cancer and Nutrition study (EPIC cohort) [130]. Authors found evidence for an
association of hydroxyprostaglandin dehydrogenase 15-(NAD) (HPGD), phospholipase A2 group VI
(PLA2G6), and transient receptor potential vanilloid 3 (TRPV3) with increased risk for CRC, while
prostaglandin E receptor 2 (PTGER2) was associated with lower CRC risk. This work highlighted
the role of prostanoid signaling in colon carcinogenesis and gave weight to the relevance of genetic
variation in fatty acid metabolism-related genes and CRC risk [130]. After that, a different study
analyzed a new set of 8 fatty acid biosynthesis-related genes (30 SNPs) in 1780 CRC cases and 1864
controls from the Molecular Epidemiology Cancer study [131]. They found an association of rs9652472
polymorphism of LIPC (hepatic triglyceride lipase) with increased risk of CRC. They also replicated
previous associations of LIPC SNPs with higher serum HDL levels [131].
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Figure 2. Modulation of Lipid Metabolism in Colorectal Cancer by Precision Nutrition Approaches.
Genomics, transcriptomics, and other “omics” technologies have significantly contributed to the
development of precision nutrition, which aims to identify patient subpopulations and design new
targeted strategies for personalized treatment. Alterations in lipid metabolism have been implicated
in cancer-metabolic progression. Examples of lipid-metabolic genes that have been interrogated
for precision nutrition uses in colorectal cancer (CRC) are detailed. Bioactive compound could
modulate lipid-metabolism-related gene expression. Their use together with classical chemotherapeutic
agents, whose effect could be potentiated, is one of the current lines of research in CRC treatment.
HPGD: hydroxyprostaglandin dehydrogenase 15-(NAD), PLA2G6: phospholipase A2 group VI, TRPV3:
transient receptor potential vanilloid 3, PTGER2: prostaglandin E receptor 2, LIPC: hepatic triglyceride
lipase, ACSL1: Acyl-CoA synthetase 1, ABCA1: ATP-Binding Cassette Subfamily-A Member 1,
AGPAT1: 1-Acylglycerol-3-Phosphate O-Acyltransferase 1, SCD: Stearoyl-CoA-desaturase 1, SNPs:
Single Nucleotide Polymorphisms.

Recently, genetic analysis of 57 SNPs located in 7 lipid-metabolism-related genes was performed
in CRC patients in order to identify whether any genetic alteration might be related to overexpression
of these enzymes and therefore constitute a biomarker of lipid metabolism-related alterations [11].
In a multivariate model, adjusting for clinical risk factors and multiple comparisons, the SNP rs8086
in ACSL1 was associated with CRC disease-free survival (DFS), indicating that patients carrying the
ACSL1 rs8086 T/T genotype had significantly decreased DFS compared with patients carrying the C/T
or C/C genotype, with 3-fold higher risk of relapse (Table 2). T/T genotype for rs8086 is associated
with worse clinical outcome and simultaneously correlates with high ACSL1 mRNA levels, which, in
turn, had already been associated with worse clinical outcome in these CRC patients [10,11]. Previous
to this study, a lipid-metabolic signature (ColoLipidGene) was associated with CRC prognosis in
stage II patients [10]. ColoLipidGene signature encompasses the transcriptional activation of four
metabolic-related genes: ACSL1, ABCA1 (ATP-Binding Cassette Subfamily-A Member 1), AGPAT1
(1-Acylglycerol-3-Phosphate O-Acyltransferase 1), and SCD. Results from three different groups of
patients, together with data from publicly available repository GEO (Gene Expression Omnibus
Database), point out the activation of ABCA1, ACSL1, AGPAT1, and SCD as one of the main relevant
metabolic factors in CRC malignant progression [10].
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The extent to which genetic variants, together with intake of specific dietary components, affect
risk of CRC in different populations is currently under investigation. Several natural compounds
may modulate lipid metabolism [132] and, consequently, they could have a key role in the prevention
and treatment of cancer [133–136]. Indeed, many anticancer agents employed clinically are natural
compounds or their derivatives. Various in vitro studies pointed out an external regulation of
lipid-metabolism-related genes whose expression could be modulated by bioactive products. Moreover,
the use of bioactive compound together with classical chemotherapeutic agents, whose effect could be
potentiated, constitutes an important line of development in CRC treatment with increasing number
of clinical studies trying to address this point (Figure 2).

In the context of ColoLipiGene signature, few studies are focused on the transcriptional regulation
of genes belonging to this signature by bioactive compounds that must be further explored for
therapeutic or preventive application. For example, it is known that in THP-1 cells, eicosapentaenoic
acid (EPA)-rich oil altered the expression of fatty acids metabolism genes including SCD and FA
desaturase-1 and -2 (FASDS1 and -2) [137].

Due in part to its relationship with cholesterol and cardiovascular disease, ABCA1 is one of
the most studied genes of ColoLipiGene signature. It is well known that curcumin enhanced
cholesterol efflux by upregulating ABCA1 expression through AMPK-SIRT1-LXRα signaling in THP-1
macrophage-derived foam cells [138]. It have been also described that hesperetin, a citrus flavonoid,
increased ABCA1 promoter and LXR enhancer activities in THP-1 macrophages [139]. Recently,
dietary compounds from olive oil were tested for their capacity to enhance cellular ABCA1 protein
level, and authors identified erythrodiol (Olean-12-ene-3b,28-diol) as an ABCA1 stabilizer [140].
Additionally, the mRNA and protein expression of LXRs and their target genes, including ABCA1, was
significantly increased in macrophages stimulated with cineole [141]. The 1,8-Cineole (cineole), also
known as eucalyptol or cajeputol, is a terpene oxide and a principal component of most eucalyptus oils,
rosemary, and many other essential oils. Continuing in this line, other bioactive products like piperine
(Piper nigrum) [142], silymarin (Silybum marianum L.) [143] and garlic-derived compounds [144], also
modulate ABCA1 expression. Nevertheless, studies in colorectal cancer models are needed in order to
explore new therapeutic or preventive applications.

5. Concluding Remarks

Compelling evidence gained from epidemiological and experimental studies supports the crucial
role of obesity, dietary patterns, gene-diet interactions and lipid metabolism in CRC prevention
and prognosis.

Despite all advances in early cancer diagnosis and in the development of new targeted therapies,
still many tumors continue to be untreatable. This is mainly due to inter and intra-heterogeneity,
both in primary lesions and distal metastasis. The integration of basic and translational nutritional
research into the clinic is contributing to identifying groups of patients and subsequent strategies for
personalized treatment and diet recommendations.

Precision nutrition opens a window of opportunity to integrate omics technologies with clinical
advice. In particular, lipid metabolism is gaining interest in the scientific community as a bona-fide
target in CRC. The ultimate goal should be to identify or generate bioactive compounds that
directly or indirectly modulate lipid metabolic processes. The design of clinical trials that combine
classical chemotherapeutic agents with bioactive products targeting lipid metabolism constitutes an
unquestionable line of research in CRC treatment.
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Abstract: Obesity and its associated disorders, such as insulin resistance, dyslipidemia, metabolic
inflammation, dysbiosis, and non-alcoholic hepatic steatosis, are involved in several molecular and
inflammatory mechanisms that alter the metabolism. Food habit changes, such as the quality of fatty
acids in the diet, are proposed to treat and prevent these disorders. Some studies demonstrated
that saturated fatty acids (SFA) are considered detrimental for treating these disorders. A high
fat diet rich in palmitic acid, a SFA, is associated with lower insulin sensitivity and it may also
increase atherosclerosis parameters. On the other hand, a high intake of eicosapentaenoic (EPA) and
docosahexaenoic (DHA) fatty acids may promote positive effects, especially on triglyceride levels and
increased high-density lipoprotein (HDL) levels. Moreover, polyunsaturated fatty acids (PUFAs) and
monounsaturated fatty acids (MUFAs) are effective at limiting the hepatic steatosis process through
a series of biochemical events, such as reducing the markers of non-alcoholic hepatic steatosis,
increasing the gene expression of lipid metabolism, decreasing lipogenic activity, and releasing
adiponectin. This current review shows that the consumption of unsaturated fatty acids, MUFA,
and PUFA, and especially EPA and DHA, which can be applied as food supplements, may promote
effects on glucose and lipid metabolism, as well as on metabolic inflammation, gut microbiota,
and hepatic metabolism.

Keywords: fatty acids; obesity; obesity-related metabolic dysfunction; chronic diseases

1. Introduction

Obesity acts as a stressing agent both in adipose metabolism and in metabolic organs, including
the liver, muscle, and pancreas, resulting in insulin resistance and type II diabetes mellitus DM
II [1]. With the presence of obesity and the progressive expansion of adipocytes, the blood supply
to the adipocytes decreases with ensuing hypoxia [2]. This expansion of adipocytes and hypoxia
has been related to the onset of macrophage necrosis and infiltration into adipose tissue, leading
to an overproduction of active metabolites called adipocytokines, such as glycerol, plasminogen
activator inhibitor-1 (PAI-1), C-reactive protein (PCR), and proinflammatory mediators, including
tumor necrosis factor alpha and interleukin-6 (TNFα and IL-6), and free fatty acids [3]. These changes
initially result in an inflammatory process located in the adipose tissue, which expands to systemic
inflammation associated with the development of obesity-related comorbidities [4].
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The increased body fat observed in obesity is an increase in the number and/or size of adipocytes
that are linked to metabolic and hemodynamic processes in the production of adipokines, which are
responsible for causing insulin resistance and atherosclerosis, which are mediated by inflammatory
cytokines [5]. Obese, but metabolically healthy individuals, have smaller adipocytes when compared
to metabolically abnormal obese individuals, suggesting that hypertrophy of adipocytes is associated
with the development of metabolic disorders [5].

With obesity, immune cells display phenotypic changes according to the type of dietary fatty acids,
causing a change in the M2 macrophage, which has anti-inflammatory properties on M1 macrophages,
which have pro-inflammatory properties. The consumption of saturated fatty acids (SFA) activate
M1 genes that stimulate -α and IL-6 TNF production, whereas monounsaturated fatty acids (MUFA)
activate the M2 genes related to the expression of Arginase-1 and interleukin-10, which are cytokines
with anti-inflammatory action [6], as illustrated in Figure 1.

Figure 1. Different metabolic changes involved after consumption of different types of fatty acids:
saturated (SFA), monounsaturated (MUFA), and polyunsaturated (PUFA) fatty acids. Different types
of fatty acids have different effects on the major metabolic organs of the body. Diets with high
levels of SFA, especially high fat (HF), modulate the inflammatory process with the infiltration of
macrophages and other immunological cells, promoting higher production of type M2 macrophages,
considered pro-inflammatory, with a reduction in type M1 macrophages, which are anti-inflammatory,
in addition to the expression of inflammatory cytokines and circulating endotoxins, which promote
insulin resistance. This inflammatory process is related to the microbiota, which also has a greater
expression of inflammatory endotoxins and cytokines, as well as transitions in intestinal colonization,
with increase of strains of the genus Firmicutes, and decrease of Bacteroidetes and Lactobacillus genus
after consumption of HF diets rich in SFA. On the other hand, the consumption of MUFA and PUFA
has positive effects on glucose metabolism, with a reduction in some parameters related to type II
diabetes mellitus (DM II), such as hemoglobin A1c (HbA1c) and glycaemia, and a reduction of hepatic
steatosis and related parameters. Intake of PUFA is linked to increased expression of adiponectin,
an anti-inflammatory cytokine, which promotes hepatic metabolic enhancement, and reduces the risk of
atherosclerosis, such as increased high density lipoprotein (HDL) and decreased triacyclglycerols (TAG).
LDL; very low density lipoprotein (VLDL); glucagon-like peptide-1 (GLP-1) receptor; peroxisome
proliferator-activated receptor-γ (PPAR-γ); free fatty acids (FFA); sterol regulatory element-binding
protein -1C (SREBP-1C); Non-alcoholic fatty liver disease (NAFLD); interleukin (IL); tumor necrosis
factor (TNF); lipopolyssacharide (LPS); high fat (HF).
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At the end of the 1950s, the different types of fatty acids ingested in the diet were thought to
influence glucose homeostasis. Many decades later, new in vitro and in vivo studies maintained this
hypothesis, pointing to different influences according to chain length and the number of double bonds
in fatty acids, altering sensitivity, pro- or anti-lipotoxic action, and insulinotropic influence [7,8].

In order to control this inflammatory process and the obesity comorbidities, some strategies
are used, such as changes in diet, which include the reduction of SFA sources and an increase
in the consumption of MUFA and polyunsaturated fatty acids (PUFA), which are associated with
cardiovascular protection, acting on atherosclerosis [9–11].

Mammals are able to desaturate fatty acids at positions Δ5, Δ6, and Δ9 [12]. The latter desaturase
is called stearoyl-CoA desaturase (SCD-1) and it converts SFAs, such as stearic acid (18:0), into oleic
acid, a MUFA; while Δ5 and Δ6 desaturases are required for long-chain PUFA desaturation. These kind
of PUFAs are classified as omega-3 (ω-3) and omega-6 (ω-6) [13]. Araquidonic acid (AA) is the
principal ω-6 fatty acid, whereas eicosapentaenoic (EPA) and docosahexaenoic (DHA) fatty acids
are the main ω-3 FAs [14]. These FAs are defined as essential fatty acids because they cannot be
synthesized in human cells, and therefore must be obtained from dietary linoleic acid (C18:2 n-6) and
α-linolenic acid (C18:3 n-3) [15].

Considering the importance and the effects of fatty acid intake, the global problem of obesity,
and the risk factors associated with obesity and chronic diseases, FAs are usually a component of
nutrition educational programs and those individuals receive guidance for lifestyle changes. For many
years, highlighting the consumption pattern of lipid content and quality in the diet, aiming at a
reduction in the consumption of saturated fatty acids, was a key component of an obesity-targeted
diet [16,17]. Because some lipid sources of saturated fatty acids have shown positive results, as in
the case of coconut oil, extensive discussion has been generated about the quality of lipids that
should be used in the diet. In addition, other measures related to lipid ingestion, proposed in the
treatment of chronic diseases, should be considered, and deserves further elucidation to avoid such
controversies [18].

The objective of this review is to determine the metabolic effect related to the mechanism of actions
of the different types of fatty acids, including saturated, monounsaturated, and polyunsaturated acids,
in obesity and its related disorders, (i.e., insulin resistance, dyslipidemia, inflammation, non-alcoholic
fatty liver, and intestinal microbiota) through the compilation of several scientific papers published in
the last five years.

2. Insulin Resistance and Associated Comorbidities

The main factors responsible for the development of type 2 diabetes mellitus (DM II) are the high
production of hepatic glucose, impaired insulin secretion, and insulin resistance, which is common
in obesity [19]. During DM II evolution, adipocytes become resistant to the anti-lipolytic activity of
insulin, which leads to increased concentrations of free fatty acids in both the fed and postprandial
states. This situation worsens considerably as the function of beta cells is impaired and insulin secretion
decreases [20].

Dietary fatty acids play an important role in cell membranes and insulin sensitivity, interfering
with the metabolic control of diabetes. Observational studies show a strong association between diets
with a high amount of SFAs, being mainly palmitic acid, and a small amount of PUFA, with insulin
resistance (Figure 1) [21]. Hypercaloric diets, especially hyperlipidic ones, are related to the induction
of insulin resistance [22].

An excess of nutrient intake also directly regulates tumor cell growth, and saturated fatty acids
are more associated with this inducement of proliferation than unsaturated fatty acids, which promote
apoptosis [23]. A diet low in saturated fatty acids is recommended for the treatment of DM II.
Among the SFAs, palmitic acid (16:0) is believed to be responsible for the damage caused to β-pancreatic
cell function and to insulin resistance [24].
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In a recent study [22], a hypercaloric and hyperlipidic diet in the induction of insulin resistance in
humans was developed and tested. The effects of a diet rich in saturated fatty acids after 24 h included
increases in glycaemia, insulin, and HDL-cholesterol levels when compared to a normocaloric and
normolipid diet, whose lipid composition corresponded to 25% of the total calories, being 12% MUFA,
8% PUFA, and 5% SFA (Table 1). The negative effect of the SFAs was suggested to be greater when
associated with a hypercaloric diet (>27 kcal/kg), since the SFAs probably enter the cell membranes by
altering the insulin receptors and their secretion, resulting in insulin resistance [25].

Table 1. Effects of different types of fatty acids on insulin resistance and associated comorbidities
during human studies.

Host Fatty Acid Composition
Glycaemia-Related Effects in
Obesity

References

Humans Diets with 63% SFA (42% palmitic, 29% MUFA,
4% PUFA)

Increased glycaemia (3.70%)
Increased insulin (25%) [22]

Hypertensive
women with DM II

(1) 1.5 g fish oil (21.9% EPA, 14.1% DHA)
(2) 2.5 g fish oil (21.9% EPA, 14.1% DHA)
(3) Control group.

Glucose, mg/dL; glycated
hemoglobin, %; insulin, μU/mL
and HOMA-IR without changes.

[26]

Diabetics and
nondiabetics
individuals

(1) 300 g of vegetables and 25 mL of PUFA-rich
plants (61.8% linoleic, 11.5% linolenic, and
16.4% of oleic fatty acid) per day

Reduction of HbA1c
(hemoglobin A1c) (%) after
4 and 8 weeks

[27]

Subjects with
early-stage DM II
or metabolic
syndrome

Individuals received corn oil (CO); a
combination of borage [Borago officinalis L.] and
echium oil [Echium plantagineum L.] (BO) or fish
oil (FO): 9 CO capsules, 10 BO capsules (3
borage and 7 echium), or 9 FO capsules

Statistically significant increase
in insulin and reduction in
HbA1c of FO group.

[28]

DM II subjects Supplementation of 3 g/day of ALA or placebo
for 60 days

ALA group improved IS
corrected for FFM
(M/FFM)—Insulin sensitivity
corrected for fat-free mass.

[29]

DM II subjects

(1) High-carbohydrate/high-fiber/low-
glycemic index diet (CHO/fiber group)
(2) High-MUFA diet (MUFA group)
(3) High-carbohydrate/high-fiber/low-
glycemic index diet plus physical activity
program (CHO/fiber + Exercise group)
(4) High-MUFA diet plus physical activity
program (MUFA + Ex group).

Reduction of HbA1c levels in
the MUFA group. [30]

Human clinical
trials: obese
children

Supplementation of CLA (3 g/day) with 50:50
isomers c9, t11, and t10, c12 or placebo
(1 g/day) 3 times per day for 16 weeks

Significant improvement in
insulin, fasting insulinemia, and
HOMA-IR in CLA group.

[31]

Abbreviations: Saturated fatty acids (SFA); monounsaturated fatty acids (MUFA); polyunsaturated fatty acids
(PUFA); type II diabetes mellitus (DM II); docosahexaenoic (DHA) fatty acids; alfa-linolenic fatty acid (ALA);
homeostasis model assessment-estimated insulin resistance (HOMA-IR); hemoglobin A1c (HbA1c); insulin
sensitivity corrected for fat-free mass (FFM); carbohydrate (CHO); conjugated linoleic acid (CLA).

In a study by Crochemore et al. [26] (Table 1), women with DM II and hypertension had no
statistically significant difference among the groups that received supplementation of 1.5 g and 2.5 g
fish oil, with 21.9% EPA and 14.1% DHA, respectively, and a control group, for glucose, glycated
hemoglobin, insulin, or homeostasis model assessment-estimated insulin resistance (HOMA-IR),
regardless of the dosage. The doses of fish oil and the duration of the study, at only 30 days,
were potentially inadequate to note a significant difference in this population, which also had
a hypertension frame. Additionally, despite the absence of a statistical difference, the groups
supplemented with fish oil presented a trend in HOMA-IR improvement, which decreased 21.4% and
35.7%, respectively, in both the supplemented groups when compared to the baseline.

Another parameter used is Hemoglobin A1c, which reflects the cumulative changes that occur
over several weeks to months, so the duration of treatment may be particularly important for this
biomarker. Glycation refers to the non-enzymatic reaction of reducing sugars with primary amino
groups’ Schiff bases that undergo an Amadori rearrangement, which is well-studied for proteins and
peptides. Glycation sites derived from glucose have been reported and characterized by many proteins
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in the last decades, with the glycated N-terminal hemoglobin A (HbA1c) being a well-established
biomarker to diagnose and control diabetes [32]. Müllner et al. [27] showed a decrease in this parameter
after implementing a diet including 300 g of vegetables and 25 mL of PUFA-rich plant oil daily.
Additionally, a significant decrease in hemoglobin A1c occurred during the eight-week test with the
fish oil group, where each capsule had 3.58 g of EPA and 2.44 g of DHA [28], demonstrating the positive
effects on glycated hemoglobin after the intake of polyunsaturated sources, whether of vegetable or
marine origin.

Another study with DM II subjects did not show significant improvements in a large part of
the glucose homeostasis parameters. The ALA group had improved insulin sensitivity, which may
be associated with the greater increase in adiponectin levels also evaluated in this study, which has
an inverse correlation with HOMA-IR, reinforcing the positive effect of ALA supplementation on
IR [29]. Patients with DM II exhibit lower postprandial glucagon-like peptide-1 (GLP-1) responses as
compared to healthy individuals [33]. GLP-1 is secreted from intestinal endocrine cells in response to
nutrient intake and plays several different roles in metabolic homeostasis after its absorption [33].

The supplementation of Conjugated Linoleic Acid (CLA) resulted in improvements in obese
children after four months of intervention, combined with lifestyle changes for both the children
and their parents. Garibay-Nieto et al. [31] implemented a program consisting of monthly visits that
included a one-hour structured physical activity session, followed by a psychoeducational group
session, with consultations with nutritionists, and supplementation of CLA (3 g/day) or placebo
(1 g/day) for obese children three times a day for 16 weeks, which resulted in insulin reductions
(μU/mL), fasting insulinemia, and HOMA-IR in the CLA group.

CLA represents a group of positional and geometric isomers of linoleic acid (18:2n-6),
whose predominant form is cis-9, trans-11 isomers, and due to its high composition of PUFA, promotes
benefits in the membrane phospholipid composition, thus improving its fluidity. Another possible
mechanism for the antidiabetic effects of CLA supplementation is the activation of peroxisome
proliferator-activated receptor-γ (PPAR-γ) receptors [34], which participate in lipid homeostasis and
are predominantly expressed in adipose tissue. With the activation of PPAR-γ, CLA also increases the
gene expression of adiponectin and thus may affect glucose metabolism and insulin sensitivity [35].

Furthermore, some in vivo and in vitro studies presented positive results after the use of
unsaturated sources, especially the n-3 series, and with MUFA, basically oleic fatty acid, which are
demonstrated in Table 2. An in vitro study [36] demonstrated that oleate did not induce insulin
resistance in cardiovascular cells, such as cardiomyocyte, vascular smooth muscle cells, or endothelial
cells, which are otherwise palmitate induced, showing the beneficial cardiovascular effects in relation
to insulin signaling with oleate. Previous studies showed this induction of resistance insulin with
palmitate also being observed in other tissues, such as adipocytes and skeletal muscle [37,38].
Oleate was able to prevent insulin resistance in the myotubes through the activation of PI3K and a
mechanism dependent on amp-activated protein kinase (AMPK) [36].

Malinska et al. [39] found an increase in insulin sensitivity in hypertriglyceridemia-induced
dyslipidemia rats fed a high sucrose diet, supplemented with either sunflower oil or Conjugated
Linoleic Acid (CLA) (2 g/100 g diet), for eight weeks. CLA possibly present anti-diabetic effects related
to the activation of PPAR-γ receptors [34].

The MUFA intake also showed positive results on the glucose parameters, with a statistically
significant reduction in the HbA1c levels [30]. A high-MUFA diet also showed an improvement
in insulin resistance when compared to a high-SFA diet in mice, with significantly lower fasting
glucose and insulin concentrations and attenuated insulin secretion, in response to glucose challenge.
These challenges included intraperitoneal glucose, insulin tolerance testing, and insulin secretion
response in overnight fasted mice after intraperitoneal injection with 1.5 g/kg glucose [40].
Carbohydrates and fatty acid components of a meal can directly influence postprandial GLP-1
responses [33]. MUFAs seem to be powerful stimulators of GLP-1 secretion, both in the enterocytes
cultured from mice in vivo fand in Zucker rats that were genetically obese [41,42].
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Table 2. Effects of different types of fatty acids on insulin resistance and associated comorbidities
during in vivo and in vitro studies.

Host Fatty Acid Composition
Glycaemia-Related Effects in
Obesity

References

In vitro insulin resistance at
cellular level from thoracic aorta
arteries of three 8-week-old
wild-type male mice

Cell lines were cultured with high
glucose and were serum-starved for
insulin signaling and relatives free
fatty acids (palmitate or oleate)

Oleate treatment for 2 h did not
produce insulin resistance.
Palmitate significantly induced
insulin resistance for 18 h.

[36]

C57BL/6 male mice

SFA High Fat Diet (HFD) with 45%
palmitic acid; MUFA-HFD (45% oleic
acid), and a standard chow as a
control group (5.2% fat: 0.9% SFA,
1.3% MUFA, and 3.4% PUFA)

Lower fast glucose, insulin
concentrations and insulin
secretion in MUFA-HFD group
compared to the SFA-HFD
group.

[40]

Hypertriglyceridemia-
induced dyslipidemia rats

High sucrose diet supplemented with
either sunflower oil or Conjugated
Linoleic Acid (CLA) (2 g/100 g diet)

Decrease in glucose and insulin
(mmol/L) in CLA
supplemented group.

[39]

Diet-induced IR rat model
Supplementation of fish oil (n-3
PUFA), sunflower oil (n-6 PUFA), and
high oleic sunflower oil (n-9 MUFA)

Reduction of HOMA-IR in n-3
PUFA. [43]

Abbreviations: Saturated fatty acids (SFA); monounsaturated fatty acids (MUFA); polyunsaturated fatty acids
(PUFA); homeostasis model assessment-estimated insulin resistance (HOMA-IR); conjugated linoleic acid (CLA);
high fat diet (HFD).

The liver plays a unique role in regulating glucose homeostasis by maintaining blood glucose
concentration within a normal range. However, impaired insulin action in the liver leads to
insulin resistance, characterized by an impaired insulin capacity to inhibit glucose production.
Thus, insulin resistance in the liver, which is the reduced sensitivity to insulin in the liver, causes
gluconeogenesis and hyperglycemia. As a result of insulin resistance, adipocytes increase the release
of free fatty acids (FFA) in the circulatory system [44].

A study with a diet-induced IR rat model [43] showed a significant reduction in HOMA-IR after
supplementation of 12 g per 100 g for 12 weeks with fish oil, when compared to the n-6 PUFA and
MUFA groups (Table 2). The evidence indicates positive effects on insulin resistance and glycemic
metabolism with consumption of ω-3 PUFA, which can be explained by the alteration in serum fatty
acid composition, which influences the membrane fluidity with the ingestion of these polyunsaturated
sources, allowing for greater insulin binding. Subsequent events, such as aggregation, internalization
of the insulin-receptor complex, and the movement of the glucose transporter to the cell membrane,
could be facilitated by changes in membrane fluidity [45].

The evidence indicates that the composition of dietary fatty acid intake can change the fatty
acid composition of the cell membrane, thereby affecting insulin sensitivity [46]. A diet rich in
unsaturated fatty acids, present in oilseeds, plays an important role in the prevention of insulin
resistance, increasing insulin affinity for the receptors [47]. Furthermore, the composition of oilseeds
with high magnesium [48,49], high fiber content [50,51], and low glycemic index [52,53] have also been
linked to a lower risk of diabetes.

In addition to the previously mentioned factors associated with glucose metabolism and insulin
resistance, the metabolism of this comorbidity is known to be complex, being associated with
cardiovascular diseases (CVD). CVD mortality has been strongly linked to the prevalence of diabetes,
in which CVD is considered an important risk factor for DM and vice versa. The metabolism involved
in the CVD should be addressed with the consumption of different lipid sources, accessing the different
influences in the comorbidities linked to obesity [54].

3. Dyslipidemias

Dyslipidemia is characterized by the change in lipid concentrations in the bloodstream with
the accumulation of one or more classes of lipoproteins [55]. In this case, this process is called
hypercholesterolemia, which is the accumulation of low density lipoprotein (LDL) in the plasma by
alterations in the genes of the LDL receptor (LDLR), or apolipoprotein B-100, which is considered
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as one of the most important components of atherogenic lipoproteins [55]. Hypertriglyceridemia is
the result of chylomicron condensation of very low density lipoprotein (VLDL), or both lipoproteins
in the plasma, with a decrease in high density lipoprotein (HDL) [56]. These condensations are as a
result of lipoprotein lipase (LPL), which is responsible for promoting triglyceride breakdown with
apolipoprotein A5 (APOA5) mutations, and the inhibition of LPL and hepatic lipase by apolipoprotein
C-III (APOC3), contributing to the triglycerides concentration increase [57].

The atherogenic process occurs when Lymphocytes T migrates to the intima layer of the arteries
by proinflammatory cytokines, producing macrophages by monocytes and increasing the LDL levels,
resulting in atherosclerotic plaques [58]. These plaques originate in the intima and media layers of
medium and large arteries, and are thus the principal factor related to CVD [59].

Some types of treatment and prevention methods are available to address dyslipidemia and
atherosclerosis, such as specific medicines, as well as the adoption of a healthy lifestyle, which includes
an improvement in eating habits [60]. One of the reasons for changing these habits is to improve
the quality of lipids consumed in the diet, involving recommendations to reduce SFAs, which are
associated with the dyslidemia process because they cause an increase in LDL, which is due to a
reduction in the production and activity of the LDLR gene, related to alter the hepatic metabolic
processes and fatty acid biosynthesis [61].

Besides that, recommendations are proposed to increase the ingestion of PUFA sources in
detrimental of SFA reduce. The n-3 PUFA consumption operates on the reduction of plasma
triacyclglycerols (TAG), VLDL, and apolipoprotein B-100 (APOB-100) [62,63]. A multinacional study
(Table 3) with individuals at least 18 years of age with average serum TG concentrations >500 mg/dL
but <2000 mg/dL at screening (1 and 2 weeks before random assignment) who were either untreated for
dyslipidemia or were using a stable (for at least 6 weeks before the first qualifying lipid measurement)
dosage of a statin, CAI, or their combination. The individuals were divided into four groups, which one
of them was a control group with 4g/day of olive oil supplemented. There were three groups that
receive the supplementation of fish oil (EPA + DHA) in capsules of 2, 3, and 4 g/day. All of the groups
that receive the fish oil presented decreasing values for TG, non-HDL, LDL, VLDL and ApoB-100 from
baseline [63]. n-3 PUFA acts on ApoB-100 by inhibiting its synthesis and, consequently, decreasing
the plasma concentration of all lipoproteins composed with Apo-B, especially VLDL and LDL [64].
DHA also presents an important mechanism in the signaling pathway, inhibiting the delta-6 desaturase,
an indispensable enzyme that produces gamma linolenic and dihomo-gamma-linolenic acids from
linolenic acid, to the detriment of the production of araquidonic acid (AA). In addition, DHA acts to
improve cellular membrane fluids, which enables the flexibility of the arteries, aiding in the removal
of lipids, as well as possible inflammatory agents, that are deposited in the membrane [63].

Table 3. Effects of consuming different types of fatty acids during human studies on dyslipidemia.

Host Fatty Acid Composition Effects References

Humans with
hypertriglyceridemia n-3 PUFA (2,3 and 4 g of fish oil) Reduction in VLDL, TG, non-HDL, LDL and Apo-B [62]

Humans:
Hemodialysis Patients

2 capsules of EPA and 1.28 g
DHA/day

TG, TC, and LDL (no differences)
EPA/DHA and placebo.
Increase in HDL.

[65]

Humans 2 capsules of 900 mg/day
containing EPA and DHA

Increase in HDL, reduction in LDL and TG.
Improvement Protein C reactive levels. [66]

Humans 4 capsules of 1 g/day containing
EPA and DHA for 6 months

Reduction in TG, increase in HDL.
No difference in TC and LDL. [67]

Humans 4 different foods enriched with 3
rich-n-3-PUFA oils

Increase in HDL.
LDL—no differences. [68]

Abbreviations: Polyunsaturated fatty acids (PUFA); very low density lipoprotein (VLDL); triacylglycerol (TG); unlike
LDL-C (non-HDL); low density lipoprotein (LDL); apolipoprotein-B (Apo-B); total cholesterol (TC); eicosapentaenoic
(EPA); docosahexaenoic (DHA); high density lipoprotein (HDL).
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Mattos et al. [65] performed a randomized study with administration of two fish oil capsules per
day in hemodialysis patients for 12 weeks. The results did not demonstrate differences between the
groups that received n-3-PUFA and the control group that received a placebo. This may have occurred
because hemodialysis patients are have a higher propensity of developing CVD.

In another study [68], after the use of flaxseed oil, Echium seed oil, and microalgae oil, which is
another source of n-3-PUFA with high DHA, changes in LDL levels were not seen, however,
they observed an increase in HDL levels. This result corroborates with a study by Wang et al. [67],
who observed that individuals that consumed four capsules of fish oil, containing EPA and DHA, for six
weeks showed no differences in total cholesterol (TC) and LDL, whereas TAG levels were reduced.

The following molecular mechanisms responsible for the reduction of serum TAGs, after EPA
and DHA ingestion, have been proposed to create this beneficial effect: the decreased expression of
sterol regulatory element-binding protein-1c (SREBP-1c) may be one of the factors responsible for the
reduced secretion of VLDL-TAG, or the increased mitochondrial oxidation rates, or peroxisome that
reduces the substrate for TAG synthesis [69].

The expression of decreased SREBP-1c can be mediated by the inhibition of liver X-receptor
binding (LXR) to the LXR/retinoid X receptor. The increase in peroxisomal oxidation rates may result
in the increase of peroxisome proliferator-activated receptor-α (PPAR-α) on the expression of the
acyl-coenzyme A oxidase gene. In addition, the reduction in the activity of the enzymes that perform
TAG synthesis decreases the distribution of non-esterified fatty acids from adipose tissue and decreases
the availability of apoprotein B, which potentially results in a lower release of VLDL-TAG. On the
periphery, increased lipoprotein lipase activity may lead to increased clearance of VLDL-TAG, possibly
due to increased PPAR-γ and/or PPAR-α gene expression [69]. Additionally, EPA and DHA fatty acids
are capable of preventing the synthesis and the secretion of hepatic VLDL and TAG, increasing the
TAG clearance by chylomicrons and VLDL particles. Furthermore, both EPA and DHA are preferably
diverted for phospholipid synthesis paths, whereas other fatty acids, such as oleic acid, are generally
incorporated into TAG [70].

Furthermore, n-3 PUFAs promoted an increase in HDL in the studies that used EPA and DHA.
This mechanism may improve the atherosclerosis protection due to the fact that n-3-PUFAs act in
reverse cholesterol trafficking [71]. This involves of the transportation of cholesterol molecules present
in high concentration in the tissue, back to the liver to be eliminated by bile in feces, improving the
endothelial dysfunction and promoting antioxidants and anti-inflammatory effects [71].

Considering that animal models are extremely important for elucidating the etiology of diseases
in humans, having an integrated view of disorders mechanisms [72], there are some in vivo studies
in Table 4 on dyslipidemia. A treatment with rats demonstrated that a high amount of SFAs in the
diet during a 30-day study resulted in increased levels of total cholesterol (TC), TGA, LDL, and VLDL
in the bloodstream, as shown in Table 4 [73]. On the other hand, after 180 days of diet, TC, HDL,
and LDL serum levels increased, while VLDL and TGA levels diminished. The data showed that a
diet rich in SFA exerted a hyperlipidemic effect only on the 30th day, but a long-term diet displayed
beneficial effects on hyperlipidemia (Table 4) [73], which could be a consequence of the decrease in
apolipoprotein synthesis and the formation of VLDL in the liver [74,75].

SFA and n-6 PUFA showed a negative effect on TC, HDL, and TAG levels, which increased in
relation to the groups that received flaxseed oil, including alfa-linolenic fatty acid (ALA) and SFO (a
combination of sesame and flaxseed oil; n-3 and n-6 PUFA), in wistar rats after 65 days of treatment
with a standard diet poor in lipid sources, at 7% fat [76]. The SFO groups also demonstrated an
improvement in non-HDL and LDL levels when compared to others (Table 4). This could be explained
by the proportion of n-6 to n-3 PUFA in this diet, which was 1:1, which is considered the best proportion
of essential fatty acids associated with cardioprotective effects [77]. According to another study with
pigs, a diet with the proportions of n-6:n-3 from 1:1 up to 5:1 better assisted in the use and absorption
of fatty acids, also promoting an anti-inflammatory action [78].
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Table 4. Effects of consuming different types of fatty acids during in vivo studies on dyslipidemia.

Host Fatty Acid Composition Effects References

Wistar rats

Three diets and a control group (7% fat):
CG (Saturated fatty acid); SO (Sesame oil—oleic and
linoleic fatty acid); FO (Flaxseed oil—alfa-linolenic
fatty acid), and SFO (flaxseed and sesame oil)

Increased levels of total cholesterol, HDL,
VLDL, and TAG in CG and SO groups.
Reduction in levels in non-HDL and LDL
for SFO group.

[76]

Wistar rats

6 groups: control (AIN-93G—7% soy oil); extra virgin
oil (OO-C) (7% soy oil and 13% extra virgin);
sunflower oil (HOSO) (7% soy oil and 13% sunflower
oil); Atherogenic diet (AT), (rich-SFAs (12.3 g %) and
cholesterol (4 g %); Experimental diets were: OO and
HOSO (11.82% and 12.9 g % MUFA and 4%
cholesterol).

HOSO: Increase in TC and non-HDL, HDL
diminished and decrease in TG in
comparison to AT.
OO: Reduced TC and non-HDL.

[79]

Wistar rats

4 groups over 5 weeks: Extra virgin olive oil group
(OO) (SFA 12.0%, MUFA 81.9%, PUFA 6.10%),
sunflower group (HOSO) (SFA 7.82%, MUFA 87.11%,
PUFA 4.75%), sunflower oil and phytosterols group
(HOSO-F) (1% phytosterols); sunflower oil and
n-3-PUFA (HOSO-P) (6.5% fish oil).

HOSO: Increase in TC and non-HDL and
reduction in HDL; HOSO-P and HOSO-F:
Decrease in TC, non-HDL and TAG and
increase in HDL in comparison to the OO
group.

[80]

Wistar rats High fat (HF) diets enriched in saturated fatty acids
(SFAs); MUFA (oleic acid); PUFA n-6 and PUFA n-3.

TG decreased in MUFA and PUFA n-6 just
at first day; Reduction in TG levels with a
longer time feeding (21 days)

[81]

Abbreviations: Polyunsaturated fatty acids (PUFA); very low density lipoprotein (VLDL); triacylglycerol (TG);
unlike LDL-C (non-HDL); low density lipoprotein (LDL); total cholesterol (TC); high density lipoprotein (HDL);
American Institute of Nutrition Rodent Diets for growth (AIN-93G); sunflower group (HOSO); Extra virgin olive oil
group (OO);

For MUFA, Macri et al. [79] showed that sunflower oil consumption resulted in an increase in
visceral fat depots and liver weight, due to cholesterol esters that are supplied by oleic acid from the diet,
contributing to cholesterol oleate synthesis in the liver and to the secretion of lipoproteins that possess
ApoB, like LDL. On the other hand, olive oil led to a reduction in TC and LDL, which contributes to
the anti-atherogenic effect.

In a similar study performed by Alsina et al. [80], fish-oil supplemented high-oleic-sunflower
oil group (HOSO-F) supplementation diminished mesenteric, epidydimal, and perirenal fats,
which become visceral fat deposits. The group that received HOSO supplemented with fish oil
or phytosterols (F) displayed an improvement in lipid serum levels and fat deposits. Moreover,
supplementation with F resulted in the inhibition of cholesterol absorption in the gastrointestinal tract.
During the digestive process, cholesterol in the diet is solubilized by bile acids, incorporated in mixed
micelles, and absorbed in enterocytes through the Niemann-Pick C1 Like-1 transporter [82]. F are
metabolized in the same way as cholesterol involved in dynamic competition. Finally, F dislocate
cholesterol from micelles and the micelles are eliminated by feces [83].

A study [81] with 96 wistar rats in their experimental study, separated them into four groups
according to weight and the concentration of TG in plasma and cholesterol. The standard diet was
supplemented with 15% of different sources of fat, with the SFA group with bovine serum, used as
control; MUFA, having as source the olive oil; PUFA n-3 using fish oil; and, PUFA n-6 with safflower
oil. TG levels showed a significant reduction in the first day of supplementation of MUFA and
PUFA-6, which when compared to groups SFA and PUFA, n-3 had higher statistical significance.
However, after three weeks of supplementation, the MUFA and n-6 PUFA groups returned to TG
levels prior to treatment, increasing. Regarding long-term treatment, there was a reduction in the TG
levels only in PUFA-3 supplementation. In this study, plasma cholesterol did not show changes in
supplementation at both experimental times, a short- and long-term reduction was observed only in
animals supplemented with PUFA-3. This TG reduction was accompained by a decrease of activities
of the lipogenic enzymes acetyl-CoA carboxylase (ACC) and fatty acid synthase (FAS), as well as a
decreased activity of the citrate carrier (CIC), a mitochondrial protein linked to lipogenesis [81].

It is believed that inhibition of de novo lipogenesis (DNL) may be a viable approach to treating
obesity-related disorders, especially in rodents. The decreased DNL is related to reducing the amount
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of synthesized fatty acids that enter in the pathway of esterification and, resulting in minor’s levels
of TG for VLDL assembly [81,84]. The hypotriglyceridemic effect of PUFA is partly caused by the
reduced activities of liver lipogenic enzymes and by increased β-oxidation, consistent with increased
mitochondrial as compared to peroxisomal oxidation [85].

The therapeutic potential of n-PUFA is important because it mediates the biological processes,
such as eicosanoid production [86], which creates signaling molecules including leukotrienes,
prostaglandins, thromboxane, and prostacyclins. These molecules are responsible for different
cellular functions such as chemotaxis (blood cell migration), platelet aggregation, and cellular growth,
demonstrating that the type of fatty acid consumed influences inflammation [87].

4. Inflammatory Process and Intestinal Microbiota

Low-grade chronic inflammation contributes to the inflammatory state in adipose tissue of obese
individuals, mediated by innate immunity that leads to the production of proinflammatory cytokines,
such as TNF-α, IL-1, IL-6, and IL-1β. The excess of adipose tissue favors the exaggerated release of
free fatty acids through the action of catecholamines. This process inhibits the capture of glucose,
generating a state of hyperglycemia that may cause hyperinsulinemia. The inflammatory process
is characterized by the infiltration of macrophages and lymphocytes into adipose tissue and even
into other peripheral organs. It results in an imbalance responsible for increasing the production of
inflammatory cytokines that contribute to the onset of other metabolic dysfunctions, such as insulin
resistance, since they may inhibit signaling or even insulin receptors [88–90].

Changes in diet quality may then improve inflammatory markers, as observed in 22 obese children
and adolescents, with a body mass index (BMI) beyond the 95th percentile for age and sex, before and
after the qualitative change in their food consumption [90]. The researchers relied on therapeutic
protocols, suggesting a lower consumption of foods high in lipids and sugars and an increase in food
sources of fiber, having only quantitative control over the portion sizes consumed, were beneficial.
As a result, obese individuals (Table 5), when evaluated prior to intervention, had high values for
various inflammatory cytokines, such as IL-1β and IL-18, which are associated with inflammatory and
autoimmune disorders. INF-γ, IL-12A, IL-6, and TNF-α also decreased after 18 months of intervention.
They also observed a decrease in lipopolyssacharide (LPS) and CD14 even without a significant
decrease in BMI [90].

Another study [91] (Table 5) evaluated four types of diets with different FA, and found that
postprandial endotoxin is influenced by the FA composition of the diet and not by the fat content itself.
The results indicated that subjects consuming n-3 PUFA meals decreased their serum endotoxin levels,
unlike those who consumed the n-6 PUFA meals, which increased these levels, but the inflammatory
markers themselves did not show any changes. This was justified by the small number of participants,
considered healthy, and used only a single meal as a source of evaluation. Nonetheless, lower endotoxin
levels agree with Simopoulos [92], who considered n-6 PUFA as being responsible for the increase in
cellular triglycerides and for the permeability of membrane, which can lead to the accumulation of
adipose tissue fat, which is highly pro-inflammatory, and has pro-thrombotic and pro-adipogenic roles.
Therefore, the proportion of consumption in relation to the n-6 PUFA and n-3 PUFA rate should be
balanced, with the n-3 PUFA consumption being higher to preserve its protective role for metabolic
disorders, especially in relation to the inflammatory state.

In another report [93], the effects of HF diets with different concentrations of palmitic acid and
oleic acid on metabolism of obese adults were studied over three weeks of treatment. There was
a diet with high content of palmitic acid (HPA) and moderate in oleic acid (OA) (fat, 40.4% kcal;
PA, 16.0% kcal; OA, 16.2% kcal), and a diet low in PA and high in OA (HOA) (fat, 40.1% kcal; PA,
2.4% kcal; OA, 28.8% kcal). The HPA diet resulted in a decrease in IL-1B, an inflammatory marker,
when compared to the control diet with 15.9% OA. This diet also resulted in a decrease in TNF-α, IL-18,
and IL-10 levels. On the other hand, the HOA diet showed an increase in these same inflammatory
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markers, showing that the uneven proportion between these two fatty acids (FA) in the diet may
increase inflammatory cytokines, thus triggering this process.

Table 5. Effects of different types of fatty acids on the inflammatory process and intestinal microbiota
in human studies.

Host
Fatty Acid Composition of the
Experiment

Microbiota Inflammatory Process References

Adults individuals

Control group (28.4% fat, of which 5.3%
was palmitic fatty acid and 15.9% was
oleic fatty acid);
High fat (40.4% fat, of which 16% was
palmitic fatty acid and 16.2% was oleic
fatty acid);
High fat (40.4% fat, of which 2.4% was
palmitic fatty acid and 28.8% was oleic
fatty acid)

Not observed

↓ IL-1β, IL-10, IL-18, and
TNF-α
↑ IL-1β, IL-10, IL-18, and
TNF-α

[93]

Obese children and
adolescents (BMI
>95th percentile for
sex and age)

Therapeutic protocol:
↓ Fat
↓ Sugar
↑ Fibers

Not observed ↓ IFN-γ, IL-12A, IL-18,
TNF-α, IL-6, IL-1β. [90]

Adult individuals

Control group (20% fat/olive oil—MUFA)
High fat with n-3 PUFA (35% fat with fish
oil)
High fat with n-6 PUFA (35% fat and
grapeseed oil)
High Fat with SFA (35% fat and coconut
oil)

Not observed ↓ endotoxins postprandial
↑ endotoxins postprandial [91]

Obese individuals

Mediterranean Diet (35% fat, 22%
monounsaturated)
Low-fat, high-complex carbohydrate diet
diet (28% fat, 12% monounsaturated)

↑ Roseburia and Oscillospita and
↓ Prevotella
↑ Prevotella, ↓ Roseburia and ↑ F.
prausnitzii

Not obeserved [94]

Metabolic syndrome
“at-risk” population

HS: High saturated fatty acids diet
High monounsaturated fat (MUFA)/high
glycemic index
(GI) (HM/HGI)
High MUFA/low GI (HM/LGI)
High carbohydrate (CHO)/high GI
(HC/HGI)
High CHO/low GI (HC/LGI)

↑ Bifidobacterium and
Bacteroidetes [95]

Hypercholesterolemic
individuals

Virgin olive oil (OO) naturally containing
80 mg of PC/kg, (VOO)
Phenolic compound (PC) enriched virgin
olive oil containing 500 mg PC/kg, from
OO (FVOO)
PC-enriched virgin olive oil containing a
mixture of 500 mg PC/kg from OO and
thyme 1:1 (FVOOT)

↑ Bifidobacterium,
Parascardovia denticolens and
Roseburia

[96]

DM 2 subjects Control group
Sardine group (SG)

↓ Firmicutes/Bacteroidetes
↓ Firmicutes/Bacteroidetes and
↓ bacteroidetes/prevotella

↑ TNF-α
↑ Adiponectin [97]

Abbreviation: Interferons-γ (IFN-γ); body mass index (BMI).

Haro et al. [94] aimed to study the changes in microbiota after one year’s consumption of a
Mediterranean diet (MD) or a low-fat, high-complex carbohydrate diet (LFHCC diet) in an obese
population, within the Coronary Diet Intervention With Olive Oil and Cardiovascular Prevention
(CORDIOPREV) study, an ongoing prospective, randomized, opened, controlled trial in patients
with coronary heart disease. The participants were randomized to receive the MD (35% fat, 22%
monounsaturated) and the LFHCC diet (28% fat, 12% monounsaturated). The MD diet consumption
and LFHCC diet increases the abundance of the Roseburia genus and F. prausnitzii, respectively.
Roseburia is related to produce an inhibitory substance against Bacillus subtilis (Hatziioanou),
suggesting MD induce some changes in the microbiota mediated by the antimicrobial effect of this
genera, which modifies the microbial population in the colon. On the other hand, LFHCC consumption
increased the abundance of another diabetes-protective bacterial species, F. prausnitzii (found to be
low in patients with DM II). These two changes after MD and LFHCC diets could have a protective
influence for the prevention of T2D, suggested by the findings of an improvement in insulin sensitivity
after the consumption of the both diets.
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A randomized, controlled, double-blind, crossover clinical trial study with 33 hypercholesterolemic
volunteers, aged 35–80 years was carried out [96]. Participants ingested 25 mL/day for 3 weeks,
preceded by 2-weekwashout periods, three raw virgin olive oils differing in the concentration and
origin of phenolic compounds (PC): (1) a virgin olive oil (OO) naturally containing 80 mg of PC/kg,
(VOO); (2) a PC enriched virgin olive oil containing 500 mg PC/kg, from OO (FVOO); and (3) a
PC-enriched virgin olive oil containing a mixture of 500 mg PC/kg from OO and thyme 1:1 (FVOOT).
The OO group did not present changes in microbiota, whereas the FVOOT group presented an increase
in the group of Bifidobacteria, Parascardovia denticolens and Roseburia.

Another study evaluated the effects of PUFA n-3 from sardine. The patients with DM2 were
randomized to follow either a type 2 diabetes standard diet (control group: CG), or a standard diet
enriched with 100 g of sardines 5 days a week (sardine group: SG), which represented a dose of EPA +
DHA of 3 g per day, for 6 months. There was a decrease in phylum Firmicutes in both groups and in the
Firmicutes/Bacteroidetes ratio in the SG group over time, and a decrease in Bacteroidetes/Prevotella
ratio in CG group. The SG presented an increase in adiponectin levels, whereas CG group showed an
increase of in TNF-α [97].

Some volunteers at increased Metabolic Syndrome (MetS) [95] risk followed five diets: high
saturated fat diet (HS; saturated fatty acids, SFA); high monounsaturated fat (MUFA)/high glycemic
index (GI) (HM/HGI); high MUFA/low GI (HM/LGI); high carbohydrate (CHO)/high GI (HC/HGI);
and, high CHO/low GI (HC/LGI) for 24 weeks. The reduction of dietary fat intake and increasing
dietary carbohydrate consumption increased both faecal Bacteroides and Bifidobacterium spp., which are
linked to improve body energy regulation and reduced risk factors of MetS. Besides that, increased
Bacteroides numbers after the HC/HGI diet were directly and significantly correlated with a
modest decrease in body weight, waist circumference and body mass index (BMI). An increase
in Bifidobacterium was also observed on both low-fat high-CHO diets, and also had showed a
modest increase in Atopobium numbers, both within the Actinobacteria phylum, which are dominant
members of the human gastrointestinal microbiota, and are considered important degraders of
carbohydrate. These bacteria’s growth may have been stimulated by the increased bioavailability of
dietary carbohydrate.

Moya-Pérez et al. [89] (Table 6) showed that high fat (HF) diets are responsible for increasing the
infiltration of lymphocytes B in rats, which are the first cells in the immune system to be recruited from
adipose tissue after administration of these diets. Lymphocytes B also increase insulin sensitivity by
activating T cells and increasing the release of proinflammatory macrophages, thus contributing to
the inflammation process with the production of IL-8 and interferon-γ (IFN-γ) cytokines. In another
study, Masi et al. [98] evaluated the effect of high sugar (HS), HF, and HS and HF diets on mice over a
period of eight weeks. The caloric intake from the HF groups was lower. All three diets increased the
size of adipocytes and hepatocytes when compared to the control group, and only the HS and HF diet
showed a significant increase in proinflammatory cytokines (IL-6 and IL-1β), showing that the increase
in the consumption of sugar increases the lipogenesis, promoting the storage of the triglycerides.

This increasement in adipocyte size was also observed when high fat diets (HF) were administered
to rats [5], in which 51% of the energy was derived from fats, and they observed that an increase in
adipocyte size occurred, and as a consequence, an increase in inflammatory cytokines (NF-γ, IL-6 e
TNF-α) was observed, as shown in Table 6. Caër et al. [88] reported that adipocytes are exposed to the
effects of inflammatory factors, hormones, and even pollutants. This alters their metabolic capacity and
cellular functions through the action of IL-1β, IL-17, and TNF-α, and can lead to a greater accumulation
of fat. TNF-α, for example, acts on the lipolytic pathway of these adipocytes, maintaining the fat mass,
restricting excess adipocyte production and accumulating lipids.

The beneficial role of fiber, in a hyperlipidic diet on inflammatory markers, was also verified in
Moran-Ramos et al. [99] (Table 6). They evaluated the effects of Nopal fibers, a medicinally used plant
in Mexico, and found a decrease in adipocytes size and Il-6 levels, when administered as part of a
HF diet over a six-week period. These fibers were able to alter the intestinal microbiota and increase
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fermentation rates, showing their role in preventing intestinal inflammation in being able to increase
the beneficial forms of microbial diversity.

Table 6. Effects of different types of fatty acids on the inflammatory process and intestinal microbiota
in in vivo studies.

Host
Fatty Acid Composition of the
Experiment

Microbiota Inflammatory Process References

Female rats Control group (10% kcal fat), high Fat
(60% kcal fat, of which 34% was SFA)

↑ Firmicutes and ↓
Bacteroidetes ↑ Inflammatory citokines [100]

Female mice

Control group (12.6% fat)
High fat (60.3% fat)
High fat with oleic fatty acid
High Fat with n-3 PUFA (EPA and
DHA)

↑ Firmicutes and
Enterobacteria, ↓
Bifidobacteria
↓ Firmicutes and
↑ Bifidobacteria
↑ Firmicutes

Not observed [101]

Male rats
Control group with palmitic fatty acid
Palmitic fatty acid with DHA
Palmitic fatty acid with ALA

↑ Lactobacillus
↑ Lactobacillus and
Allobaculum,
↓ Proteobacteria

Not observed [102]

Elderly male
rats

Normolipid diet (12% fat)
High Fat (43% fat) ↓ Firmicutes ↓ Lactobacillus Not observed [103]

Male rats

Placebo (10% skimmed milk)
High Fat with placebo
Placebo with 1 × 109 CFU. B.
pseudocatenalatum
High Fat diet with 1 × 109 CFU. B.
pseudocatenalatum

↑ Firmicutes (65%) and
Bacteroidetes (31%)
↑ Firmicutes, ↓ Bacteroidetes,
↑ Proteobacteria
↑ Firmicutes (66%) and
Bacteroidetes (31%)
↑ Firmicutes,
↓ Bacteroidetes

↑ CD8+/CD4+, ↑ TNF-α,
MCP-1, IL-10, IL-17A, IP-10,
IL-6, ↑ LPS
↓ CD8+/CD4+, ↓ TNF-α,
MCP-1, IP-10, 1L-17A, IL-6,
↓ LPS

[90]

Male rats
Normolipid diet (10% fat) with Nopal
(4% fiber)
High fat (46% fat) with Nopal (4% fiber)

↑ Firmicutes
↑ Bacteroidetes

↑ IL-6
↓ IL-6, ↓ in adipocyte size [99]

Male rats

Control group
Control group with high sugar (HS)
High fat
High fat with HS

Not observed

↑ size of adipocytes and
hepatocytes
↑ TNF-α
↑ IL-6, ↑ IL-1 β

[98]

Abbreviations: Saturated fatty acids (SFA); docosahexaenoic (DHA) fatty acids; eicosanoic acid (EPA);
colony-forming unit (CFU); CD4 and CD8 T cell surface molecules; tumor necrosis factor alpha (TNF-α); monocyte
chemoattractant protein-1 (MCP-1); interleukin(IL); interferon induced protein (IP); lipopolyssacharide (LPS).

The administration of n-3 PUFAs have also shown beneficial anti-inflammatory action. The main
metabolites of this essential fatty acid are EPA and DHA, considered polyunsaturated long chain
fatty acids, with the first double bond in the third carbon of its chain. It is found in large quantities
in fish, such as tuna and salmon [104]. Some studies point to this protective factor following the
administration of fish oil, with a decrease in the production of TNF-α, IL-1β, and IL-6 by monocytes
that were stimulated by endotoxins or mononuclear cells (Table 6). These fatty acids (FA) are
responsible for inducing a change in inflammation activity through their incorporation into the
phospholipids of inflammatory cells that cause a greater membrane fluidity, modifying the lipid
derivatives that will be formed. Thus, it has effect on various anti-inflammatory responses, such as the
production of eicosanoids and cytokines, and also on various types of cells, such as monocytes and
macrophages [104].

The isolated use of EPA with 1% supplementation in HF given to C57BL/6J mice for 16 weeks
was beneficial in the reduction of total cholesterol, and in the reduction of adipocyte size. In addition,
it reduced plasma levels of leptin by approximately 60%, considered a pro-inflammatory cytokine [105].
Besides that, another study showed that EPA ameliorates HF-diet effects in mice and cultured
adipocytes, which EPA increased the oxygen consumption and fatty acid oxidation and reducing
adipocyte size, adipogenesis, and adipose tissue inflammation, independent of obesity [106].

A hyperlipidic diet, associated with the use of antibiotics, can lead to intestinal dysbiosis.
Dysbiosis is an imbalance that causes an increase in bacterial growth, production of toxins, and an
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increase in intestinal permeability, affecting the transient microbiota, thus causing some disorders [107].
In addition, individuals predisposed to obesity may be present with intestinal microbial communities
that promote the storage of energy, different than in lean individuals. Different compositions and even
administration of strains, such as bifidiobacteria, may influence the production of proinflammatory
cytokines [108]. Moya-Pérez et al. [89] administered strains of B. pseudocatenalatum in both a placebo
and an obese group, with a HF diet over a six-week period. These strains were able to decrease
inflammatory markers such as TNF-α, IL-6 and INF-γ in the HF group, which also resulted in a weight
reduction. They suggested that the reduction of INF-γ occurred due to the action of the bacteria
regardless of the type of diet offered.

The gastrointestinal bacteria, such as Bacteroides thetaiotaomicron, are responsible for the digestion
of fibers. They produce short chain fatty acids (SCFA), such as butyrate, propionate, and acetate,
which serve as energy substrates for other bacteria [108]. Butyrate affects inflammatory mediators
since they are able to inhibit the expression of pro-inflammatory cytokines by inhibiting nuclear factor
κB (NF-κB). They may also cause changes in the intestinal epithelium, leading to increased intestinal
permeability. Acetate is the main SCFA in the colon and acts as a substrate for cholesterol reduction.
Propionate is the neoglycogen substrate for the liver, acting to increase adipogenesis and inhibit
lipolysis in adipose tissues, which can neutralize cholesterol synthesis and lipogenesis in the liver.
In addition, bacteria hydrolyze the urea that comes from the liver, forming ammonia and from it
synthesize amino acids. They still synthesize vitamins, such as complex B and vitamin K [103].

A study evaluated the effects of diets rich in palmitic acid supplemented with DHA or ALA oil on
the microbiota of rats [109]. They observed that the diet with an addition of 10% ALA by weight was
responsible for an increase in the content of Lactobacillus and Allobaculum, which are species responsible
for improving intestinal health and promoting the production of SCFA. These SCFAs increased their
concentrations by 41.9% when compared to the group that received only palmitic acid [109].

Lecomte et al. [103] (Table 6) found that mice fed a HF diet (43% lipids) had a lower amount
of Firmicutes and an increase in Bacteroidetes as compared to a group with a normolipid diet (12%
lipids). This is correlated to the drastic decrease of Lactobacillus in the HF group, and appear to
mainly decrease in obese phenotypes, as found in the experimental group of study. On the other
hand, in Lam et al. [100] rats received one of two types of a diet, either a control (10% lipid energy)
or a HF diet (60% energy derived from lipids where 24% was from SFA). The HF group showed an
alteration in intestinal microbiota, with a decrease in Bacteroidetes strains and an increase in Firmicutes,
as well as an increase in the inflammatory cytokines parameter. This finding was verified in an earlier
study by Filippo et al. [110], in which they evaluated children who consumed two types of diets:
one traditionally rural and one urban. In children consuming an urban diet, which included higher
values of animal protein, starch, sugars, fats, and was poor in fiber, there was a predominance of
Firmicutes and Preoteobacterias.

Another study [101] evaluated the effects HF diets supplemented with n-3 (EPA and DHA) or
oleic acid would have on the metabolism of mice. The study consisted of two steps. In the first step,
the mice were administered HF diets (60.3% of kcal from lipids) over an eight-week period. The second
step consisted of a seven-week administration of these HF diets with the addition of either n-3 or
oleic acid. As a result, they observed that the HF diet was responsible for increasing the concentration
of Firmicutes and Enterobacteria, and decreasing the concentration of Bifidobacteria, but the second
step did not present significant results. However, the n-3 group showed an increase of Firmicutes,
while the group that received oleic acid decreased the concentration of Firmicutes as well as increasing
the Bifidobacteria.

These microbial signals are responsible for regulating the release of Fasting Adipose Factor (Fiaf),
which inhibits the action of lipoprotein lipase (LPL). The LPL hydrolyzes the triglycerides in a molecule
of monoacylglycerol and two free fatty acids. When they enter the adipocyte, they are re-esterified and
stored as fat, regulating this storage by Fiaf. SCFAs control the inflammatory response from a process
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in which they bind to the G protein conjugate receptors (GPCRs), thereby regulating the energy from
the hormones that are derived from the gut [107].

Diets with n-6 PUFA are responsible for increasing the concentrations of Firmicutes,
Actinobacteria, and Proteobacteria species and for decreasing the concentrations of Bifidobacteria [111].
Bifidobacteria are related to the increase in intestinal permeability that causes an increase in the
circulation of LPS. LPS is associated with chronic systemic inflammation and metabolic syndrome,
which includes the metabolic disorders of glucose and hypertriglyceridemia [111].

5. Fatty Acids and Non-Alcoholic Fatty Liver Disease

Non-alcoholic fatty liver disease (NAFLD) is another important disorder which contributes to
obesity [112]. The exact NAFLD pathophysiology is unknown since it is a multi-factorial disease that
encompasses one or more conditions which contribute to the metabolic syndrome, including diabetes
mellitus, obesity, hypertension, and dyslipidemia [113]. NAFLD is considered a public health issue
because it is one of the common chronic liver diseases in developed countries, found in, 20% to 30% of
the population worldwide [114,115]. There are two pathological conditions with different prognoses:
NAFLD is considered a condition without liver inflammation or hepatocytes damage, which may
evolve into steatohepatitis with lobular inflammation and hepatocellular injury, called non-alcoholic
steatohepatitis (NASH). One of the biggest problems caused by NASH is that many individuals with
NASH may develop liver fibrosis. The latter may result in cirrhosis, hepatocyte death, and occasionally
hepatocellular carcinoma, which involves a high likelihood of requiring a liver transplantation in the
future [116].

Several therapeutic interventions, such as pharmacological and non-pharmacological,
are proposed to treat NAFLD. Among the pharmacological therapies there are insulin sensitizers
such as thiazolidinedione, lipid lowering drugs such as statins, antioxidants such as α-tocopherol,
and vitamin D3 treatment. However, pharmacological approaches to treat liver steatosis are not always
safe and effective [117,118].

Having an unhealthy lifestyle is an important factor influencing the development of NAFLD,
mainly associated with a poor nutritional diet and physical inactivity. Therefore, non-pharmacological
interventions have also been proposed as a strategy to reduce NAFLD severity. Among these
non-pharmacological approaches are weight reduction, which involves strategies like bariatric surgery,
some type of diets, and physical activity [119].

Nutritional approaches have been widely studied to reduce NAFLD severity. Dietary animal
models and clinical trials in humans have been proposed to study new alternatives to reduce the risks
and prevent NAFLD [120]. Although NAFLD pathophysiology is complex, it is strongly associated to
oxidative stress, lipotoxicity, and inflammatory biomarkers in the liver. Plasma lipoproteins and fatty
acid sources of liver triacylglycerol are derived from lipolysis in adipose tissue as nonesterified fatty
acids. De novo lipogenesis (DNL) is a process that contributes to this lipotoxicity. During the fasting
state, NAFLD patients display 26% of liver triacylglycerol derived from DNL, which is several times
higher than the 5% observed in healthy individuals [121].

The quality of dietary fatty acids may have a role in the development of NAFLD, and conversely,
may be an alternative source for decreasing deleterious NAFLD effects. Therefore, the composition of
liver fatty acids may be involved in hepatic damage [122,123]. Dietary patterns are a combination of
foods that are consumed by individuals and the amount of nutrients may produce synergistic health
effects. The reason to study dietary patterns is because habitual food consumption is related to the
human world diet [124].

The Mediterranean diet (MD) is a kind of dietary strategy that has been widely studied in
metabolic dysfunction. According to Trichoppoulou, the MD has been defined as “primarily a
plant-based diet characterized by a high ratio of monounsaturated fatty acids (MUFA) to SFAs
with total fat accounting for 30–40% of daily energy consumption” [125]. In other words, MD is
characterized by a high consumption of olive oil, as the main source of fat, vegetables, legumes, nuts,
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fruits, whole grains, fish, and seafood, with a low intake of meat and meat products, and moderate
ethanol consumption, especially wine [125].

Recent studies have shown that the MD may have clinical nutritional effectiveness on the
reduction of NAFLD [120,126] (Table 7). The ideal diet would result in a reduction of steatosis
and an improvement in insulin sensitivity. A defect in insulin sensitivity is an important feature of
NAFLD and DM II, which are two conditions that are closely related. In a randomized, cross-over
six-week dietary intervention study, twelve non-diabetic subjects (six men and six women) with
biopsy-proven NAFLD and at least three clinical features of metabolic syndrome (MetS), with the
consumption of no more than seven to 10 standard alcoholic drinks per week, and without type 1 or 2
diabetes, were recruited to evaluate the effects of the MD on NAFLD and insulin resistance [126].

Table 7. The effects of dietary fatty acids in humans with non-alcoholic fatty liver disease (NAFLD).

Host Fatty Acid Composition Effects References

Human Clinical Trial:
Adults

- Mediterranean diet: olive oil,
vegetables, legumes, nuts, fruits,
whole grains, fish and seafood,
moderate wine
- Low-fat-high carbohydrate diet
(LF/HCD)
Duration: 6 weeks
(6-week wash-out period
in-between)

- Weight loss was not observed between the
two diets
- Reduced hepatic steatosis
- Improved insulin sensitivity (HOMA-IR)
- No differences in peripheral insulin
resistance

[126]

Human Clinical Trial:
Adults

- Mediterranean diet and Physical
activity
Duration: 6 months

- Improved BMI, waist circumference,
waist-to-rip ratio, ALT, GGT, serum glucose,
total cholesterol/HDL, LDL/HDL,
TG/HDL, HOMA, NAFLD score

[120]

Human Clinical Trials:
Adults

n-3 PUFAs
- (50 mL of PUFA with 1:1-DHA:
EPA into daily diet)
Duration: 6 months

- Reduced ALT and AST levels
- Reduced triacylglycerol (TG), total
cholesterol (TC) levels
- Reduced systemic inflammatory markers:
C-reactive protein (PCR)
- Reduced pro-oxidant factors:
malondialdehyde (MDA)
- Reduced fibrosis parameters: type IV
collagen and pro-collagen type III
pro-peptide

[127]

Human Clinical Trials:
Adults

n-3 PUFAs
- 2 capsules fish oil 2 times per day
(182 mg EPA and 129 mg DHA)
- 2 capsules corn oil 2 times per
day (without EPA and DHA)
Duration: 3 months

- Reduced TG, TC, apolipoprotein B,
glucose, ALT, GGT.
- Increased serum adiponectin levels.
- Reduced NAFLD biomarkers: fibroblast
factor growth 21 (FGF-21) and CK18
fragment M30 (CK18-M30).
- Reduced pro-inflammatory cytokines:
tumor necrosis factor-α (TNF-α),
leukotrienes 4, and prostaglandin E2.
- Corn oil increased creatinine serum levels,
but without other metabolic effects.

[102]

Human Clinical Trials:
Adults

n3-PUFAs
4 g/day EPA and DHA
- Placebo
Duration: 15–18 months

- Erythrocyte DHA enrichment ≥2%:
no changes in fat liver content.
- Fat liver reduction: decrease in hepatic
DNL with concomitant increase hepatic FA
oxidation and hepatic insulin sensitivity.

[128]

Abbreviations: alanine aminotransferase (ALT); γ-glutamyl transpeptidase (GGT); triacylglycerol (TG); unlike
LDL-C (non-HDL); low density lipoprotein (LDL); total cholesterol (TC); high density lipoprotein (HDL);
polyunsaturated fatty acids (PUFA); eicosapentaenoic (EPA); docosahexaenoic (DHA); de novo lipogenesis (DNL);

These patients used the MD and a control diet, which was a low-fat high-carbohydrate diet
(LF/HCD), in random order with a six-week wash-out period in between. At the baseline, the subjects
were obese with metabolic dysfunction parameters, such as elevated fasting concentrations of glucose,
insulin, triglycerides, alanine aminotransferase (ALT), γ-glutamyl transpeptidase (GGT), and impaired
insulin sensitivity. Weight loss was not observed between the two diets. Hepatic steatosis level after
the MD was reduced in comparison to the LF/HCD and insulin sensitivity improved after the MD
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with a significant improvement in homeostatic model assessment for insulin resistance (HOMA-IR),
but not in peripheral insulin resistance, measured by the glucose infusion rate (GINF) [126].

Gelli et al. demonstrated that the MD is associated with physical activity and may be considered as
a safe therapeutic approach for reducing the severity of NAFLD. Forty-six adult patients were recruited,
ranging from 26–71 years old with NAFLD within the previous six months of diet intervention.
Although the MD approach was associated with physical activity, this correlation improved the
steatosis grade in nine patients, and 25 out of 46 patients presented with weight reduction or
maintenance. Moreover, several metabolic parameters, such as BMI, waist circumference, waist-to-hip
ratio, ALT, GGT, serum glucose, total cholesterol/HDL, LDL/HDL, TG/HDL, HOMA, NAFLD score,
and others showed a significant improvement between the baselines and the end of treatment [120].

Functional analyses of transcriptome data identified a group of genes from human NASH called
Δ9 (stearoyl-coenzyme A desaturase 1 SCD-1), Δ5 (FADS1), and Δ6 (FADS2). Moreover, this study
showed that hepatic fatty acid desaturation and unbalanced ω-6 to ω-3 ratio have an important role in the
development of NASH. This study observed impaired desaturation fluxes in the ω-3 and ω-6 pathway,
with augmented ω-6 to ω-3 ratio and a decreased ω-3 index, in fatty livers in both humans and mice
(C57BL/6; six wild type fed with SCD and high fat diet (HFD)). Transgenic fat-1 mice, which express a
ω-3 desaturase, allowing the endogenous conversion of ω-6 into ω-3 fatty acids, were fed HFD [129].

Therefore, HFD-transgenic fat-1 mice had a significant reduction in hepatic insulin resistance,
were resistant to the adipogenic and steatogenic effects of HFD when compared to HFD-wild type mice,
reduced macrophage infiltration, necroinflammation, and lipid peroxidation. They also reduced the
expressions of genes involved in inflammation, fatty acid oxidation (fatty acid translocase—CD36/FAT
and liver fatty acid binding protein L-FABP4), and lipogenesis (ACC, sterol response element-binding
protein-1c-SREBP-1C, and fatty acid synthase—FASN). Afterward, they evaluated endogenous and
exogenous ω-3 fatty acid enrichment on HFD-induced NASH, and these animals displayed similar
findings as in the HFD-transgenic fat-1 mice. In hepatocytes, CP24879, a Δ5/Δ6 desaturase inhibitor,
significantly decreased intracellular lipid accumulation and inflammatory injury, and presented
superior anti-inflammatory and antisteatotic actions in fat-1 and ω-3-treated hepatocytes [129].

Some studies have evaluated the effects of PUFAs in adult individuals [102,127,128]. These human
clinical trials demonstrated that PUFA supplementation, especially fish oil, may be an important
alternative dietary therapy on NASH. Seventy-eight patients diagnosed with NASH were enrolled
and randomly assigned into either the control group or the PUFA treated group (50 mL of PUFA with
1:1 DHA: EPA added to the daily diet) for six months. The group observed that after six months of
treatment, these patients displayed a considerable improvement in several NASH parameters, including
ALT and AST levels, triacylglycerol (TG), total cholesterol (TC) levels, systemic inflammatory markers,
such as C-reactive protein (PCR) and malondialdehyde (MDA), and fibrosis parameters, like type IV
collagen and pro-collagen type III pro-peptide, were also significantly reduced after treatment [127].

Similar results were seen in a randomized clinical trial that aimed to assess the effects of fish oil
on NAFLD and hyperlipidemic patients. Eighty individuals with NAFLD and hyperlipidemia were
randomly assigned to consume either two capsules of fish oil twice per day, including 182 mg EPA and
129 mg DHA, or two capsules of corn oil twice per day, without EPA and DHA, but containing vitamin E,
gelatin, glycerin, and water. In addition to vitamin E, gelatin, glycerin, and water, the total capsule weight
was 1000 mg. The capsules were taken for three months in a double-blind, randomized clinical trial.
This study found a high plasma concentration of EPA and DHA in the fish oil group after intervention and
a significant reduction in TG, TC, apolipoprotein B, glucose, ALT, and GGT, and significantly increased
serum adiponectin levels. Some NAFLD biomarkers, such as fibroblast factor growth 21 (FGF-21) and
CK18 fragment M30 (CK18-M30), and pro-inflammatory cytokines, tumor necrosis factor-α (TNF-α),
leukotrienes 4, and prostaglandin E2, decreased after fish oil intervention in NAFLD/dyslipidemic
patients. Corn oil increased creatinine serum levels, but had no other metabolic effects [102].

Hodson et al. performed a randomized sub-study with 16 NAFLD participants that received four
g/day EPA with DHA, while another group consumed a placebo for 15–18 months. Individuals with
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NAFLD, who had an increase in the erythrocyte DHA enrichment of ≥2% with the treatment of ω-3
FA, showed positive changes in hepatic insulin sensitivity and hepatic lipid metabolism. Erythrocyte
DHA enrichment is a kind of surrogate marker of changes in tissue enrichment and may be associated
with alterations in hepatic DNL, postprandial FA partitioning, and hepatic and peripheral insulin
sensitivity. The results demonstrated that although erythrocyte DHA enrichment ≥2% had no effect
in diminishing fat liver content, this fat liver reduction may be due to the decrease in hepatic DNL
with concomitant increase in hepatic FA oxidation and hepatic insulin sensitivity. This reduction in
fat liver was associated with improved hepatic insulin sensitivity, but was not related to peripheral
insulin sensitivity [128].

In animal models, several studies have observed beneficial effects of PUFAs on NAFLD. NAFLD may
be induced through a HFD diet intervention in mice and rats (Table 8). Wang et al. showed that C57BL/6
mice fed with a HFD for four days induced lipid accumulation, however, short-term n-3 PUFA-enriched
HFD (ω-3HFD) reversed this effect. A metabolomics assay was able to determine the reduced plasma
content of hydroyeicosapentaenoic acid (HEPEs) and the epoxyeicosatetraenoic acid (EEQ) in short
term-HFD animals and, after ω-3 supplementation, these FAs increased. Furthermore, ω-3HFD was able
to reduce the macrophage infiltration in adipose tissue and pro-inflammatory cytokines (IL-6, MCP-1,
and TNF-α) in the plasma. Primary hepatocytes and peritoneal macrophages were used to evaluate the
mechanisms. Therefore, the activation of pro-inflammatory cytokines, as well as the activation of the JNK
pathway by palmitate in macrophages, decreased with a mixture of 17,18-EEQ, 5-HEPE, and 9-HEPE,
which are identified as the efficient components of these metabolites, including HEPEs and EEQs. Herein,
the results have demonstrated that the mixture (17,18-EEQ, 5-HEPE, and 9-HEPE) may be an alternative
therapy to prevent the early stages of NAFLD by inhibiting adipose tissue macrophage infiltration and
systemic inflammation via cJun-N-terminal-kinase (JNK) signaling [123].

Table 8. The effects of dietary fatty acids in in vivo and in vitro models with non-alcoholic fatty liver
disease NAFLD.

Host Fatty Acid Composition Effects References

Mice and In vitro

n-3 PUFAS
- HFD-fed mice
- n-3 PUFA-enriched HFD
(17,18-EEQ, 5-HEPE, 9-HEPE
(efficient components of HEPEs and
EEQs metabolites)
Duration: 4 days
- In vitro: Primary hepatocytes and
peritoneal macrophages

Mice: Reduced macrophage infiltration in adipose
tissue
- Reduced pro-inflammatory cytokines (IL-6, MCP-1
and TNF-α) in plasma content
In vitro: activation of pro-inflammatory cytokines as
well as activation of JNK pathway by palmitate in
macrophages were reduced through the mixture of
17,18-EEQ, 5-HEPE, 9-HEPE

[123]

Mice

Corn oil and n3-PUFAs
- Corn-oil based HFD
- n3-PUFA DHA/EPA-enriched diet
Duration: 12 weeks

- The quality of the diet (n3-PUFA) could modulate
liver transcriptoma:
- corn oil based HFD: modulate PPAR-related gene
expression and have induced PPAR-γ gene
signatures
- DHA/EPA-enriched diet: induced genes known to
be regulated by PPAR-α

[130]

Mice

n3-PUFAs
- HFD-fed mice
- n3 PUFA-enriched HFD
Duration: 8 weeks

- n3-PUFA-enriched HFD: without obesity, liver
damage, hypertriglyceridemia, hepatic insulin
resistance, steatosis
- Improved hepatic glucose output
- Reduced expression of genes related to lipogenesis:
SREBP-1C and FAS
- Improved inflammatory markers: increase
adiponectin levels
- Increased beta oxidation with increased expression
of PPARα and PPAR-α target and CPT-1

[131]
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Table 8. Cont.

Host Fatty Acid Composition Effects References

Mice

n3-PUFAs
- HFD-fed mice
- DHA/EPA supplementation in
HFD
(different ratios 1:2, 1:1 and 2:1)
Duration: 11 weeks

- Best suggestion: Ratio 1:2
- Increase HDL/C levels
- Reduced ALT, AST, MDA levels and increased
glutathione (GSH) levels
- Reduced the expression of lipid metabolism genes:
SREPB-1C, SCD-1, ACC-1 and PPAR-γ
- Lowered expression of proteins expression levels
c-Jun and c-Fos
- Weakened activation of Ap-1
- Reduced inflammatory cytokines (IL-6 and IL-1β)

[132]

Mice

MUFA and n3-PUFAs
- Western diet supplemented with
olive oil (OO) (WD + OO),
- Westerm diet supplemented with
EPA (WD + EPA)
- Western diet supplemented with
DHA (WD + DHA)
- Western diet supplemented with
DHA + EPA (WD + DHA/EPA)
Duration: 16 weeks

- WD + OO: severe NASH phenotype accompanied
with inflammation, oxidative stress and fibrosis
- WD + DHA/EPA: attenuated ALT and AST levels
- WD + DHA: - Reduced cell surface markers for
Kupffer cells and macrophages in liver Clec4f;
Clec10a; CD68; and F4/80)
- Diminished inflammatory markers like IL-1β,
TNF-α, TLR4, TLR-9 and genes involved in TLR
pathway Cd-14 and MyD88
- Blocked WD-induced accumulation of nuclear
factor κ beta (NFκB) in hepatic nuclei
- Reduce oxidative stress (NADPH oxidase subunits
Nox2, p22phox, p40phox, p47phox, p67phox)
- Diminished Procol1α1
- Reduced cytokine TGF-β1

[133]

Mice and In vitro

MUFA and n3-PUFAs
- Western diet supplemented with
olive oil (OO) (WD + OO),
- Westerm diet supplemented with
EPA (WD + EPA)
- Western diet supplemented with
DHA (WD + DHA)
- Western diet supplemented with
DHA + EPA (WD + DHA/EPA)
Duration: 16 weeks
In vitro: Human LX2 stellate cells
treated with DHA

WD + DHA: No increase in hepatic nuclear
abundance (Smad 3)
- WD+OO and WD+EPA: Increased Smad3
expression.
In vitro: Human LX2 stellate cells: - Blocked TGF-β
mediated induction of Col1A1

[134]

Rats

Canola Oil, Soybean Oil, Safflower
Oil, Lard
- High oleic canola oil (HOC)
- Conventional canola oil (C)
- Conventional canola oil/flax oil
blend (C/F) (3:1 ratio)
- High linoleic safflower oil (SF)
- Soybean oil (SB)
- Lard and soybean oil (L)
- Weight-matched group fed lard
and soybean oil (WM)
Duration: 12 weeks.

- C/F group: - Attenuated hepatic stetatosis—Lower
concentration of fat liver
- Altered hepatic phospholipids fatty acid profile by
increasing EPA and DHA.
- HOC, C and C/F groups: - Gained the least of body
weight: lowest weight gain without differences in
adiposity

[135]

Rats

n3-PUFAs
Perilla oil
- High-fat diet/high-cholesterol diet
(HFD/HC)
- Perilla oil-enriched diet (POH)

- POH group: - Improved HFD-induced
hyperlipidemia (TG, CT and LDL)
- Reduced hepatic steatosis
- Diminished activity of ALT and AST enzymes
- Reduced hepatic inflammatory infiltration around
portal area
- Rescued HFD-induced hepatic fibrosis
- Abrogated downregulation of ABCG 5 and ABCG 8
- Increased the expression of CYP2A1 and CYP27A1

[136]

Mice

n3-PUFAs
EPA
- HFD-fed mice
- HFD-enriched 3% EPA + 500 mg
milidronate/kg/day
- HFD-enriched 3% EPA
Duration: 10 days

- HFD-enriched 3%: - Accentuated hepatic
triglyceride accumulation.
- HFD-enriched 3% EPA + 500 mg
milidronate/kg/day: - Exacerbation of
milindronate-induced triglyceride accumulation
- EPA decreased the milidronate-induced mRNA
expression of inflammatory genes: MPEG1, COX 2,
CD68, F4/80
- Increased GRP120

[137]
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Table 8. Cont.

Host Fatty Acid Composition Effects References

Mice

n3-PUFAs and n-9 MUFAs
- Methionine and choline deficient
(MCD) diet
- MCD-enriched diet n-3 PUFA + n-9
MUFA (EPA/DHA 25 mg + OO 75
mg) (MCD/n-3)
- MCD-enriched diet n-9 MUFA
alone (OO 100 mg) (MCD/OO) two
times a week by intragastric gavage.
Duration: 8 weeks

- MCD/n-3 group: higher levels of ALT, severe
scores of inflammation
- Increased intrahepatic expression of inflammatory
markers: TNF-α and CCL2
- Increased expression of profibrogenic genes:
TGF-β1
- Increased tissue inhibitor of metalloproteinase
(TIMP-1)
- Higher portal pressure

[138]

Mice

n-9 MUFA
- Standard chow diet (SCD)
- HFD based on lard (HFD—49
energy % of fat)
Duration: 12 weeks
HFD-fed mice were divided in four
groups:
- Unchanged HFD-L (HFD-L)
- HFD based on EVOO (HFD-EVOO)
- HFD based on EVOO rich in
phenols (HFD-OL with same
percentage of fat)
- R (reversion, LFD)
Duration: 24 weeks

- HFD-EVOO: - Reduced body weight
- Improved plasma lipid profile
- Reduced pro-inflammatory citokynes in epididimal
adipose tissue: IFN-γ, IL-6, leptin and macrophage
infiltration
- Diminished NAFLD activity (NAS) score
- Reduced hepatic adiponutrin (Pnpal3)
- Increased Cd36 gene

[139]

Mice and In vitro

Palmitoleate n-7 MUFA
- LFD
- LFD + Palmitoleate
LFD + Oleate

- LFD+Palmitoleate: -Improved systemic
insulin-sensitivity
- Induced hepatic steatosis
Improved insulin signaling in liver:
insulin-stimulates Akt (Ser 473) phosphorylation
- Reduced phosphorylation of NFκB p65 (Ser468)
- Reduced expression of IL-6 and TNF-α.
In vitro: hepatocytes and RAW
macrophaged+palmitoleate:
- Increased fat deposition’
- Stimulated FAS expression
- Activated SREBP-1c
- Decreased inflammation: NFκB p65 Ser 68, TNF-α,
IL-6 in both hepatocytes and RAW macrophages.

[140]

In vitro

Palmitic acid (PA) SAFs
In vitro: Kupffer Cells and stellate
cells stimulated with TLR2 and
palmitic acid

In vitro (Kupffer cells) were more important than
HSC in TLR2-mediated progression of NASH
- TLR 2 ligand increased NOD3 (inflammasome) in
Kuppfer cells.
- PA together with TLR2 ligand: Induced caspase-1
activation in Kupffer cells
- Released IL-1β and IL-1α in Kuppfer cells

[141]

Rats and In vitro

Corn Oil - peroxidized Fat
- Corn oil peroxidized oil (PO)
- Unperoxidized FA (OIL)
- Tap water (WA)
gavage
Duration: 6 days.

- PO group: - Increased pro-oxidant state NOS-2,
NO-formation and pronounced lipid peroxidation in
liver
- Decrease in α- and γ-tocopherol in liver. - Increased
inflammatory markers: TNFα, COX-2, IL-1β and
macrophage markers cd68 and cd 163 in the liver
In vitro: hepatocytes, endothelial and Kupffer cells
and incubated with peroxidized linoleic acid: more
pronounced in Kupffer cells:
- Augmented the secretion of TNF-α, mRNA
expression of TNF-α, NOS-2, COX-2
- Increased p38MAPK phosphorylation

[142]

Abbreviations: alanine aminotransferase (ALT); γ-glutamyl transpeptidase (GGT); triacylglycerol (TG); unlike
LDL-C (non-HDL); low density lipoprotein (LDL); total cholesterol (TC); high density lipoprotein (HDL);
polyunsaturated fatty acids (PUFA); eicosapentaenoic (EPA); docosahexaenoic (DHA); tumor necrosis factor
alpha (TNF-α); monocyte chemoattractant protein-1 (MCP-1); interleukin(IL); hydroyeicosapentaenoic acid
(HEPEs); cJun-N-terminal-kinase (JNK); epoxyeicosatetraenoic acid (EEQ); peroxisome proliferator-activated
receptor (PPAR); Western Diet (WD); olive oil (OO); monounsaturated fatty acids (MUFA); nuclear factor κ
beta (NFκB); G protein–coupled receptor 120 (GRP120); C-C motif chemokine ligand 2 (CCL-2); cicloxigenase-2
(COX-2); NO-synthetase-2 (NOS-2); p38 mitogen-activated protein kinases (p38MAPK); ATP-binding cassette
hemitransporters G5 and G8 (ABCG 5 and 8); Cytochrome P-450 2E1 (CYP2E1); vitamin D3 25-hydroxylase
(CYP27A1) cDNA.
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Positive effects of a DHA/EPA-enriched diet on NAFLD after eight or 12 weeks was observed
in another study, as the quality of dietary lipids modulated some gene expressions. A liver
transcriptoma is an analysis used to evaluate many hepatic processes like transcription (histone
methylation/acetylation, chromatin modification), translation (mRNA, rRNA, and tRNA), protein
turnover (polyubiquitination), and protein transport, metabolism of lipids and fatty acids, lipid/sterol
metabolism, lipid/fatty acid biosynthesis, lipoprotein transport, and cholesterol/phospholipid efflux.
After transcriptoma analysis, we concluded that the quality of dietary fat could modulate PPAR-related
gene expression, since corn-oil based HFD induced PPAR-γ gene signatures, while DHA/EPA-enriched
diets induced genes known to be regulated by PPAR-α [130].

In addition to these positive effects, Bargut et al. investigated if a diet rich in fish oil (HFO
n-3 PUFA) for eight weeks could have hepatic alterations in HFD-induced NAFLD. The group
that was fed with HFD displayed obesity, liver damage, hypertriglyceridemia, hepatic insulin
resistance, and steatosis accompanied with an increase in hepatic lipogenesis and a decrease in beta
oxidation. However, the HFO group did not present with metabolic alterations like the HFD group,
with improvement in hepatic glucose output with reduced expression of genes related to lipogenesis
via SREBP-1C and FAS improved inflammatory markers, with an increase in adiponectin levels as
well as elevated beta oxidation with increased expression of PPARα and the PPAR-α target gene,
Carnitine palmitoyltransferase I (CPT-1), which is considered the master regulator of mitochondrial
beta oxidation [131].

A current study evaluated the ideal ratio of DHA/EPA supplementation in HFD-liver damaged
mice. Shang et al. assessed different ratios (1:2, 1:1, and 2:1) of DHA/EPA supplementation for
11 weeks. DHA/EPA supplemented mice displayed a reduction in several parameters, and the best
DHA/EPA ratio was found to be 1:2. The results indicated that the DHA/EPA ratio of 1:2 could increase
HDL/C levels when compared to the other ratios, with a greater reduction in ALT, AST, and MDA
levels, and increased glutathione (GSH) levels. It also reduced the expression of lipid metabolism
genes, such as Sterol regulatory element-binding protein-1-C (SREPB-1C), Stearoyl-CoA desaturase-1
(SCD-1), Acetyl-CoA carboxylase (ACC-1), and PPAR-γ, lowered the expression of proteins c-Jun
and c-Fos levels, which are proteins related to inflammatory responses of metaflammation, activating
protein-1 (Ap-1), and weakening the activation of Ap-1. Additionally, serum levels of pro-inflammatory
cytokines (IL-6 and IL-1β) were reduced with the DHA/EPA ratio of 1:2 [132].

Another animal model that demonstrated steatohepatitis is Ldlr−/− mice, which is a Western
diet (WD)-induced hepatic fibrosis animal model. This model provides considerable insight into the
similarity of processes that are related to cardiovascular diseases and the development of NASH, but are
not identical to the process in humans [133]. Some studies focused on evaluating the effects of WD to
induce NASH in Ldlr−/− mice [134,143]. Mice were fed with WD supplemented with olive oil (OO)
(WD + OO), EPA (WD + EPA), DHA (WD + DHA), and DHA + EPA (WD + DHA/EPA) for 16 weeks.
Ldlr−/− mice that were fed with WD + OO displayed a severe NASH phenotype, accompanied with
inflammation, oxidative stress, and fibrosis. The results demonstrated that both DHA and EPA were
able to decrease ALT and AST in WD + OO groups. However, considering the other parameters
that characterize the severity of NASH, WD + DHA could reduce the expression of most of these
parameters, such as cell surface markers for Kupffer cells and macrophages in the liver (C-type lectin
domain family 4f—Clec4f; C-type lectin domain family 10a—Clec10a; cell determination-68—CD68;
and F4/80) when compared to the other groups [133].

Furthermore, MD+DHA have diminished inflammatory markers, such as IL-1β, TNF-α, toll-like
receptor-4 (TLR4), and -9 (TLR-9). MD+DHA also had genes involved in the TLR pathway cluster of
differentiation-14 (Cd-14) and myeloid differentiation in the primary response gene-88 (MyD88) and
had blocked WD-induced accumulation of nuclear factor κ beta (NFκB) in hepatic nuclei. Dietary DHA
was more able to reduce oxidative stress (NADPH oxidase subunits Nox2, p22phox, p40phox, p47phox,
and p67phox) as compared to EPA, and had diminished procollagen-1a1 (Procol1α1), a marker of
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stellate cell marker, and had decreased cytokine TGF-β1, which is a cytokine involved in the activation
of hepatic stellate cells and Procol1α1 [133].

The effectiveness of DHA in WD-induced NASH Ladlr−/− mice was compared to EPA by a
metabolomics analysis that focused on changes in hepatic lipid, amino acid, and vitamin metabolism.
In NASH, hepatic sphyngomielin, SFA, MUFA, and n-6 PUFA accumulate, with a depletion in n-3
PUFA. Hence, dietary n3-PUFAs has the ability to reduce hepatic sphyngomielin, SFA, MUFA, and n-6
PUFA and also decrease the hepatic nuclear abundance of NFκB in NASH-linked inflammation [133].

Hepatic fibrosis involves a significant production of extracellular matrix (ECM), from activated
hepatic stellate cells, and myofibroblasts that infiltrate the liver. Several subtypes of collagens underlie
the connective tissue in the liver; therefore, fibrosis, which is the result of hepatic damage, is connected
to an increase ECM deposition of collagen type 1 (collagen 1 A1-Col1A1) and also is associated with
a high level of production of proteins from stellate cells and macrophages that are involved in ECM
remodeling. Thus, another explanation as to how DHA and EPA differentially affect WD-induced
hepatic fibroses is associated to the TGF-β pathway. WD+DHA did not increase the hepatic nuclear
abundance of phospho-mothers against decapentaplegic homolog (Smad3) when compared to WD+OO
and WD+EPA, which increased Smad3 expression. Smad3 is a key regulator of Col1A1 expression
in stellate cells. Human LX2 stellate cells were treated with DHA and there was a blocked TGF-β
mediated induction of Col1A1, concluding that DHA decreased the WD-induced fibrosis through the
TGF-β-Smad3-Col1A1 pathway [134].

In rats, current studies have evaluated dietary fatty acids on NAFLD. Sprague-Dawley rats were
fed with HFD and supplemented with different oils for 12 weeks, divided in different groups: (i) high
oleic canola oil (HOC); (ii) conventional canola oil (C); (iii) conventional canola oil/flax oil blend (C/F)
(3:1 ratio); (iv) high linoleic safflower oil (SF); (v) soybean oil (SB); (vi) lard and soybean oil (L); and,
(vii) a weight-matched group fed lard and soybean oil (WM). The results demonstrated that the C/F
group had decreased hepatic steatosis, presented the lowest concentration of fat liver, as did the WM
group, and had an altered hepatic phospholipids fatty acid profile by increasing EPA and DHA. All of
the groups that contained canola oil (HOC, C, and C/F) gained the least amount of body weight
during the study, and after 12 weeks of diet, these groups displayed the lowest weight gain without
differences in adiposity, which was assessed by visceral fat mass. The C/F diet contained MUFA and
high amounts of alpha-linolenic acid (ALA), a plant-based n-3 PUFA, which was demonstrated to be
beneficial for diminishing hepatic steatosis in HFD-Sprague-Dawley rats [135].

One example of a plant that is rich in ALA is Perilla frutenses, which is a medicinal plant that is
found in East Asia and India, and the oil from the seeds oil contain 60% ALA. Chen et al. investigated
the role of perilla oil in high-fat /high-cholesterol diet (HFD/HC), inducing NASH. Two groups of
Sprague-Dawley rats were fed either HFD/HC or fed perilla oil-enrichment HFD (POH) for 16 weeks.
The results demonstrated that the POH group showed improvement in HFD-induced hyperlipidemia
(TG, CT, and LDL), reduced hepatic steatosis with reduced ALT activity, reduced AST enzymes,
reduced hepatic inflammatory infiltration around the portal area, and reduced HFD-induced hepatic
fibrosis. On the other hand, perilla oil could not modulate the expression of genes that are involved
in cholesterol synthesis, but increased cholesterol removed hepatocytes by conversion to bile acids
and increased fecal cholesterol excretion. HFD downregulated ABC proteins, including ATP-binding
cassette hemitransporters G5 and G8 (ABCG 5 and ABCG 8), which are involved in cholesterol
secretion, so these effects were pronounced in the POH group. Moreover, perilla oil increased the
expression of Cytochrome P-450 2E1 (CYP2A1) and CYP27A1, which are two key enzymes in bile acid
production, whereas the HFD/HC group had reduced the expression of these enzymes [136].

Despite many studies presenting several beneficial effects of n-3 and perilla oil, which contains
a large amount of ALA, on NASH, a few studies have reported no benefits after consuming
n3-PUFAs on NASH [137,138]. Du et al. demonstrated that EPA supplementation accentuated
hepatic triglyceride accumulation in mice with impaired fatty acid oxidation. C57BL/6 mice
were fed with HFD, either supplemented or not with 3% EPA, in the presence or absence of 500
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mg mildronate/kg/day for 10 days. Milindronate decreases hepatic carnitine concentration and
mitochondrial FA β-oxidation. After dietary EPA supplementation, mildronate-induced triglyceride
accumulation was exacerbated, with considerable increase in EPA and a decrease in the total n-3/n-6
ratio. Conversely, EPA supplementation decreased the mildronate-induced mRNA expression of
inflammatory genes, such as macrophage-expressed gene 1 (MPEG1), cyclooxygenase 2 (COX 2),
CD68, F4/80, and increased G protein–coupled receptor 120 (GRP120), a protein related to mediate the
anti-inflammatory effects of n-3 PUFA, in adipose tissue [137].

Provenzano et al. observed that Balb/C mice fed a methionine and choline deficient (MCD) diet,
an animal model of steatohepatitis, for four or eight weeks. Along with the diet, the animals were
either supplemented n-3 PUFA and n-9 MUFA (EPA/DHA 25 mg with OO 75 mg) (MCD/n-3) or
supplemented with n-9 MUFA alone (OO 100 mg) (MCD/OO) two times per week by intragastric
gavage. After eight weeks, the MCD/n-3 group displayed higher levels of ALT, severe scores for
inflammation, increased intrahepatic expression of inflammatory markers, such as TNF-α and C-C
motif chemokine ligand 2 (CCL2), increased expression of profibrogenic genes TGF-β1, and tissue
inhibition of metalloproteinase (TIMP-1) with higher portal pressure as compared to MCD/OO.
Moreover, after hepatic fatty acid profile analysis, t supplementation was confirmed to result in
effective n-3 incorporation. The results showed that the addition of specific nutrients may modulate
the course or the progress of steatohepatitis, indicating further attention and monitoring is required
when administering n-3 PUFA in patients with hepatic inflammation [138].

A current study showed that extra virgin olive oil (EVOO) displayed a protective effect on
the inflammatory response and liver damage in a NAFLD-mouse model. C57BL/6 mice were fed
with standard chow diet (SCD) and HFD based on lard, where 49% of the energy was from fat,
for 12 weeks to NAFLD development. The mice that were fed with HFD were divided into four groups:
(i) unchanged HFD-L (HFD-L); (ii) HFD based on EVOO (HFD-EVOO); (iii) HFD based on EVOO
rich in phenols (HFD-OL with the same percentage of fat); and, iv) R (reversion, LFD) over a period
of 24 weeks. EVOO diets were able to reduce body weight and improve the plasma lipid profile,
the pro-inflammatory cytokines in the epidydimal adipose tissue, such as IFN-γ, IL-6, and leptin,
and improve the macrophage infiltration [139].

Moreover, EVOO decreased the NAFLD activity (NAS) score and increased the hepatic
adiponutrin (Pnpal3), which is a protein that plays a role in triglyceride metabolism by acting as a
hydrolase. Also, Cd36 gene expression, which is a gene responsible for fatty acid uptake, esterification
into triglycerides, and contributes to fatty liver in HFD-fed mice, was increased in the EVOO groups.
Hepatic fat composition showed an increase in MUFAs, especially oleic acid, and a decreased amount
of SFAs. In conclusion, the results suggested that methionine metabolism, which influences DNA
methylation status may induce the modifications in the expression of selected genes that are central to
lipid metabolism in HFD-EVOO mice and to the cell cycle in HFD-OL mice [139].

Palmitoleate is a MUFA (16:1 n7) and is available as a dietary source and is produced by adipose
tissue. It is a bioactive lipid and may coordinate metabolic crosstalk between the liver and adipose
tissue [144]. Mice were fed with a low-fat diet (LFD) for 12 weeks. One group was supplemented with
palmitoleate and the control group with oleate for a period of four weeks. Palmitoleate was able to
improve systemic insulin-sensitivity, induce hepatic steatosis, but improve insulin signaling in the
liver with a significant increase in insulin-stimulate Akt (Ser 473) phosphorylation. Furthermore,
palmitoleate reduced phosphorylation of NFκB p65 (Ser468), IL-6, and TNF-α. In hepatocytes,
palmitoleate increased fat deposition, stimulated FAS expression, activated SREBP-1c, and decreased
inflammation (NFκB p65 Ser 68, TNF-α, and IL-6) in both hepatocytes and RAW macrophages. Despite
palmitoleate inducing hepatic steatosis, this FA may dissociate the liver inflammatory response from
hepatic steatosis, and promote insulin-sensitization and its pro-lipogenic effect, by enhancing hepatic
FAS expression due to higher expression of SREBP-1c [140].

Conversely, the excess consumption of saturated fatty acids (SFAs) may be a risk factor for NAFLD
pathogenesis [121]. Palmitic acid (PA), which is a kind of SFA, in cooperation with receptor toll-like
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type 2 (TLR2) have been shown in vitro to activate inflammation in the development of NASH. Kupffer
cells and hepatic stellate cells (HSC) were isolated from wild type mice and stimulated with TLR2
and palmitic acid. These cells responded to the TLR2 ligand, but when they were stimulated with PA
alone, increased TLR2 signaling-targeting genes were not seen, including cytokines and inflammasome
components. Kupffer cells were more important than HSC in the TLR2-mediated progression of
NASH, since the TLR2 ligand could increase the Nod-like receptor protein 3 (NOD3), which is an
inflammasome component in Kuppfer cells. Moreover, PA together with the TLR2 ligand have induced
caspase-1 activation and the release of interleukin-1β (IL-1β) and -1α (IL-1α) in Kuppfer cells [141].

Toll-like receptors are a defense of the organism against invading pathogens by proinflammatory
cytokines in immune cells, but when TLR signaling is overactivated, altering the TLR tolerance, these
conditions may result in a large number of proinflammatory cytokines that lead to tissue damage [145].
On the other hand, inflammasome activation is a pathway that converts pro-interleukin-1β into
secreted IL-1β and may be induced by endogenous and exogenous danger signals. Lipopolyssacharide
(LPS), a toll-like receptor 4 (TLR4) ligand, activates inflammasome and plays a role in NASH.
Other studies have demonstrated that PA has activated inflammasome and induced sensitization
in the LPS-induced-IL-1β release in hepatocytes, releasing danger signals from hepatocytes in a
caspase-dependent manner. Thus, hepatocytes may orchestrate tissue responses to danger signals in
NASH [146].

Another study evaluated the role of peroxidized oil in steatohepatitis and hepatic inflammation.
Corn oil (CO), in which linoleic acid is the main FA, contains peroxidized FAs. Han-Wister rats were
treated with CO (PO), unperoxidized FA (OIL), or tap water (WA), and applied by gavage over a period
of six days. The PO group displayed a pro-oxidant state with enhanced NO-synthetase-2 (NOS-2),
NO-formation, pronounced lipid peroxidation, and a decrease in α- and γ-tocopherol in the liver.
Furthermore, the PO group had an increase in inflammatory markers, such as TNFα, COX-2, and IL-1β,
and macrophage markers cd68 and cd 163 in the liver. In hepatocytes, endothelial and Kupffer cells
were isolated from the untreated liver and incubated with peroxidized linoleic acid; the linoleic
acid increased the secretion of TNF-α, mRNA expression of TNF-α, NOS-2, COX-2, and p38MAPK
phosphorylation expression, especially in Kupffer cells. When p38MAPK was inhibited, an increase in
NOS-2 and COX-2 mRNA in linoleic acid-induced Kupffer cells was seen, indicating that p38MAPK
activation may be involved in the pro-inflammatory effects of linoleic acid [142].

6. Conclusions

This review evaluated the consumption of saturated and unsaturated fatty acid sources, including
MUFAs or PUFAs (EPA and DHA), during in vivo, in vitro, and in human studies. PUFAs may promote
benefits for obesity-related comorbidities, such as a reduction in insulin resistance, dyslipidemias,
inflammation, and non-alcoholic fatty liver disease markers. The HF diets, with a predominance of
saturated fatty acids, influenced intestinal permeability damages, leading to the greater stimulus of
endotoxin production and consequently greater inflammatory process. However, due to the different
types of SFA sources, this lipid class deserves further study, especially on the dyslipidemia profile.
On the other hand, ingesting higher concentrations (1000 mg/day) of EPA and DHA may be a great
supplementation option, together with a dietary fatty acid balance, which may promote the prevention
and decrease of the metabolic framework of obesity and its disorders.
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Abstract: As incomes steadily increase globally, traditional diets have been displaced by diets that
are usually animal-based with a high content of “empty calories” or refined sugars, refined fats, and
alcohol. Dietary transition coupled with the expansion of urbanization and lower physical activity
have been linked to the global growth in the prevalence of obesity, overweight and life style-related
non-communicable diseases. The challenge is in how to reverse the trend of high consumption of
less healthy food by more healthful and more environmentally sustainable diets. The increasing
recognition that each individual has specific needs depending on age, metabolic condition, and
genetic profile adds complexity to general nutritional considerations. If we were to promote the
consumption of low-energy and low salt but nutritious diets, taste becomes a relevant food quality.
The Japanese traditional diet (Washoku), which is characterized by high consumption of fish and
soybean products and low consumption of animal fat and meat, relies on the effective use of umami
taste to enhance palatability. There may be a link between Washoku and the longevity of the people
in Japan. Thus Washoku and umami may be valuable tools to support healthy eating.

Keywords: healthy dietary patterns; Washoku; umami; glutamate; taste; Japanese cuisine; traditional
diets; vegetables; taste receptors; dietary guidelines

1. The Traditional Japanese Diet and Its Potential Health Benefits

1.1. The Importance of Umami Taste in Foods and Its Application

Much has been written in the last twenty years about umami as the fifth basic taste, also known
in English as the “savory” taste. Umami taste is elicited primarily by the free amino acid glutamate,
which is commercially prepared as sodium salt, hence its shortened name, MSG or monosodium
glutamate. This savory taste characterizes many traditional Japanese foods. It is now believed that
there are several identifiable receptor mechanisms responsible for detecting the taste of glutamate on
the tongue and the palate [1–3].

Ikeda [4], who first identified glutamate as the primary umami taste compound, proposed that
it served to identify sources of protein and consequently, some have proposed that protein status
may be important for the sensitivity to umami. Early studies showed that both, well-nourished and
malnourished infants preferred a soup with the seasoning MSG [5]. However, recently, Masic and
Yeomans analyzed the liking for umami among high and low protein consumers and they found
that the liking for MSG was rated as more pleasant when high protein consumers were in protein
deficit [6]. More work is needed to understand the relationship between umami sensation preference
and nutritional needs. Interestingly, even though no link has been found between the perception of
umami taste with specific health outcomes, Pepino and colleagues [7] reported a lower sensitivity to
MSG among obese women who preferred higher levels of MSG compared to normal-weight women.
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Thanks to the extensive analysis in food ingredients of the levels of glutamate and two of the most
abundant 5′-ribonucleotides, inosine monophosphate (IMP) and guanosine monophosphate (GMP),
which synergize with glutamate to increase umami taste in foods, food technologists have identified
foods that are naturally rich in umami substances, such as soup stocks, mushrooms, tomatoes, and
fermented cheeses [8]. However, the characteristics of umami taste in complex food systems need to be
studied in more detail. Thus, the authors here will focus on the evidence that explains the unique role
that umami plays in the Japanese traditional diet, known as Washoku. We also discuss its potential
application in other diets.

The Japanese soup stock dashi contains a significant amount of glutamate and IMP or GMP,
depending of the type of dashi. It is believed that the particular profile of umami substances in dashi
enhances the original flavors of foods and increases their palatability [9,10]. The effect of umami
substances is described as “meaty and mouthful”, “coating sensation” or even tactile. How can umami
compounds exert this function in foods? From a food technology and physiological point of view, the
exact mechanism by which glutamate and 5′-ribonucleotides function to create this effect cannot be
fully explained by the activation of glutamate receptors on the tongue.

Glutamate plays an important role in the palatability of foods, and its palatability is not entirely
due to learning. Early behavioral studies based on the analysis of facial expressions in neonates
showed that the addition of 0.5% MSG was able to reverse the typical aversive response of spitting and
gaping to a clear vegetable soup. In fact, newborn infants displayed a similar response to soup with
added MSG as they do to sweet solutions: sucking and positive facial expressions [11]. This reaction of
acceptance of MSG in soups by newborns is representative of the effect of glutamate in other foods
in adults as well as children. Strangely, in an aqueous solution, MSG is unpalatable to both adults
and infants. The reason for this is obscure [12]. In short, the optimal concentration of MSG, which
usually ranges from 0.04% to 1.6%, has the ability to increase the acceptability of foods by changing
the sensory and consequently, hedonic or pleasant properties of food.

Added glutamate also increases the liking of novel flavors, in much the same way that fat and
sugar do [13]. Sugar and fat are thought to influence liking via their caloric content and reward effect.
It is not clear in the case of MSG how umami influences liking. The increase in palatability by MSG
is so robust that it can maintain the acceptability of food with reduced salt, which also works by
improving the perception and flavor intensity in food [14–18]. That is, studies have confirmed that
the partial substitution of salt by MSG allows for an overall decrease in sodium without reducing
food palatability. Thus, added MSG could be an effective strategy to decrease sodium concentration
in foods. Prescott and Young [19] illustrated how MSG increases the acceptability of soups, even
among consumers that have a negative outlook towards MSG. Consumers rated the flavor of foods
with added MSG as significantly better liked, richer, saltier, and more natural tasting. This higher
food acceptability after adding MSG also influences food choices and, consequently, food intake. This
property has been used to improve the nutritional status of older individuals [20,21]. Altogether,
substantial research indicates that MSG and natural glutamates from dashi or other foods rich in umami
could play a role in enhancing the palatability and promoting the consumption of nutritious foods
with low sodium content. It thus has the potential to be strategically used to decrease the intake of
animal-based ingredients and enhance intake of others that promote overall health, such as vegetables,
as is done in Washoku. There is a long history for the use of MSG as a flavor enhancer, which the
Food and Drug Administration of the United States has categorize as generally recognized as safe
(GRAS) [22,23].

1.2. How Does Umami Enhances the Palatability of Foods?

The answer to this question is still unclear but there are several possible explanations. Part of the
effect of MSG in foods could be explained by the content of sodium in MSG. However, Okiyama and
Beauchamp [24] found that when comparing two soups with the same amount of sodium, subjects still
preferred the one with MSG. The interaction of umami with other tastes modalities could be another
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reason. This interaction can work in two ways, either on taste intensity or on the temporal evolution
of a taste sensation, also known as temporal dominance of sensation (TDS) [25,26]. In regard to taste
intensity, umami sensation can enhance the perception of saltiness and make sourness more pleasant.
There is also some evidence to suggest that glutamate can augment the perception of sweetness and
suppress the intensity of some bitter compounds [25]. Recently, umami taste interaction with salty and
sour tastes have also have been analyzed from a temporal point of view [26]. One study has shown
that when MSG is combined with either NaCl (salty taste) or lactic acid (sour taste) the duration of
the umami sensation was altered. IMP and NaCl decrease the duration of umami taste, whereas MSG
suppresses the duration of the sourness of lactic acid.

Umami sensation increases salivary secretion, and this increase over 10 min is larger than that
elicited by sour stimuli [27,28]. This property may be another way for glutamate to enhance food
palatability. Saliva serves as a vehicle to dissolve the taste substances from foods and protect the
proper functioning of taste sensation [29]. Hyposalivation can alter taste perception, which may result
in poor appetite, weight loss and poor general health. Umami taste stimulation has been employed
therapeutically to improve the flow of salivary secretion in elderly patients who have deficient umami
taste sensation [30].

Another important physiological function of glutamate worth mentioning is its role as a signaling
molecule in the gastrointestinal tract. Glutamate receptors have been found in the stomach and the
gut [31,32], and studies suggest that glutamate may enhance food signaling to the brain by stimulating
the vagus nerve and the secretion of neuroendocrine hormones and digestive juices that support the
digestion of proteins [33,34].

And lastly, recently, it has been found that the umami sensation interacts with odors, as sweet and
sour tastes do, by enhancing the intensity of aromas, such as that of chicken soup or celery (phthalide
compounds), especially when these foods are swallowed [35]. Altogether, in addition to the modality
of ‘mouth feel’ of umami that influences the body and thickness of a dish, it seems that glutamate
enhances appetitive sensorial traits in a complex food context while masking the negative ones. At the
same time umami is involved in the regulation of various gastrointestinal functions (review, [36]).
This could partially explain why there is no need in Japanese traditional diets to use large amounts of
animal fat or meats for optimal palatability—the meat-like sensation of traditional Japanese dishes
with umami is sufficient.

1.3. The Traditional Japanese Cuisine, Washoku: Why Is It Thought to Be Healthy?

The traditional dietary cultures of Japan are collectively known as Washoku. In 2013, Washoku
was named in the UNESCO list of Intangible Cultural Heritage. According to Professor Kumakura
Isao, the President of the National Assembly on the Preservation and Continuation of Washoku culture,
the guiding principles of Washoku are a staple food—rice—which is complemented by a variety of
side dishes, soup, and pickles. Together these form the basic structure of a meal, customarily eaten
using chopsticks, wooden bowls known as “wan”, and the like (Figure 1, Table 1). This menu benefits
fully from the distinctive flavor (combination of taste, smell, and tactile sensations) of each ingredient.

This style of eating a main staple food with side dishes interchangeably, is unique to Washoku,
mixes, and harmonizes all flavors inside the mouth. Small bites, due to the use of chopsticks, together
with the combination of foods inside the mouth seem to contribute to satiety. There is evidence showing
that multiple alternation of foods decreases food consumption at the end of the meal [37]. The relatively
small portion size of the main and side dishes is another trait that helps to avoid overeating, since
studies have shown that big portions encourage the consumption of larger meals [38,39]. Frequent
intake of soup by Japanese men has been correlated with a lower body mass index (BMI), waist
circumference, and waist-to-hip ratio, all physical factors related to obesity [40]. Others have also
demonstrated that soups have a satiating effect [41,42]. In fact, the core flavor of Japanese food is umami
taste from dashi stock, which is the base of many Japanese recipes. To heighten the distinctive flavor of
many ingredients, cooks in Japan have mastered the techniques of extracting umami substances from
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dried kelp and dried bonito flakes in dashi stock with traditional flavoring products, such as soy sauce,
miso, and vinegar [9].

Soup
Cooked rice

Side dishes

© Kikunoi

Figure 1. The basic structure of Washoku, comprised of one soup, cooked rice, and three side dishes,
deliciously prepared with dashi stock as accompaniment for the rice.

Table 1. Characteristic dishes and ingredients of the Japanese traditional diet.

Dishes Ingredients Elements

Staple food Grains, mainly rice (noodles or glutinous rice) Recipes with cooked rice (sushi or curry rice)
Soup Miso Soup (seaweed, shellfish, vegetables) Dashi soup stock (fermented soybeans)

Main dish Fish, seafood, sometimes meats Great variety of edible fishes
Side dishes Vegetables, wild plants, mushrooms, seaweed, shellfish Change with the season and locality

Water is another important ingredient in traditional diets. As rivers in Japan are short, water
is soft and quite free of impurities. Thanks to the work of culinary professionals at the Japanese
Culinary Academy, it is known that soft water functions not only to reduce or remove bitterness but
it also efficiently brings out the umami sensation from dried kelp and dried bonito flakes. This dashi
stock is used to boil vegetables and serves two functions: It reduces the volume and increases the
palatability of vegetables. This facilitates the inclusion of larger quantities of vegetables within the
Japanese menu and thereby increases their consumption, which has been shown to lead to a lower
the risk of cardiovascular diseases (CVD) and all causes of mortality and morbidity [43]. Moreover,
the main cooking methods in Washoku are steaming, boiling, and stewing, thereby enhancing the
water content of Japanese dishes. This incorporation of water into food seems to be more efficient that
drinking water to decrease the overall intake of energy in a meal [44].

Altogether, the style of eating in Washoku—a large variety of foods, small portions, the inclusion
of soups, abundant vegetables, the cooking method, the large content of water, and the effective
usage of umami taste—promotes not only the pleasant experience of eating, combined with the
large incorporation of bioactive compounds from vegetables, but also ensures an adequate signal
for satiety that prevents overeating. Another parameter to take into account as a potential healthful
trait of the Japanese diet is the frequent consumption of fish. Side dishes in Washoku include many
types of fish that are a rich source of high quality protein as well as eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA), ω-3 fatty acids that are believed to be beneficial for health [45]. Soy
bean-based foods, in the form of fermented miso and tofu, are common in Japanese traditional diets,
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and are known to reduce blood pressure and blood glucose [46,47]. Additional factors to consider
are the energy and sodium content of the Japanese diet. Several studies have found consistent low
calorie ingestion among men and women from Japan, compared to those in China, the United States,
Italy or the UK [48,49]. This may partly explain the lower BMI among Japanese compared to other
populations. In reference to sodium, a high urinary excretion has been reported for Japanese people,
accompanied by a high estimated sodium consumption—between 11 mg for men and 9 mg for women
daily. Although salt intake in Japan, especially in certain regions, has considerably decreased from
the 1950s and 1960s, the current consumption is still higher than the recommended amount to reduce
mortality by stroke (<6 mg per day) [50,51]. The most common dietary sources of sodium in the
Japanese diet are miso soup and salted vegetables as well as soy sauce and commercially processed
fish or seafood. However, in spite of a high sodium intake, Japanese have an overall low incidence of
CVD, probably due to a higher potassium intake with vegetables [52]. Finally, families strengthen their
bonds by sharing meals together, which is important for usual communication [53]. In summary, the
main elements of Washoku that promote positive health outcomes are: (1) the great variety of seasonal
foodstuffs, including vegetables and fishes; (2) the way of cooking dishes based on large amounts
of high quality water; (3) the well-balanced nutrition; and finally (4) the value of its connection with
health and family ties (Tables 2 and 3) [9].

Table 2. Basic elements of the Japanese traditional diet 1.

Elements Contents Description

Foodstuffs Seasonal foods Rice, vegetables, wild plants,
mushrooms, variety of fish

Dishes Cooking methods with abundant water, dashi stock, delicious
meals, with vegetables and seafood Steaming, boiling, and stewing

Nutrition Relative low-calorie density, low total fat, high quality protein,
variety of ingredients, easy to eat different nutrients Nutritionally well-balanced

Hospitality Health and family ties The joy of eating together and
caring for one another

1 The traditional Japanese diet starts with the selection of foodstuffs, and includes the way foods are prepared, how
ingredients contribute to balanced nutrition, and finally, the attitude of appreciation.

Table 3. Potential health traits of Washoku.

Element Effect Health Consequences

Small portion size Smaller meal size Prevents overeating [38,39].

Soup and dishes with high
water content Lower total energy intake Lower 1 BMI, waist circumference and

waist-to-hip ratio [40–42,48,49].

Soy sauce, salted vegetables and
fruits, miso soup, and salted fish

High sodium consumption, with a high
sodium/potassium ratio

The high vegetable intake seems to
protect against CVD [50–52].

High 2 EPA and 3 DHA, low
animal fat, low total fat

Modulation of the membranes of cells,
lipid signaling and gene expression

Supports optimal health, low risk of 1,4

CVD, cancer and inflammation [45]

Foods based on beans Decrease blood pressure and
blood glucose Protects against CVD [46,47]

Variety of seasonal vegetables
and green tea

Intestinal bulk and protection against
inflammation and high blood pressure

Low risk of CVD and all causes of
mortality [43].

Umami taste Enhances flavor, food palatability
and salivation

Promotes chewing and swallowing, and
maintains adequate taste

sensation [27,28,30].
1 Body Mass Index [BMI]; 2 Eicosapentaenoic acid (EPA); 3 Docosahexaenoic acid (DHA); 4 Cardiovascular
diseases (CVD).
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2. Food Polyphenols and Their Sensory Properties

The sensorial properties of foods depend basically on two major factors: the amount and type of
taste active compounds from foods and the distinct sensitivity and taste experience of each individual.
Flavonoid phenols, such as flavonols, which are present in several fruits, nuts, chocolate and beverages
like tea, cider, and red wine, provide a characteristic bitterness and the tactile feeling of astringency
(puckering, rough or drying mouth-feel). Although astringent molecules may have protective effects
in our body, excess astringency can be unpalatable. These sensorial properties are best known to
arise from the monomers of flavan-3-ol that are called proanthocyanidins, and also condensed tannins
(epigallocatechin, epicatechin gallate, epigallocatechin gallate, catechin and epicatechin) [54]. They
can be found in wine and tea and are thought to be responsible for the bitterness and astringency of
both drinks. Small changes in the chemical structure of flavonoids can induce significant differences in
sensory properties. For example, catechin is less bitter and astringent than its chiral isomer, epicatechin.
On the other hand, bitterness declines, whereas astringency intensifies, with increasing polymerization
of flavonoids. Moreover, the interactions between flavonoids and other food compounds, such as
ethanol, can enhance the intensity of bitterness in wine without affecting its astringency. Oral sensory
perception of astringency comes, in part, from the reduction of oral lubrication after the precipitation
of certain salivary proline-rich proteins that show a strong binding affinity for polyphenols, like
tannins [55]. However, astringency involves an intricate mechanism that gives a complex sensation
that is not yet fully understood [56,57].

The sensorial properties of other phenolic compounds have also been studied. Over the past ten
years, the peculiar pharyngeal pungency of a phenolic constituent present in newly pressed extra virgin
olive oils (EVOOs), known as oleocanthal (OC) [(−)-decarboxymethyl ligstroside aglycone], has been
investigated by Beauchamp and colleagues [58]. OC appears to have very similar pharmacological
activity to ibuprofen in the inflammatory pathways and also a similar oropharyngeal irritation. This
makes OC a natural nonsteroidal anti-inflammatory compound and could partly explain the beneficial
effects of the Mediterranean diet, together with protective effects of other antioxidant polyphenols
of olive oil [59]. The sensory properties of OC seem to be mediated by a type of transient receptor
potential receptor (TRPA1) that has been shown to be involved in the transduction of pain, due to
thermal, mechanical, and chemical signals [60,61].

3. Why Taste Matters?

Taste matters for food selection and utilization, for several reasons. Firstly, taste is considered the
nutrition gatekeeper, thereby helping individuals determine food acceptability, which is lifesaving
for all animals, including humans. Most taste researchers believe that there are five basic or primary
taste qualities: sweet, salty, sour, bitter, and umami (savory or meat-like). Sweet and umami taste
perception probably functions to sense energetic sources, in particular, to recognize carbohydrates and
proteins, respectively. A strong sour taste may serve to identify spoiled foods, while a salty taste acts to
recognize the presence of sodium, which is necessary for the homeostasis of body fluids. Finally, strong
bitter tastes aid in detecting the presence of toxicity [62–64], while a mild bitterness might potentially
indicate the presence of medicinal compounds.

Taste remains important in food selection, even in developed cultures. This is indicated by results
of study of food-related values that individuals use to make food choices. According to the Food
Choice Process Model, these values include health, cost, time and social relationships. Of these, taste
is among the top motives [65]. Thus, it is expected that taste perception and preference significantly
influence food intake behaviors [66–68]. Taste perception varies among individuals due to genetic
variations of taste receptors that can lead to adverse eating behaviors among some individuals and
consequently, to a greater risk of chronic diseases [64,69]. This is discussed in greater detail below.
On the other hand, some researchers think that it is necessary to have prolonged oro-sensory exposures
to taste for a sufficient cephalic phase and satiety responses [70]. This would be the reason why slow
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eating elicits a robust satiety signal, whereas energy-containing beverages are only briefly tasted and
thus provide a weak satiety signal.

3.1. Genetic Variation of Taste Receptors: Bitter Taste

Bitter taste perception is a consequence of certain molecules interacting with bitter taste receptors,
called TAS2Rs. These receptors are a group of 25 G protein-coupled receptors that transduce the
bitter taste sensation [71] The most commonly researched genetic taste variation is the inherited
polymorphism of one these bitter taste receptors, TAS2R38. By chance, a chemist at DuPont laboratories
(Arthus Fox) found in 1932 that some people could not detect certain bitter compounds, whereas others
found them extremely bitter [72]. Later, Linda Bartoshuk studied the genetic differences of bitter taste
perception in more detail [73]. She found that 25% of the mainly Caucasian population she examined
was particularly sensitive to a group of bitter organosulfur thiourea compounds—phenylthiocarbamide
(PTC) and 6-n-propylthiouracil (PROP). They contain a phenyl ring and are considered to be potent
disruptors of several enzymes produced by the thyroid gland (goitrogens). Although neither PTC nor
PROP is present in foods, cruciferous vegetables such as cabbage, broccoli and brussel sprouts contain
chemically related glucosinolates with distinctive thiourea moieties [74]. Those who could not taste
PTC or PROP, except at very high concentrations, accounted for approximately 25% to 30% of this
population and were termed non-tasters. In marked contrast, approximately 25% of this population
was extremely sensitive to these compounds. This extremely sensitive group she called “super-tasters”.
The remaining 45 to 50% of the population was average in their ability to taste PROP.

The major factor explaining individual variation in bitter taste perception of these compounds
is genetic polymorphism at the taste receptor level, or at the messenger RNA expression level of
the receptor. There are three major polymorphisms of the TAS2R38 gene that are responsible for the
perception of PROP, PTC, and other thiourea related compounds. These combine to form most of
the taster haplotypes. However, changes in the thresholds of perception may also be related to the
differences in the expression of TAS2R38 [75].

Previous surveys have already noted that individuals who have a higher taste sensitivity to PTC or
PROP are prone to disliking pungent foods with strong tasting qualities, compared to non-tasters who,
having lower taste sensitivity, experience more pleasant taste sensations from foods in general. Some
studies have shown that there seems to be a link between the sensitivity to PROP, food perception, food
preference, and finally food choice, which could potentially predict the risk of chronic diseases [66,74].
As attractive as this hypothesis linking differences in genetic sensitivity to food choice might be, taste
sensitivity, or PROP genotype, are not the only aspects that influence food choice or dietary intake. Other
factors, such as culture or experience, education, socioeconomic status, peers, individual characteristics
in relation to health, sex, age and body weight, also influence the food we prefer to eat [74].

3.2. Other Taste Receptor Variants and Taste Perception

Single nucleotide polymorphisms (SNPs) have been also found in other taste genes. Among these
are potential fatty acid taste receptor cluster determinant 36 (CD36), the umami heterodimer taste
receptors, type 1 member 1 (T1R1) and T1R3, the heterodimer sweet taste receptors (T1R2 & T1R3),
the salt taste epithelial sodium channel (ENaC), and the transient receptor potential cation channels
(TRPV1) (reviews: [1,64]). Although fat taste (oleogustus), the taste of triacylgrycerols, as a basic
taste, is still in dispute, energy-dense foods that are high in fat may contribute to a higher palatability
and predispose individuals to metabolic diseases [64]. This palatability could be different from the
sensation of non-esterified, long chain fatty acids (NEFA), which are part of fatty foods in small
amounts. Evidence points to the possibility that humans taste NEFA as a unique sensation [76].
A substantial individual variability has been reported for the sensitivity of NEFA in humans [77,78].
Some studies have found that a lower sensitivity to NEFA perception is linked to a higher energy
and fat consumption, and consequently, a higher BMI [79–81]. Differences in sensitivity could be in
part due to SNPs or the expression level of CD36 that is involved not only in taste but also in lipid
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metabolism and the risk of CVD [80,82]. Low sensitivity for the taste associated with CD36 seems to
promote fat intake, which would explain, in part, why obese individuals eat fatty foods more often [68].
However, more studies are necessary for a better understanding of differences in taste sensitivity
between lean and obese individuals [83].

For the sweet taste receptor, TAS1R2 seems to be the human gene with one of the highest
polymorphic rates [84]. Most of the SNPs seem to be located at the sequence where ligands bind to the
receptor. Some studies have associated T1R2 and T1R3 receptor variations with taste sensitivity to
sweet and sugar intake, obesity and dental caries [85–87].

Umami taste is represented most prominently by the taste of monosodium glutamate (MSG) and
by its synergistic interaction with the 5′ribonucleotides: inosine monophosphate (IMP), guanosine
monophosphate (GMP), and adenosine monophosphate (AMP). For MSG, there are also studies that
show individual differences in sensitivity [88]. Some of these differences may come partly from SNPs
in T1R1 and T1R3 receptors [89].

In contrast to the lack of studies showing a link between umami taste and diseases, excess sodium
intake presents a major public health concern because of its relationship with the development of
high blood pressure. As indicated before, supertasters report a stronger perception of the saltiness
of concentrated salt solutions than do non-tasters [67]. However, sensory habituation to high dietary
sodium appears to play a greater role in defining inter-individual differences for salt preference [90].
Unfortunately, salt taste receptors are not sufficiently characterized to draw conclusive implications on
their role in behavioral preference to sodium and health effects. Currently, it is accepted that there are
two responses to sodium. The appealing taste sensation of low-to-moderate sodium concentration
seems to be mediated by the protein ENaC, whereas the TRPV1 system may be more related to
aversive reactions to the taste of very high concentrations of sodium [91]. Polymorphisms related
to the perception of salty taste intensity have been reported for both ENaC and TRVP1 [92]. Further
research is needed to understand the extent to which the SNPs of salt taste receptors are involved in
the preference for salty foods.

Lastly, coding SNPs have been also described in the genes of the presumed sour taste
receptors, PKD2L1 and PKD1L3. They belong to a subfamily of transient receptor potential ion
channels—polycystic kidney diseases-like (PKDL). However, the effect of these SNPs in the perception
of sour taste is not yet well known (for review [64]). Altogether, current research shows that particular
genetic variations of the fat, salty, sweet, and bitter taste receptors may predispose individuals to eat
less vegetables (healthy foods) and overconsume fat, salt, and sugar (unhealthy foods), Table 4.

Table 4. Taste receptor genes with single nucleotide polymorphisms (SNPs) and their corresponding
taste qualities.

Taste Quality Taste Receptors with SNPs Citation

Bitter TAS2R38 [71]
Fatty Acids CD36 [77,82]

Sweet TAS1R2/TAS1R3 [84]
Umami TAS1R1/TAS1R3 [89]

Salty ENaC [91,92]
Sour PKD2L1/PKD1L3 [64]

4. Is the Current Diet of the Japanese People Healthy?

Japan is among the nations with the highest average life span for both, men and women, a
fact consistent with the potential benefits of the traditional Japanese diet [93–95]. The culture of the
traditional diet has been broadly maintained with a high intake of fish and soybean products and low
intake of fat. At the same time, it has been also characterized by a high salt consumption [96]. However,
in spite of a higher sodium intake and prevalence of high blood pressure, Japan still has lower mortality
rates caused by CVD than Western nations [97]. For cultural and religious reasons, the Japanese have
traditionally avoided the use of animal meats. During the Japanese economic development and the
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dramatic surge in the variety of available ingredients, the nutritional balance improved considerably in
the 1980s, which, for most Japanese, reached an almost ideal balance of protein, fat, and carbohydrates.

In 2005, the Japanese Ministry of Health, Labour and Welfare developed, jointly with the Ministry
of Agriculture, Forestry and Fisheries, the Japanese Food Guide Spinning Top, based on the dietary
guidelines for Japanese that were formulated in 2000 [98]. However, more recently, the incidence rates
of obesity and the metabolic syndrome have increased among middle-aged men. Coincidentally, the
rate of underweight young women who want be thin has also increased, while child obesity in both
boys and girls is starting to be of concern [99]. In the last forty years, there has been a partial loss
in traditional food culture among the Japanese population. They have taken up less healthy dietary
habits, such as skipping breakfast, insufficient vegetable intake and excess fat intake, combined with
an increase in consumption of meat, eggs, milk, and dairy products.

Following the recent inclusion of “Washoku, traditional dietary cultures of the Japanese” in the list
of Intangible Cultural Heritage of UNESCO, the interest in the traditional Japanese diet has increased,
with a renewed appreciation for its potential health benefits. This seems to be a positive result, since
recent Japanese cohort studies have shown that individuals with greater adherence to the Spinning
Top of the Japanese Food Guide have a lower total mortality rate of 15% in both men and women,
mainly due to a reduction in cerebrovascular diseases [93]. Others have now created a modified score
to measure diet quality for Japanese that is also based on the Japanese food guide Spinning Top, but
includes intake of sodium from seasonings, which was not part of previous scores [100].

At the first World Food Summit, held in Rome in 1996, under the auspices of the Food and
Agriculture Organization of the United Nations [101], it was acknowledged that the eating habits
of Japanese people are unique, compared to those of other nations or regions. Moreover, “Eating
deliciously” is a priority of Japanese citizens, according to a 2006 survey by the NHK Broadcasting
Research Center [102]. This is facilitated by the wide use of umami rich dashi in traditional cuisine.
Now, more studies on dietary health scores for Japanese are necessary, to develop specific strategies
for improving the dietary habits of younger generations. However, they are also necessary because
some of the concepts within the Japanese diet can be useful in increasing healthy dietary habits in
other countries.

5. Sustainability of Healthy Diets

The Food and Agriculture Organization of the United Nations (FAO) has defined sustainable
diets as those having “low environmental impacts that contribute to food and nutrition security.”
Sustainable diets are also considered not only culturally acceptable, accessible and affordable, but also
able to optimize natural and human resources [103]. The question is whether diets assessed as healthy
can be also sustainable, because healthier diets are not necessarily more beneficial for the environment.
Many recent studies looking at nutrition indicators, such as energy adequacy, food quality and
composition, also address the environmental impact of a diet. [104]. Most of these studies refer to
the Mediterranean diet. In general terms, plant-based foods produce fewer emissions of greenhouse
gasses than animal-based foods. Sustainable vegetarian diets consist of grains, vegetables and fruits,
with few servings of meat or seafood [105]. These are common ingredients in most traditional diets,
including the Japanese traditional diet, and it will be necessary in the future to evaluate the impact
that any diet may have on the environment in the region where it is implemented.

6. Summary and Conclusions

In this article, we put forward an argument that Japanese traditional diet practices (Washoku),
which prominently include the flavoring of foods with umami taste, can be characterized as a healthy
diet in the same way that the DASH diet or the Mediterranean diet is so classified (summary in
Figure 2). We then discussed the importance of taste in guiding food choice and the important role
that genetically-based individual differences in taste perception can have on a person’s food selection
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behavior. We hope that several of the principles of Washoku will be studied and adopted by physicians,
nutritionists, dieticians and others engaged in encouraging healthful eating.

Figure 2. Traditional diets are usually associated with longevity and lower morbidity and mortality,
but they are not as palatable as “Western diets”. Taking into account data on taste sensitivity in
personalized nutrition, together with the better understanding of food consumption behavior, can
ensure a better adherence to nutritional interventions.
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