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Highlights 

 Dietary polyphenols modulate expression of a large number of genes in humans. 

 Modulated genes are involved in the regulation of cell adhesion and mobility, immune 

system, metabolism, or cell signaling. 

 Polyphenols can regulate both protein coding and protein non-coding RNAs in humans. 

 Gene expression profile is inversely correlated with cardiometabolic diseases and 

correlated with gene expression following intake of drugs against cardiometabolic 

disorders. 

 

Jo
ur

na
l P

re
-p

ro
of



Abstract 

Cardiovascular and metabolic disorders present major causes of mortality in the ageing 

population. Polyphenols present in human diets possess cardiometabolic protective properties, 

however their underlying molecular mechanisms in humans are still not well identified. Even 

though preclinical and in vitro studies advocate that these bioactives can modulate gene 

expression, most studies were performed using targeted approaches. With the objective to 

decipher the molecular mechanisms underlying polyphenols cardiometabolic preventive 

properties in humans, we performed integrative multi-omic bioinformatic analyses of published 

studies which reported improvements of cardiometabolic risk factors following polyphenol 

intake, together with genomic analyses performed using untargeted approach. We identified 5 

studies within our criteria and nearly 5,000 differentially expressed genes, both mRNAs and 

miRNAs, in peripheral blood cells. Integrative bioinformatic analyses (e.g. pathway and gene 

network analyses, identification of transcription factors, correlation of gene expression profiles 

with those associated with diseases and drug intake) revealed that these genes are involved in the 

processes such as cell adhesion and mobility, immune system, metabolism, or cell signaling. We 

also identified 27 miRNAs known to regulate processes such as cell cytoskeleton, chemotaxis, 

cell signaling, or cell metabolism. Gene expression profiles negatively correlated with expression 

profiles of cardiovascular disease patients, while a positive correlation was observed with gene 

expression profiles following intake of drugs against cardiometabolic disorders. These analyses 

further advocate for health protective effects of these bioactives against age-associated diseases. 

In conclusion, polyphenols can exert multi-genomic modifications in humans and use of 

untargeted methods coupled with bioinformatic analyses represent the best approach to decipher 

molecular mechanisms underlying healthy-ageing effects of these bioactives. 
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1. Introduction 

Worldwide, cardiometabolic diseases (CMD), including heart disease, stroke, and type 2 diabetes 

mellitus (T2DM) are in constant rise, presenting important societal and economic burdens 

[WHO, 2018; https://www.who.int/nmh/publications/ncd-profiles-2018/en/; accessed on 27 May 

2021]. Dietary factors are important contributors to the incidence of these chronic diseases, and 

poor dietary habits are recognized as a major determinant of CMD risks (Mozaffarian et al., 

2016). It is therefore important to develop nutritional strategies targeting risk factors and 

consequently to help preventing CMD. Epidemiological and clinical data provide evidence for a 

consensus on the beneficial effects of a diet rich in plant-based foods for the prevention of 

obesity, diabetes, and cardiovascular disease (CVD) (Mullins and Arjmandi, 2021) (Satija et al., 

2016) (Johnson et al., 2020). In addition to providing low energy and essential micronutrients, 

plant-based foods are important sources of biologically active phytochemicals with known 

health-promoting benefits. These bioactive compounds include polyphenols (i.e., flavonoids, 

phenolic acids, ellagitannins) known to display a wide range of biological activities linked to the 

prevention of a broad range of chronic diseases (Del Rio et al., 2013) (Vetrani et al., 2018). 

Human intervention studies have shown that consumption of polyphenols can exert physiological 

effects with implications for cardiometabolic health, such as improvements in endothelial 

function, platelet function, blood pressure, arterial stiffness, blood lipid profile and insulin 

sensitivity (Schroeter et al., 2006) (Rodriguez-Mateos et al., 2018) (Morand et al., 2011) (Tomé-

Carneiro et al., 2013a). The mechanisms of action underlying their health effects are related to 

their ability to modulate oxidative and inflammation processes but also through the regulation of 
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nitric oxide bioavailability, insulin resistance, glucose and lipid metabolism, amongst others 

(Kerimi and Williamson, 2016). 

Recent studies reported that most of the physiological effects of polyphenols are being mediated 

by their capacity to modulate the expression of genes and proteins (Krga et al., 2016). For 

example, it has been described that resveratrol inhibits the expression of the proteins ICAM and 

GM-CSF in TNF-activated human umbilical vein endothelial cells (HUVECs), as well as 

cytokines (TNF-α, IL-1, IL-6) and chemokines (CCL2/MCP-1, CCL4/MIP-1, CCL5/RANTES, 

CXCL10/IP-10) in macrophages (Schwager et al., 2017). A recent systematic analysis of 

nutrigenomic data from 37 studies identified 54 differentially expressed genes in in vitro models 

of CMD exposed to flavanols and their metabolites (Ruskovska et al., 2020). Global 

bioinformatic analysis revealed that these genes are predominantly involved in the regulation of 

inflammation, leukocyte adhesion and transendothelial migration, and lipid metabolism. This 

systematic analysis also reported that most nutrigenomic studies focused on the analysis of 

expression of few specific genes and using non-physiologically relevant conditions, which are 

high concentrations of non-circulating forms of polyphenols for a long period of time, conditions 

that do not consider the current knowledge on the bioavailability and metabolism of ingested 

polyphenols. Several in vivo and in vitro studies using a non-targeted genomic approach 

revealed, however, that polyphenols can exert complex genomic effects by simultaneously 

modulating the expression of a large number of genes. Supplementation of diets with 

anthocyanin-rich extract (Mauray et al., 2012), curcumin (Coban et al., 2012), catechin (Auclair 

et al., 2009) or quercetin (de Boer et al., 2006) has been shown to modulate expression of several 

genes spanning from hundred to over a thousand. Similarly, several studies have also revealed 

that polyphenol circulating metabolites at physiologically relevant concentrations can modulate 
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large numbers of genes in specific cells in in vitro studies. For example, epicatechin metabolites 

modulated the expression of 751 genes in brain microvascular endothelial cells (Corral-Jara et 

al., 2021) or over 1,200 in HUVECs (Claude et al., 2014) (Milenkovic et al., 2018). In HUVECs 

exposed to the mixture of oligomeric procyanidins there were above 1,000 genes for which the 

expression levels were significantly altered (García-Conesa et al., 2009) or resveratrol that 

changed the expression of 1,318 genes in human fibrosarcoma cells (Harati et al., 2015). 

Similarly, a few studies have also identified the genomic impact of consumption of these 

bioactive compounds in humans and using peripheral blood mononuclear cells (PBMCs) which 

are easily accessible in clinical trials. Moreover, PBMC transcriptome may reflect systemic 

health given the fact that they are cells circulating throughout the body and are exposed to 

different tissues (Afman et al., 2014). Gene expression profiling of PBMCs could reflect 

different physio-pathological conditions, such as coronary artery stenosis, chronic heart failure, 

atherosclerosis or inflammation and therefore provide insight in relation to how nutrients can 

modulate cellular and physiological processes within the context of human nutrition and health 

(Afman et al., 2014). Moreover, it has been shown that the use of transcriptomics in 

cardiovascular research can lead to an increased understanding of underlying molecular 

mechanisms and allows linking mRNA changes to the physiological state of diseases (Witt et al., 

2019). Compilation of genomic data from different studies is useful in the identification of novel 

genes and their potential function for a better understanding of gene networks during the 

development of diseases. 

In this context, the aim of the current study was to perform a systematic analysis of genomic 

modifications induced by polyphenols or polyphenol-rich foods/extracts consumption, using 

untargeted approaches, from human clinical studies and to perform a global bioinformatic 
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analysis of these data with the aim to obtain a more precise picture of the molecular mechanisms 

underlying the effects of polyphenols in cardiometabolic health. 

 

2. Methods 

2.1 Strategy for literature search and data extraction 

All literature relevant to the effect of polyphenols on gene expression and cardiometabolic 

endpoints in human trials was searched and obtained using the Preferred Reporting Items for 

Systematic Reviews statement guidelines with a predetermined search strategy (Moher et al., 

2009). A comprehensive search on PubMed and Web of Science, using Medical Subject 

Headings (MeSH) and Boolean operators was conducted in July 2018, with an update in 

November 2019 (Ruskovska et al., 2021) and further in January 2021 only for studies that used 

untargeted approach for evaluation of gene expression. The search included keywords referring 

to bioactives and bioactive-rich foods (polyphenols, flavonoids, flavanols, flavanones, 

epicatechin, catechin, procyanidin, anthocyanins, resveratrol, hydroxytyrosol, extracts, fruits, 

juice, grapes, citrus, pomegranate, apple, tea, coffee, cocoa, olive oil, chocolate, berries, 

isoflavones, daidzein, equol, hesperetin), type of studies (human, clinical trials, randomized, 

patients, volunteers, males, females), nutrigenomic analysis (nutrigenomic, genomic, genome, 

gene, gene expression, transcription, mRNA, messenger RNA, RT-PCR, PCR-arrays, 

microarrays, macroarrays, epigenome, miRNA, ncRNA) and target tissues (peripheral blood 

mononuclear cells, T-cells, B-cells, lymphocytes, monocytes, blood, blood cells, platelets, 

adipose tissue, adipocytes, liver, plasma, serum). Following the identification of the publications 

using the aforementioned terms, the search results were narrowed down by only selecting studies 

that used array technology for analysis of gene expression published in English language. 

Jo
ur

na
l P

re
-p

ro
of



Inclusion criteria for data extraction were as follows: human intervention studies of CMD or 

cardiometabolic risk factors where polyphenols were used for intervention, and modulation of 

gene expression was studied at mRNA and/or miRNA level, which was analyzed with macro- or 

microarray methods. Furthermore, in order to be included in our analysis, the publications should 

have reported at least one beneficial cardiometabolic outcome, such as: improved plasma lipid 

status (total cholesterol, triglycerides, HDL-cholesterol, LDL-cholesterol, apoA1, apoB or 

oxLDL, etc.), improved oral glucose tolerance test, decreased fasting glucose, glycated 

hemoglobin, insulin resistance, blood pressure, body weight, waist circumference, systemic 

inflammation (circulating CRP, TNF-α, interleukins, etc.), or decreased oxidative stress. Studies 

reporting an unfavorable cardiometabolic outcome, for example, increased LDL-cholesterol, 

were excluded from our analysis. This criterion was chosen with the aim to only identify changes 

in the expression of genes that will result in health promoting properties of bioactives. In 

addition, studies that did not include a control of polyphenol intervention, or studies of co-

interventions (for example, co-interventions of polyphenols with vitamins or exercise), were also 

excluded. 

A template for data extraction was designed specifically for this study. The template was pilot 

tested to verify the accuracy of the data extraction. The final version of the template was 

distributed among the co-authors. Extracted data included: details about the publication (PMID, 

authors, year of publication, title), information about the study population (gender, age, number 

of participants, health status), information about the intervention (bioactive/s, dose and duration 

of intervention), study design, information about the cardiometabolic outcomes (including both 

studied and significantly modulated), and information about gene expression (mRNA and/or 

miRNA, analytical method, tissue/cells analyzed for gene expression). Only genes that were 
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significantly modulated (positive or negative regulations) by the intervention (p<0.05) were 

extracted from the eligible publications, and subsequently subjected to bioinformatic analyses. 

Extracted data were cross-checked by two co-authors. In case of doubts or disagreement, a third 

co-author was consulted. 

 

2.2 Bioinformatic analyses 

Pathway enrichment analyses were conducted using the bioinformatic tool GeneTrail2 

(https://genetrail2.bioinf.uni-sb.de/) (Stockel et al., 2016), as a platform to access KEGG 

database. InteractiVenn (http://www.interactivenn.net/) (Heberle et al., 2015) was used as a tool 

to retrieve elements that are in common for different datasets. Networks of pathways were 

visualized using the Cytoscape software (https://cytoscape.org) (Shannon et al., 2003), version 

3.7.2. Official gene names and symbols were identified using GeneCards 

(https://www.genecards.org/) (Stelzer et al., 2016). 

Potential transcription factors which activity could be modulated by polyphenols were identified 

with bioinformatic tool Enrichr (https://amp.pharm.mssm.edu/Enrichr/) (Chen et al., 2013) 

(Kuleshov et al., 2016), as a platform to interrogate two transcription factor databases, TRRUST 

(Han et al., 2018) and TRANSFAC (Matys et al., 2003). 

MiRNA targets were identified, and a network of miRNAs and their target genes was 

constructed using the online tool MIENTURNET 

(http://userver.bio.uniroma1.it/apps/mienturnet/) (Licursi et al., 2019). The MIENTURNET tool 

was also used for functional enrichment analysis, to identify cellular pathways significantly over-

represented for individual miRNAs in the 3 studies. 
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The association of polyphenol modulated genes with human diseases was analyzed using the 

Comparative Toxicogenomics Database (https://ctdbase.org/) (Davis et al., 2021) together with 

GWAS (https://www.ebi.ac.uk/gwas/) (Buniello et al., 2019) and DisGeNET 

(https://www.disgenet.org/) (Piñero et al., 2020). The last two databases were interrogated using 

bioinformatic tool Enrichr (https://amp.pharm.mssm.edu/Enrichr/) (Chen et al., 2013) (Kuleshov 

et al., 2016). 

To explore correlations between polyphenol modulated genes and genes associated with CMD, 

we first searched the GEO (https://www.ncbi.nlm.nih.gov/gds) for suitable datasets to obtain 

gene expression profiles of CMD and drugs commonly used for the treatment of insulin 

resistance, dyslipidemia, or hypertension. The available datasets were further analyzed with 

GEO2R. Pearson's correlation coefficients between these gene expression profiles and 

polyphenol modulated genes were calculated using the R program (https://www.r-project.org/) 

(Dessau and Pipper, 2008). 

 

3. Results 

3.1 Studies and bioactives 

A comprehensive search on PubMed and Web of Science, conducted in July 2018, with an 

update in 2020, resulted in 8,678 documents. The update of literature search in January 2021 did 

not retrieve any additional eligible publications. After removal of duplicates and using “Human” 

and “RCT” and “Clinical study” and “Clinical trial” and “Controlled Clinical Trial” and 

“Multicenter Study” filters, this number dropped to 465 manuscripts, which were further 

screened and assessed for eligibility. Of these, 12 publications were identified as having adopted 

holistic approaches (Ruskovska et al., 2021). In one of these 12 publications, only proteomic 
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biomarkers were analyzed (Fuchs et al., 2007), and as such, it was ineligible for inclusion in our 

study. One publication reported modulation in global DNA methylation (Crescenti et al., 2013), 

two publications reported modulation of gene expression in abdominal subcutaneous white 

adipose tissue (Konings et al., 2014) (Most et al., 2018), three in skeletal muscle (Most et al., 

2016) (Timmers et al., 2011) (Pollack et al., 2017), and five in blood samples. In our study, we 

included only the publications that reported significant changes in gene expression in blood 

samples, analyzed with macro- or microarray methods, which were accompanied by at least one 

favorable cardiometabolic outcome in controlled human intervention studies with polyphenols 

(Figure 1). Further in the text, these publications are denoted as Publication 1 (De Groote et al., 

2012), Publication 2 (Milenkovic et al., 2011), Publication 3 (Tomé-Carneiro et al., 2013b), 

Publication 4 (Milenkovic et al., 2014) and Publication 5 (Rodriguez-Mateos et al., 2019). For 

three of these publications, the information about the cardiometabolic outcomes was extracted 

from previously published papers (Morand et al., 2011) (Tomé-Carneiro et al., 2013a) (Weseler 

et al., 2011) (Table 1). 

The study population comprises almost exclusively men, adults up to 80 years old. Only one of 

the studies included women (Publication 1). The health status of the participants is 

heterogeneous and includes obese men and women with BMI between 30 and 40 kg/m
2
; 

overweight men; men with type 2 diabetes, hypertension, and coronary artery disease; non-obese 

healthy smokers (men); and healthy men. The five selected studies were chronic interventions. 

Four of them are similar in duration – three lasted for four weeks/one month and one lasted two 

months. Only one of the studies is much longer and has been conducted in duration of one year 

(Publication 3). Bioactives used for intervention include: trans-resveratrol phosphate, catechin-

rich grape seed extract, hesperidin, grape extract plus resveratrol, monomeric and oligomeric 
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flavanols from grape seeds, and wild blueberry anthocyanins (Table 1). Total RNA for global 

gene expression analysis was isolated either from whole blood (Publication 1 and 4), peripheral 

blood mononuclear cells (Publication 3 and 5) or total leukocytes (Publication 2). 

 

3.2 Functional pathways analysis of genomic data 

The number of differentially expressed genes at mRNA level extracted from each of the selected 

publications varied from less than 50 (Publication 1) to more than 2,000 (Publication 3). The lists 

of identified differentially expressed genes and their fold-changes (FC) are presented in the 

Supplemental table S1. The total number of differentially expressed genes extracted from all 

selected publications reached N=5,465. After the removal of duplicate genes, this number 

dropped to N=4,990 (Supplemental table S2a). Comparisons of genes identified as differentially 

expressed among these 5 studies showed that 456 genes are in common in at least 2 studies 

(Supplemental table S2b). Comparison of FC of the common genes showed that for over 65% of 

them, the direction of change in the expression is the same among the studies. Differencies in the 

direction of change in the expression between the studies can be due to different study 

populations with potential influence of age or health status, but also due to the use of differerent 

bioactives, as well as the different types of arrays. 

For each of the selected publications, differentially expressed genes at the mRNA level were 

subjected to pathways enrichment analysis to identify pathways that are the most significantly 

associated with each specific gene set (Supplemental table S3). For this purpose, we used the 

platform GeneTrail2 to access the KEGG database. Next, we analyzed which of these pathways 

are in common for at least three of the selected publications. The pathways related to various 

diseases and addictions were excluded, while the pathways related to cellular processes that are 
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in common for at least three of the selected publications are presented in Figure 2. These 

pathways are involved in cell signaling, immune system, cell motility and interaction, endocrine 

system, nervous system, metabolism, and other cellular processes. Pathways that are in common 

for four or five publications included: PI3K-Akt signaling pathway, MAPK signaling pathway, 

Ras signaling pathway (cell signaling), chemokine signaling pathway, natural killer cell 

mediated cytotoxicity, B cell receptor signaling pathway, T cell receptor signaling pathway 

(immune system), focal adhesion, cell adhesion molecules (cell motility and interaction), 

estrogen signaling pathway, thyroid hormone signaling pathway (endocrine system), 

dopaminergic synapse, cholinergic synapse, serotonergic synapse, neurotrophin signaling 

pathway (nervous system), glutathione metabolism (metabolism), osteoclast differentiation, 

phagosome, protein processing in endoplasmic reticulum, ribosome, RNA transport, endocytosis 

(other cellular processes) (Figure 2). Networks of these pathways, both global and networks 

related to specific cellular processes are presented in Figure 3A and 3B. 

Next, the differentially expressed genes that were in common in at least two of the selected 

publications (N=456, Supplemental table S2b) were further subjected to pathways enrichment 

analysis, using the platform GeneTrail2 to access the KEGG database. Excluding pathways that 

are related to various diseases and addictions, this pathways enrichment analysis revealed that 

the genes were associated with pathways that are involved in cell signaling (Ras signaling 

pathway, PI3K-Akt signaling pathway, mTOR signaling pathway, NF-kappa B signaling 

pathway, HIF-1 signaling pathway), immune response (chemokine signaling pathway, NOD-like 

receptor signaling pathway, cytosolic DNA-sensing pathway, B cell receptor signaling pathway, 

T cell receptor signaling pathway), the endocrine and circulatory system (thyroid hormone 

signaling pathway, adrenergic signaling in cardiomyocytes, vascular smooth muscle contraction, 
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adipocytokine signaling pathway, progesterone-mediated oocyte maturation), the nervous system 

(dopaminergic synapse, retrograde endocannabinoid signaling, serotonergic synapse, 

neurotrophin signaling pathway, cholinergic synapse), metabolism (pyruvate metabolism, carbon 

metabolism, pyrimidine metabolism, citrate cycle, propanoate metabolism), and other processes 

(RNA transport, ribosome, mineral absorption, circadian entrainment, proteasome) 

(Supplemental table S2c). Within our analysis we further extracted the genes that were in 

common in at least three of the selected publications. These include: FSTL4 (down-regulated), 

AHCTF1 (up-regulated), TMEM201 (up-regulated), POLR2G (up-regulated), MRPS18C (down-

regulated), and SUCLA2 (up-regulated) (Table 2). 

 

3.3 Transcription factors regulating the expression of polyphenol modulated genes 

Following the extraction of differentially expressed genes, our next step was to use the extracted 

genomic data and, using the available databases and bioinformatic tools, to search for potential 

transcription factors of which activity could be modulated by these food bioactives. For this 

analysis, the Enrichr tool was used to interrogate two transcription factor databases, TRRUST 

and TRANSFAC. Using this approach, we identified between 9 and 37 potential transcription 

factors depending on the study with significance values p<0.05. Among these transcription 

factors, several were identified in common in two or more studies. For example, following 

analysis of genomic data, SP1, SREBF2 and CRX were found in both  Publication 1 and 5; 

STAT3 was common in Publication 1, 2 and 5; Nf-kB1 and ATF1 were found in both 

Publication 1 and 4. Other transcription factors seem to be specific to each study and potentially 

to the polyphenol under investigation. For example, PPARG, ATF3 or NFIA were identified as 

specific in Publication 1; SMAD4 or PAX6 in Publication 2; ATF6, KLF4 or ATF4 in 
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Publication 3; ZFP36 or NR2F1 in Publication 4; SP3, FOXF2 or GATA1 in Publication 5 

(Figure 4). 

 

3.4 Polyphenols modulate miRNAs expression in PBMCs in human volunteers 

Among the identified studies, 3 publications also reported changes in the expression of miRNAs 

in human PBMCs following consumption of polyphenols. In the genomic analysis reported in 

Publication 2, 13 miRNAs were identified as differentially expressed following consumption of 

hesperidin, but also following regular intake of a grape extract enriched with resveratrol as 

reported in Publication 3. Three miRNAs were also identified as differentially expressed in 

PBMCs in volunteers following consumption of anthocyanins (Publication 5). These 

observations suggest that different families of polyphenols may have the capacity to modulate 

the expression of these small protein non-coding RNAs. Comparisons of miRNAs identified 

miR-211 and miR-25, in both Publication 2 and Publication 3. No other miRNAs were identified 

in common between these 2 studies. Publication 5 only identified 3 differentially expressed 

miRNAs (Figure 5). 

Our next step was to identify target genes of these differentially expressed miRNAs. Using 

MIENTURNET, an online tool for identification of miRNA targets, networks of miRNAs and 

their target genes have been constructed (Figure 6A, 6B, 6C). We identified 2,473 target genes 

for Publication 2, 3,208 for Publication 3 and 705 for Publication 5. Functional enrichment was 

also performed using the MIENTURNET tool, and identified cellular pathways significantly 

over-represented for individual miRNAs in the 3 studies. For example, miR-135a-5p’s targets 

were involved in pathways regulating amino acid metabolism or cell signaling pathways; miR-

193-3p was involved in pathways regulating cancer development, cell signaling or cell cycle. 
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Other miRNAs were also found in pathways regulating inflammation, lipid metabolism or 

cardiomyopathy (Figure 7A). For miRNAs identified as differentially expressed in Publication 3, 

functional enrichment analysis identified pathways involved in cell signaling, lipolysis, 

apoptosis, or cytoskeleton organization; while only few pathways were identified for target 

miRNAs identified in Publication 5, including inflammation, MAPK signaling or cancer (Figure 

7B and 7C). 

Together with functional enrichment using MIENTURNET, significantly over-represented 

pathways for miRNA targets were also searched using the GeneTrail2 tool. Consequently, we 

identified 51, 78 and 49 pathways for Publication 2, Publication 3 and Publication 5 respectively. 

Comparisons of these pathways revealed 9 common pathways for the 3 studies: adrenergic 

signaling in cardiomyocytes, PI3K-Akt signaling pathway, pancreatic secretion, cholinergic 

synapse, purine metabolism, glutamatergic synapse, arrhythmogenic right ventricular 

cardiomyopathy, Ras signaling pathway and dilated cardiomyopathy (Figure 8). Ten pathways 

were identified in common between Publication 3 and Publication 5; 3 between Publication 2 

and Publication 5 and 31 between Publication 3 and Publication 2 (Figure 8). These major 

pathways are involved in the regulation of cellular processes such as cell signaling, 

inflammation, chemotaxis, lipid metabolism or cell-cell adhesion and permeability. 

 

3.5 Integrated analysis of protein-coding and non-coding gene expression 

Because miRNAs are small RNAs involved in the post-transcriptional regulation, our next goal 

was to perform an integrated data analysis of genomic modifications of protein-coding RNAs 

with non-coding RNAs, miRNAs. Comparison of differentially expressed genes with the target 

genes of miRNAs showed that there were 8.8% of differentially expressed genes in common 
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with miRNA target genes, with the percentage ranging from 3.1 to 15.1 (Figure 9A). This 

suggests that about 9% of changes in genes expression could be related to changes in the 

expression of miRNAs. 

Following this step, we compared pathways identified using GeneTrail2 for differentially 

expressed genes and targets of miRNAs. As presented in Figure 9B, we identified 35 common 

pathways, including those related to cell adhesion molecules, chemokine signaling pathway, 

focal adhesion, insulin secretion, leukocyte transendothelial migration, MAPK signaling 

pathway, Ras signaling pathway or regulation of actin cytoskeleton. This observation suggests 

that these pathways could be affected by polyphenols through the expression of protein-coding 

genes and miRNAs. Examples of 2 common pathways, chemokine signaling pathway and 

leukocyte transendothelial migration are presented in Figure 9C, which show that modulation of 

protein-coding and non-coding genes can affect a large number of genes in the pathways and 

consequently the functionality of the pathways identified. 

 

3.6 Disease bioinformatic analyses 

We next analyzed the association of polyphenol modulated genes with human diseases. For this 

purpose, we used the Comparative Toxicogenomics Database, together with GWAS and 

DisGeNET that were interrogated using Enrichr. This analysis showed an association with 20, 

77, 50 and 56 human diseases for publications 2-5, respectively. Metabolic, cardiovascular and 

heart diseases are in common for publications 2-5, while vascular diseases and myocardial 

ischemia are in common for publications 3 and 4 (Figure 10). A comparison of all polyphenol-

modulated genes (N=4,990) with genes associated with disease development from the 

DisGeNET database showed that 367 polyphenol-modulated genes were associated with CVD, 
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224 with metabolic syndrome, and 126 with both CVD and metabolic syndrome (Figure S1). We 

also searched for GWAS and meta-analyses of GWAS that identify genes associated with 

various CMD and risk factors. For each of these studies we analyzed the overlapping genes with 

polyphenol-modulated genes from our study. We found that 19.6, 19.0, 22.8, 21.5, and 17.6% of 

genes associated with body fat distribution (Shungin et al., 2015), insulin resistance (Lotta et al., 

2017), blood pressure (Liu et al., 2016a), metabolic syndrome (Lind, 2019), and coronary artery 

disease (LeBlanc et al., 2016) respectively overlap with polyphenol-modulated genes. 

Altogether, the results of these analyses highlight the involvement of polyphenol-modulated 

genes in CMD and risk factors. 

To get further insight into the genomic effects of dietary polyphenols, we analyzed the presence 

of correlations between polyphenol modulated genes and genes associated with CMD. To this 

aim, available GEO datasets were analyzed with GEO2R and differentially expressed mRNAs 

were correlated with those extracted from the analyzed publications using the R program. These 

analyses showed that gene expression profile of metabolic syndrome (GSE98895) (D'Amore et 

al., 2018) is significantly and inversely correlated with gene expression profiles after 

consumption of wild blueberry anthocyanins (Publication 5), grape extract plus resveratrol 

(Publication 3) and monomeric and oligomeric flavanols from grape seeds (Publication 4) 

(Figure 11 A-C). Also, the gene expression profile after consumption of grape extract plus 

resveratrol (Publication 3) showed an inverse and highly significant correlation with the gene 

expression profile of T2DM (GSE23561) (Grayson et al., 2011), and a weak inverse correlation 

with the gene expression profile of arterial stiffness and hypertension (GSE6599) (Figure 11 D-

E). 
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Using the same approach, we also tested correlations between polyphenol modulated genes and 

gene expression profiles of common drugs used for the treatment of cardiometabolic diseases. 

For example, the metformin gene expression profile (GSE153318) (Seneviratne et al., 2021) 

showed a high and statistically significant positive correlation with grape extract plus resveratrol 

(Publication 3) (Figure 12A). Similarly, grape extract plus resveratrol gene expression profile 

exerted a significant positive correlation with the gene expression profile of statins, as reported 

in GSE11393 (Llaverias et al., 2008) and GSE71220 (Obeidat et al., 2015) (Figure 12B and 

12D). Also, the gene expression profile of wild blueberry anthocyanins (Publication 5) showed a 

trend towards significant positive correlation with the gene expression profile of statins 

GSE71220 (Obeidat et al., 2015) (Figure 12C). We also tested correlations between genes 

extracted from the analyzed publications and gene expression profiles of some of the common 

antihypertensive drugs. We found a trend towards the positive correlation of gene expression 

profile of grape extract plus resveratrol (Publication 3) with gene expression profile of the 

treatment with telmisartan (Figure 12H), along with a high and statistically significant positive 

correlation with a combination of telmisartan and amlodipine (GSE42808) (Siragusa and Sessa, 

2013) (Figure 12G). Potential correlation with gene expression profile of anti-hypertensive drugs 

was also observed for blueberry and hesperidin intake, even though a statistical significance was 

not reached (Figure 12E, 12F and 12I). Altogether, these results suggest that polyphenols can 

have a positive effect on cardiometabolic risk factors. 

 

4. Discussion 

Cardiovascular and metabolic diseases are major causes of mortality in the ageing population, 

which is rapidly increasing worldwide. Therefore, there is a need and interest to find efficient 
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solutions which could contribute to the prevention of development of these diseases. 

Epidemiological and human intervention studies have shown that polyphenols exert protective 

effects on human cardiometabolic health (Hertog et al., 1993) (Grassi et al., 2008). However, 

molecular mechanisms underlying health properties of polyphenols are not entirely identified. A 

number of in vitro, preclinical and human intervention studies have shown that polyphenols and 

their metabolites can modulate the expression of different genes. Systematic bioinformatic 

analyses showed that by modulating the gene expression, polyphenols exert multilayer and 

multitarget modes of actions (Ruskovska et al., 2020) (Monfoulet et al., 2021) (Ruskovska et al., 

2021). However, most of the studies have been performed using targeted approach, which only 

provides incomplete pictures of molecular mechanisms involved. Few in vitro studies and animal 

models used untargeted approach, such as microarrays, and revealed the capacity of polyphenols 

to modulate simultaneously several hundreds of genes (Corral-Jara et al., 2021) (Milenkovic et 

al., 2021) (Coban et al., 2012). In humans, the mode of action of polyphenols is still largely 

unidentified. With the goal to elucidate the molecular mechanisms underlying the beneficial 

effects of polyphenols on cardiometabolic health in humans, we conducted a systematic literature 

search of studies that used an untargeted approach followed by comprehensive bioinformatic 

analyses. Even though the number of available studies so far remains small, available data 

allowed us to integrate both mRNAs and miRNAs data, to perform functional analysis and to 

predict transcription factors of which activity could be regulated by polyphenols and may play an 

important role in molecular mechanisms of action of these bioactives. 

Integrated bioinformatic analyses of the genes that have been identified as differentially 

expressed in humans showed that they were involved in different cellular processes such as 

inflammation, cell signalling, cell mobility and adhesion, or cell metabolism. One of the 
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pathways that we looked at in our bioinformatics study was the PI3K-Akt signaling pathway. 

Recent research suggests that cardiomyocyte-secreted vascular endothelial growth factor 

(VEGF) plays a key role in cardiac hypertrophy and myocardial infarction. Akt and mTOR have 

been shown to promote angiogenesis by raising the expression of VEGF and angiopoietin (Ang)-

2 (Shiojima et al., 2005) (Shiojima and Walsh, 2006). Furthermore, atherosclerotic plaque 

formation is a typical feature of atherosclerosis. Activation of PI3K/Akt signaling can induce 

monocyte chemotaxis, macrophage migration, increased intracellular lipid accumulation, 

neovascularization, smooth muscle cells proliferation and dysfunction in lesions, all of which are 

involved in plaque formation (Zhao et al., 2021). In cardiovascular disorders, cell adhesion 

molecules (CAMs) are particularly involved in atherogenesis and atherosclerotic plaque 

progression. Obese adults have significantly greater sICAM-1, E-selectin, and P-selectin serum 

concentrations than healthy ones, demonstrating that the increased cardiovascular risk associated 

with obesity may be reflected and possibly mediated by significantly increased CAMs (Mulhem 

et al., 2021). 

Furthermore, in our analysis, we discovered a link between the neurological and cardiovascular 

systems. For instance, brain-derived neurotrophic factor (BDNF) is critical throughout the 

development of the cardiovascular system because it activates the TrkB receptor, which leads to 

endothelial cell survival and the construction of the heart vasculature (Emanueli et al., 2014). 

BDNF can enhance vascular flow and can regulate revascularization of ischemic tissues. The 

metabolic system, on the other hand, is intimately linked to cardiovascular diseases. Increased 

amounts of free radicals are hypothesized to cause impaired "redox homeostasis", a balance 

between oxidative and reductive stress. Glutathione is the most abundant antioxidant in the heart, 
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and a low level of red-cell glutathione peroxidase 1 activity was linked to an increased risk of 

cardiovascular events in people with coronary artery disease (Blankenberg et al., 2003). 

 

Our bioinformatic analysis of genomic data also allowed us to identify potential transcription 

factors of which activity could be modulated by polyphenols and underlie changes in the 

expression of genes observed in genomic studies. Among the transcription factors identified and 

common for 2 studies, was the Activating Transcription Factor 1 (ATF1). It has been shown that 

metformin, the most widely used anti-diabetic drug with anti-atherogenic properties, 

independently of its effect on glycaemia (Luo et al., 2019) acts through modification of 

phosphorylation of ATF1 transcription factor and increase the expression of atheroprotective 

genes (Salt et al., 2021). It has also been described that omega-3 polyunsaturated fatty acids, 

which have several beneficial effects on CVD risk factors, can modulate the DNA methylation of 

genes in obese subjects including ATF1. Change in epigenetic profile of these genes has been 

correlated with changes in plasma triglyceride and glucose levels as well as with changes in the 

ratio of total cholesterol/HDL-cholesterol following the supplementation therefore providing 

new potential insights on the mechanisms of action (Tremblay et al., 2017). Another 

transcription factor identified from our bioinformatic analysis was the signal transducer and 

activator of transcription 3 (STAT3), which has been described as involved in the development 

of cardiovascular and cerebrovascular diseases and obesity (Chen et al., 2019). Indeed, aberrant 

STAT3 activation was shown to contribute to endothelial cell dysfunction, macrophage 

polarization, inflammation, and immunity. Different studies described that several STAT3 

inhibitors could be used as therapeutic drugs to treat diseases (Chen et al., 2019). The capacity of 

bioactive molecules to act as STAT3 inhibitors has been reported in several studies. For 
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example, it was observed that curcumin could inhibit STAT3 in vitro (Alexandrow et al., 2012) 

and that resveratrol could contribute to the treatment of thrombosis and atherosclerosis via 

STAT3 inhibition (Sun et al., 2018). 

Our bioinformatic analysis also identified the transcription factor NFB as being involved in the 

genomic modifications induced by polyphenols. This transcription factor is well known to be 

involved in the regulation of inflammation and atherosclerotic processes but also in the 

pathogenesis of cardiac remodeling and heart failure (Fiordelisi et al., 2019). Atherosclerosis is 

characterized by the deposition of lipids in arterial walls and involves leukocyte recruitment, 

adhesion to the endothelium and their transendothelial migration into the subendothelial layer of 

blood vessels. These processes require the expression of adhesion molecules, interleukins, 

chemokines, which are regulated by NFB in response to stress (Panday et al., 2016). 

Consequently, anti-inflammatory treatments were developed in recent years and NFB has been 

identified as one of the major candidates. Several studies have shown that inhibition of this 

transcription factor results in endothelial and cardiovascular protection. It has been furthermore 

observed that inhibition of NFB could prevent immune response and adhesion of monocytes to 

the endothelium, in vitro and ex vivo (Ward et al., 2020). Phosphodiesterase inhibitors, used for 

the treatment of heart failure, are able to reduce the production of cytokines; for example 

pimobendan was shown to lower the production of IL-1β, TNF-α and nitric oxide by inhibiting 

the activation of NFB in mouse models of heart failure (Iwasaki et al., 1999) (Matsumori et al., 

2000). Interestingly and in agreement with our observation, polyphenols, such as flavonoids have 

been observed to  exert anti-inflammatory effects by acting on the NFB pathway (Hussain et 

al., 2020) (Chu, 2014). Our analysis also identified few other transcription factors, probably to be 

involved in the regulation of genomic response following consumption of these bioactives. 
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Among those is PPARγ, implicated in cardiovascular diseases and T2DM (Han and Qu, 2020) 

along with RUNX2 (Runt-related transcription factor 2) involved in atherosclerosis development 

(Chen et al., 2021) or KLF5 identified as playing a role in CVDs (Dong and Chen, 2009). Taken 

together, our integrated omic analysis has identified highly probable transcription factors 

involved in the genomic modification following consumption of these polyphenols, presenting 

important molecular mechanisms underlying their health properties. 

Expression of genes, and consequently proteins, can also be regulated post-transcriptionally by 

non-coding RNAs, such as miRNAs. MiRNAs are small non-coding RNAs whose expression 

can be regulated by different factors, and can bind to different mRNAs and induce either their 

degradation or prevent protein synthesis (Friedman et al., 2009) (Bartel, 2004). There is 

accumulating data showing that changes in the expression of miRNAs play an important role in 

the development of cardiovascular and metabolic diseases (Bielska et al., 2021) (Ramzan et al., 

2021). Studies have shown that polyphenols can regulate the expression of miRNAs, in vivo and 

in vitro, and present one of the molecular mechanisms underlying their health properties 

(Milenkovic et al., 2018) (Krga and Milenkovic, 2019)  (Krga et al., 2018). Among the miRNAs 

identified are miR-211 and miR-25, differentially expressed by hesperidin and grape seed extract 

rich in resveratrol. MiR-211 has been identified in obese patients with non-alcoholic fatty liver 

disease (Mehta et al., 2016). MiR-25 was observed to be correlated with coronary stenosis, 

possibly by regulating processes such as "angiogenesis" and "leukocyte cell-cell adhesion" 

(Nariman-Saleh-Fam et al., 2019), as well as with increased heart failure risk in coronary heart 

disease patients (Yao et al., 2018). Interestingly, it has been reported the polyphenol taxifolin can 

regulate the expression of miR-211 (Dostal et al., 2021) and epigallocatechin gallate or 

resveratrol can regulate the expression of miR-25 (Zan et al., 2019) (de Queiroz et al., 2018). 
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Several other miRNAs have been identified as having expression modulated by polyphenols. For 

example, miR-181b has been identified as differentially expressed by grape-seed rich in 

resveratrol consumption, a miRNA that has been described to regulate for example, arterial 

stiffness related to ageing (Hori et al., 2017) or vascular inflammation in T2DM (Witkowski et 

al., 2020). MiRNA-126, which has been reported as a predictor of long-term all-cause mortality 

in patients with T2DM (Pordzik et al., 2021), was identified to be regulated by anthocyanin-rich 

berries. In addition, miRNA-7, differentially expressed in volunteers that consumed grape-seed 

rich in resveratrol, has been identified as differentially expressed in hypertensive patients with 

left ventricular hypertrophy (Kaneto et al., 2017). Comparisons of the identified differentially 

expressed miRNAs with miRNAs from the Human microRNA Disease Database (HMDD) are in 

agreement with our analysis. This analysis showed that some of the miRNAs identified as having 

expression modulated by polyphenols have been described to be causally involved in the 

development of atherosclerosis (hsa-mir-135a), cardiomyopathy (hsa-mir-27a, hsa-mir-218), 

diabetes (hsa-mir-27a, hsa-mir-424), hypertension (hsa-mir-27a, hsa-mir-424), inflammation 

(hsa-mir-135a, hsa-mir-25, hsa-mir-424) or obesity (hsa-mir-27a) but also coronary artery 

diseases (hsa-mir-197, hsa-mir-25) and vascular diseases (hsa-mir-27a). This observation shows 

the importance of miRNAs as molecular targets of flavonoids underlying the health benefits of 

consumption of these food bioactives. 

Our bioinformatic analysis also included identification of potential target genes of these miRNAs 

as well as pathways in which they are involved in. Using this functional analysis, we identified 

that miRNAs, differentially expressed following consumption of polyphenols by volunteers, are 

involved in pathways related to the regulation of different processes such as inflammation, cell 

adhesion, chemotaxis, or apoptosis. These processes have been described as involved in the 
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development of atherosclerosis and consequently the development of vascular dysfunction, 

including arterial stiffness and cardiovascular diseases (VanderBurgh et al., 2018). Interestingly, 

comparisons of pathways identified from protein-coding genes and miRNAs have shown a 

number of common pathways. Among these pathways are those regulating inflammation, cell 

adhesion, cytoskeleton, cellular metabolism, again the pathways playing key roles in endothelial 

permeability leading to atherosclerosis development and consequently cardiovascular diseases 

but also metabolic disorders (van Steen et al., 2020) (van Buul and Hordijk, 2004) (Li et al., 

2021). These results suggest that polyphenols can prevent the development of cardiometabolic 

diseases by modulating both the expression of protein-coding but also non-coding genes. 

Therefore, to gain a better understanding of the molecular mechanisms involved in the health 

benefits of these bioactives it is important to take into account the analysis of both types of 

RNAs in future studies. 

Genomic modulations that are reported in the publications included in our study are associated 

with beneficial effects on key determinants of cardiometabolic health, such as blood pressure and 

vascular function, lipid status, blood glucose and oxidative stress. Hence, our bioinformatic 

analysis shows that more than 9% of polyphenol modulated genes are in common with the genes 

associated with metabolic syndrome and cardiovascular disease. Metabolic syndrome, a cluster 

of several cardiometabolic risk factors that include abdominal obesity, insulin resistance, 

dyslipidemia, and hypertension (Alberti et al., 2009), leads to an increased cardiovascular 

morbidity and mortality (Saklayen, 2018) (Gluvic et al., 2017). The protective role of 

polyphenols on the incidence of metabolic syndrome and some of its components has been 

recently reported in a large-scale European epidemiological study (Grosso et al., 2017). These 

findings are further corroborated with our bioinformatic analyses showing a highly significant 
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negative correlation between the gene expression profile of metabolic syndrome and dietary 

polyphenols such as wild blueberry anthocyanins, grape extract plus resveratrol or flavanols 

from grape seeds. 

Our bioinformatic analyses also revealed a negative correlation between the gene expression 

profile of grape extract plus resveratrol and vascular dysfunction (arterial stiffness and 

hypertension), as well as a highly significant positive correlation between the gene expression 

profile of the same mixture of bioactives and the treatment with a combination of two 

antihypertensive drugs (telmisartan and amlodipine). These findings highlight the genomic 

mechanisms underlying the antihypertensive mode of action of polyphenols in cardioprotection. 

The effects of polyphenols on hypertension and vascular dysfunction as key components of 

metabolic syndrome have been widely studied. Bioactives under investigation include hesperidin 

(Valls et al., 2021), anthocyanins (Igwe et al., 2019), grape seed polyphenols (Schön et al., 

2021), or resveratrol (Breuss et al., 2019) (Ferreira et al., 2020), for which global genomic 

effects have been reported in publications included in our study. Meta-analyses of human 

intervention studies showed modest effects of various polyphenols or polyphenol-rich foods on 

blood pressure when compared with antihypertensive drugs (Zhang et al., 2016) (Sahebkar et al., 

2017). Nevertheless, in addition to medical treatment, even modest improvements in blood 

pressure are shown to be clinically significant for the risk reduction of stroke and coronary heart 

disease (Cook et al., 1995) (Whelton et al., 2002). 

Atherogenic dyslipidemia is yet another hallmark of metabolic syndrome. The first line of 

defense in its management are lifestyle changes, which also include plant-based dietary regimens 

(Trautwein and McKay, 2020). Studies have demonstrated improvements in serum lipid status 

following interventions with anthocyanins (Liu et al., 2016b) (Li et al., 2015), grape seed extract 
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(Asbaghi et al., 2020) (Yousefi et al., 2021) or resveratrol (Simental-Mendía and Guerrero-

Romero, 2019) (Hoseini et al., 2019). Although these effects are mild, on a genomic level they 

are comparable to the effects of statins, as shown in our bioinformatic analyses, and as such can 

contribute to the improvement of cardiometabolic health. 

While metabolic syndrome and T2DM often coexist, non-diabetic individuals with metabolic 

syndrome are at a much greater risk of developing T2DM (Punthakee et al., 2018). Medical 

nutrition therapy, together with adequate pharmacological treatment, is an important cornerstone 

in the management of T2DM, aiming to improve glycemic control, but also dyslipidemia and 

hypertension, for preventing or delaying diabetic complications. However, there is mounting 

evidence that Mediterranean dietary pattern might be more effective at improving glycemic 

control than the traditional carbohydrate-centered approach for management of T2DM 

(Papamichou et al., 2019), which to some extent can be attributed to the high amount of plant 

food bioactives, including polyphenols consummed (Guasch-Ferré et al., 2017). Studies have 

shown that polyphenols (anthocyanins, polyphenols from grape seed, or resveratrol, among 

others) exhibit antidiabetic properties by various mechanisms that include reduction of insulin 

resistance or improvement of glycemic control (Cao et al., 2019). Concordantly, our 

bioinformatic analyses showed a highly significant negative correlation between the gene 

expression profile of grape extract enriched with resveratrol and T2DM, as well as a highly 

significant positive correlation between the same bioactives and the antidiabetic drug metformin. 

This systematic analysis presents however few limitations. Publications included in our analysis 

presented high heterogenicity regarding the study populations, duration, doses used for 

intervention, mode of extractions of total RNAs and analytical platforms employed. These 

differences may impact on the identification of differentially expressed genes following 
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bioactive intake and may explain why for some common genes, the expression profiles varied 

from one study to another. For these reasons, pathway analyses were performed without 

considering the directionality of the genomic effects. Also, this analysis pointed out that cellular 

pathways, functions and cell signalling regulations were affected by bioactives in humans and 

would need to be validated using different cellular and molecular methods. 

In conclusion, the application of untargeted approaches in nutrigenomic studies allows for a 

complete coverage of the genomic effects of food ingredients under study, which also includes 

plant food bioactives such as polyphenols. The subsequent processing of obtained data using the 

available bioinformatic tools enables conceptualization and visualization of the genomic effects, 

thus generating information about the biological effects of the observed genomic modulations. In 

this study we applied for the first time an integrative multi-omics approach, for integration of 

available data from existing untargeted nutrigenomic studies evaluating cardiometabolic health 

benefits of polyphenols in humans, but also for comparison with data on the genomic effects of 

cardiometabolic diseases and common drugs used for treatment of cardiometabolic diseases and 

risk factors that are available from publicly available databases. This innovative approach 

allowed us to elucidate at least to some extent some of the key molecular mechanisms underlying 

the beneficial effects of polyphenols on cardiometabolic health in humans. Moreover, the results 

from the correlation analyses with genomic effects of cardiometabolic diseases and common 

drugs used for treatment of cardiometabolic diseases and risk factors are yet another 

confirmation of the beneficial effects of polyphenols on human cardiometabolic health, but on a 

deeper, molecular level. We believe that the results of previous human intervention studies, 

along with the results of our integrative bioinformatic analyses of available data, will encourage 

further research on nutrigenomic effects of polyphenols in diverse study population that will 
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include participants of both genders, various age groups, but also healthy people as well as 

patients with diverse pathologies. In that way, the collected data will allow to study also the 

interindividual variability in response to consumption of specific polyphenolic compounds and 

will provide a solid background for future nutrigenetic studies. 
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follow

ing 6 

month

s. 

The 

pheno

lic 

conten

t of 

the 

GE 

and 

the 

GE-

Res 

was 

very 

simila

r 

(151±

17 mg 

and 

139±1

8 mg 

pheno

lics 

per 

capsul

e, 

respec

1 year Randomized, 

triple-blind, 

placebo-

controlled, 

dose-

response, 1-

year follow-

up study with 

three parallel 

arms 

designated as 

placebo 

(maltodextrin

), GE 

(conventional 

grape extract) 

and GE-Res 

(grape extract 

containing 

resveratrol) 

Increased 

adiponect

in in GE-

Res group 

vs. 

placebo 

group 

Decrease

d 

plasmino

gen 

activator 

inhibitor 

type 1 

(PAI1), 

total 

cholestero

l, glucose, 

and 

hemoglob

in A1c in 

GE-Res 

group vs. 

placebo 

group 

(Tomé-

Carneiro 

et al., 

2013a) 

mRNA 

and 

miRN

A 

Micro

array 

 

Com

merci

al 

Affym

etrix 

arrays 

(To

mé-

Car

neir

o et 

al., 

201

3b) 
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tively) 

but 

GE-

Res 

also 

contai

ned 

8.1±0.

5 mg 

of 

resver

atrol 

per 

capsul

e. 

4 M 30-

60 

7 Non-

obese 

healthy 

smoker

s 

Mono

meric 

and 

oligo

meric 

flavan

ols 

from 

grape 

seeds 

200 

mg/da

y 

8 weeks Randomized, 

double-blind, 

placebo-

controlled, 

parallel study 

Improve

ment of 

vascular 

health 

index 

Decrease

d TNF 

release 

(ex vivo, 

LPS 

induced) 

Decrease

d rate of 

collagen-

induced 

aggregati

on of 

platelets 

(ex vivo) 

(Weseler 

et al., 

2011) 

mRNA Micro

array 

 

Com

merci

al 

Agile

nt 

arrays 

(Mil

enk

ovic 

et 

al., 

201

4) 

5 M 33 

± 6 

yea

rs, 

for 

the 

tota

l 

stu

dy 

pop

ulat

ion 

(N

=4

0) 

1

0 

Healthy Wild 

bluebe

rry 

anthoc

yanins 

11 g 

wild 

bluebe

rry 

powde

r, 

equiva

lent to 

100 g 

fresh 

wild 

bluebe

rries, 

contai

ning 

150 

mg of 

anthoc

yanins

1 

month 

Two-arm, 

parallel, 

double-blind 

randomized 

controlled 

trial 

Increased 

FMD 

Decrease

d 24-hour 

systolic 

blood 

pressure 

mRNA 

and 

miRN

A 

Micro

array 

 

Com

merci

al 

Agile

nt 

arrays 

(Ro

drig

uez-

Mat

eos 

et 

al., 

201

9) 
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, 

dissol

ved in 

500 

ml 

water, 

bi-

daily 

more 

than 

28 

days 

vs. 

match

ed 

contro

l drink 

(11 g 

powde

r, bi-

daily) 
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Table 2 

 

Table legends 

 

Genes in common for at least three of the analyzed publications 

N

o. 

Gene 

symbol 
Gene name Publications 

1 SOX3 SRY-Box Transcription Factor 3 
[Publication 2] and [Publication 3] and 

[Publication 4] and [Publication 5] 

2 ZNF770 Zinc Finger Protein 770   

3 PRDX1 Peroxiredoxin 1 
[Publication 1] and [Publication 4] and 

[Publication 5] 

4 AJAP1 
Adherens Junctions Associated 

Protein 1 

[Publication 2] and [Publication 3] and 

[Publication 4] 

5 FSTL4 Follistatin Like 4   

6 PSMB5 Proteasome 20S Subunit Beta 5 
[Publication 2] and [Publication 3] and 

[Publication 5] 

7 
NDUFS

2 

NADH:Ubiquinone 

Oxidoreductase Core Subunit S2 
  

8 
AHCTF

1 

AT-Hook Containing 

Transcription Factor 1 
  

9 SSR1 
Signal Sequence Receptor 

Subunit 1 
  

1

0 
ATP7A 

ATPase Copper Transporting 

Alpha 
  

1

1 

TMEM2

01 
Transmembrane Protein 201 

[Publication 2] and [Publication 4] and 

[Publication 5] 

1

2 

POLR2

G 
RNA Polymerase II Subunit G   

1

3 

HRASL

S5 

Phospholipase A And 

Acyltransferase 5 
  

1

4 

MRPS1

8C 

Mitochondrial Ribosomal 

Protein S18C 
  

1

5 
GJC3 Gap Junction Protein Gamma 3   

1

6 

KRTAP

12-2 
Keratin Associated Protein 12-2 

[Publication 3] and [Publication 4] and 

[Publication 5] 

1

7 

SUCLA

2 

Succinate-CoA Ligase ADP-

Forming Subunit Beta 
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Table 1. Intervention studies on nutrigenomic effects of polyphenols accompanied with 

favorable cardiometabolic outcomes, assessed in blood samples with macro- or microarray 

methods. 

 

Table 2. Genes in common for at least three of the analyzed publications.  

Publication 1 (De Groote et al., 2012); bioactives - transresveratrol phosphate and catechin-rich 

grape seed extract. Publication 2 (Milenkovic et al., 2011); bioactive - hesperidin. Publication 3 

(Tomé-Carneiro et al., 2013b); bioactives - grape extract plus resveratrol. Publication 4 

(Milenkovic et al., 2014); bioactives - monomeric and oligomeric flavanols from grape seeds. 

Publication 5 (Rodriguez-Mateos et al., 2019); bioactives - wild blueberry anthocyanins. 
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Figure legends 

 

Figure 1. Flowchart of the literature search and data extraction. 

 

Figure 2. Pathways related to cellular processes that are in common for at least three of the 

analyzed publications. 

Publication 1 (De Groote et al., 2012); bioactives - transresveratrol phosphate and catechin-rich 

grape seed extract. Publication 2 (Milenkovic et al., 2011); bioactive - hesperidin. Publication 3 

(Tomé-Carneiro et al., 2013b); bioactives - grape extract plus resveratrol. Publication 4 

(Milenkovic et al., 2014); bioactives - monomeric and oligomeric flavanols from grape seeds. 

Publication 5 (Rodriguez-Mateos et al., 2019); bioactives - wild blueberry anthocyanins. 

Green circle: identified from the publication genomic data; red circle: not identified from the 

publication genomic data. 

 

Figure 3. Networks of pathways related to cellular processes that are in common for at least 

three of the analyzed publications. 

A) Networks of pathways related to specific cellular processes. B) Global network of pathways. 

 

Figure 4. Potential transcription factors which activity could be modulated by polyphenols. 

Set A - Publication 1 (De Groote et al., 2012); bioactives - transresveratrol phosphate and 

catechin-rich grape seed extract. Set B - Publication 2 (Milenkovic et al., 2011); bioactive - 

hesperidin. Set C - Publication 3 (Tomé-Carneiro et al., 2013b); bioactives - grape extract plus 

resveratrol. Set D - Publication 4 (Milenkovic et al., 2014); bioactives - monomeric and 
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oligomeric flavanols from grape seeds. Set E - Publication 5 (Rodriguez-Mateos et al., 2019); 

bioactives - wild blueberry anthocyanins. 

 

Figure 5. miRNAs that have been identified as differentially expressed following consumption 

of polyphenols. 

Publication 2 (Milenkovic et al., 2011); bioactive - hesperidin. Publication 3 (Tomé-Carneiro et 

al., 2013b); bioactives - grape extract plus resveratrol. Publication 5 (Rodriguez-Mateos et al., 

2019); bioactives - wild blueberry anthocyanins. 

 

Figure 6. miRNAs and their targets networks. Blue circles present miRNAs and yellow circles 

target genes of miRNAs. 

A) Publication 2 (Milenkovic et al., 2011); bioactive - hesperidin. B) Publication 3 (Tomé-

Carneiro et al., 2013b); bioactives - grape extract plus resveratrol. C) Publication 5 (Rodriguez-

Mateos et al., 2019); bioactives - wild blueberry anthocyanins. 

 

Figure 7. Functional enrichment analysis of differentially expressed miRNAs’ targets. 

Dot plot of functional enrichment analysis for target genes of selected miRNAs resulting from 

the enrichment analysis. The Y-axis reports the annotation categories (e.g., KEGG pathways) 

and the X-axis reports the selected miRNAs. The color of the dots represents the adjusted p-

values, and the size of the dots represents gene ratio. 

A) Publication 2 (Milenkovic et al., 2011); bioactive - hesperidin. B) Publication 3 (Tomé-

Carneiro et al., 2013b); bioactives - grape extract plus resveratrol. C) Publication 5 (Rodriguez-

Mateos et al., 2019); bioactives - wild blueberry anthocyanins. 
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Figure 8. Comparison of significantly over-represented pathways for miRNAs’ targets. 

Publication 2 (Milenkovic et al., 2011); bioactive - hesperidin. Publication 3 (Tomé-Carneiro et 

al., 2013b); bioactives - grape extract plus resveratrol. Publication 5 (Rodriguez-Mateos et al., 

2019); bioactives - wild blueberry anthocyanins. 

 

Figure 9. Integrated analysis of protein coding and non-coding gene expression. 

A) Comparison of differentially expressed genes with the target genes of miRNAs identified as 

differentially expressed from the same studies. Publication 2 (Milenkovic et al., 2011); bioactive 

- hesperidin. Publication 3 (Tomé-Carneiro et al., 2013b); bioactives - grape extract plus 

resveratrol. Publication 5 (Rodriguez-Mateos et al., 2019); bioactives - wild blueberry 

anthocyanins. B) Comparison of pathways identified for differentially expressed genes and 

targets of miRNAs. C) Pathways are affected by polyphenols by modulating the expression of 

protein coding genes and miRNAs. 

 

Figure 10. Association of polyphenol modulated genes with human diseases. 

Publication 2 (Milenkovic et al., 2011); bioactive - hesperidin. Publication 3 (Tomé-Carneiro et 

al., 2013b); bioactives - grape extract plus resveratrol. Publication 4 (Milenkovic et al., 2014); 

bioactives - monomeric and oligomeric flavanols from grape seeds. Publication 5 (Rodriguez-

Mateos et al., 2019); bioactives - wild blueberry anthocyanins. 

 

Figure 11. Correlations between polyphenol modulated genes and gene expression profiles of 

cardiometabolic diseases. 
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Blueberry - Publication 5 (Rodriguez-Mateos et al., 2019); Grape seed extract - Publication 4 

(Milenkovic et al., 2014); Resveratrol - Publication 3 (Tomé-Carneiro et al., 2013b). Gene 

expression profiles associated with cardiometabolic diseases were obtained from Gene 

Expression Omnibus database: Metabolic syndrome - GSE98895; T2DM - GSE23561; Arterial 

stiffness and hypertension - GSE6599. 

 

Figure 12. Correlations between polyphenol modulated genes and drug effects gene expression 

profiles. 

Blueberry - Publication 5 (Rodriguez-Mateos et al., 2019); Hesperidin - Publication 2 

(Milenkovic et al., 2011); Resveratrol - Publication 3  (Tomé-Carneiro et al., 2013b). Gene 

expression profiles associated with drug intake were obtained from Gene Expression Omnibus 

database: Statin study 1 - GSE11393; Statin study 2 - GSE71220; Metformin - GSE153318; 

Losartan - GSE37824; Telmisartan + Amlodipine - GES42808; Telmisartan - GES42808. 
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Highlights 

 Dietary polyphenols module expression of large number of genes in humans. 

 Modulated genes are involved in the regulation of cell adhesion and mobility, immune 

system, metabolism, or cell signaling  

 Polyphenols can regulate both protein coding and protein non-coding RNAs in humans 

 Gene expression profile is inversely correlated with cardiometabolic diseases and 

correlated with gene expression following intake of drugs against cardiometabolic 

disorders.  
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