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Abstract

:

Chronic inflammation has been identified as a necessary step to mediate atherosclerosis and cardiovascular disease and as a relevant stage in the onset and progression of several types of cancer. Considerable attention has recently been focused on the identification of dietary bioactive compounds with anti-inflammatory activities as an alternative natural source for prevention of inflammation-associated diseases. The remarkable capacity of cocoa flavanols as antioxidants, as well as to modulate signaling pathways involved in cellular processes, such as inflammation, metabolism and proliferation, has encouraged research on this type of polyphenols as useful bioactive compounds for nutritional prevention of cardiovascular disease and cancer. Data from numerous studies suggest that cocoa and cocoa-derived flavanols can effectively modify the inflammatory process, and thus potentially provide a benefit to individuals with elevated risk factors for atherosclerosis/cardiovascular pathology and cancer. The present overview will focus on the most recent findings about the effects of cocoa, its main constituents and cocoa derivatives on selected biomarkers of the inflammatory process in cell culture, animal models and human cohorts.
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1. Introduction


Inflammation is a protective physiological response of body tissues to harmful stimuli, such as pathogens, damaged cells, or irritants, that involves immune cells, blood vessels, and molecular mediators [1]. The purpose of inflammation is to eliminate the initial cause of cell injury, clear out necrotic cells and tissues damaged from the original insult and the inflammatory process, and to initiate tissue repair. Although inflammation is normally closely regulated by the body, chronic inflammation may lead to a host of diseases, including the two most lethal pathologies of our time, cardiovascular disease and cancer [1].



1.1. Inflammation and Cardiovascular Dysfunction


Chronic inflammation has been identified as a necessary step to mediate atherosclerosis and cardiovascular disease [2,3]. Multiple risk factors for atherosclerosis and cardiovascular disease act in a coordinated or synergistic way through one or more inflammatory pathways. Risk factors appear to act on three cell types that coordinate their action to influence cardiovascular dynamics, function, and structure. These cell types include: (i) endothelial cells that line the vascular lumen and control the transcellular flow of nutrients, hormones and immune cells, and regulate vascular tone and blood flow; (ii) smooth muscle cells that maintain vascular tone and structure; and (iii) immune cells, including monocytes/macrophages and T lymphocytes, which defend the endothelium and smooth muscle cells from chemical and biological insults [3]. The disruption or over-expression of the coordinated activities of these cells can lead to chronic inflammation and cardiovascular disease. Risk factors for cardiovascular disease with a pro-inflammatory component include LDL cholesterol, smoking, elevated blood sugar, hypertension, diabetes, infections, oxidant damage, interleukin-6 (IL-6) and C-reactive protein (CRP). In addition, these inflammatory risk markers can react synergistically to increase relative risk [3]. Thus, inflammatory mediators play a key role in the pathology of atherosclerosis, starting from the initial phases of leukocyte recruitment, and finishing with the eventual rupture of the atherosclerotic plaque [4]. Indeed, inflammation itself is recognized as a cardiovascular risk factor [2,5], and atherosclerosis and cardiovascular pathologies are readily recognized and treated as inflammatory diseases [6]. Consequently, suppression of inflammation by chemo-preventive compounds seems to be an attractive strategy to regulate the development and progression of cardiovascular disease.




1.2. Inflammation and Cancer


Chronic inflammation has also been recognized as a relevant step in the onset and progression of several types of cancer. During cancer progression, chronic inflammation is causally linked to carcinogenesis and acts as a driving force in the premalignant and malignant transformation of cells [7]. The milestone for the process of chronic inflammation is an increase in the activity of the pro-inflammatory enzymes cyclo-oxygenase-2 (COX-2) and inducible nitric oxide (NO) synthase (iNOS) which creates a microenvironment contributing to the development of preneoplastic lesions [8]. More significantly, inhibition of these two enzymes has shown protective effects against tumor development in different animal models, suggesting that they are crucial targets for tumorigenesis [8]. It has been suggested that an inflammatory microenvironment can increase mutation rates, in addition to enhancing the proliferation of mutated cells [7]. Activated inflammatory cells are sources of reactive oxygen species (ROS) that are capable of inducing DNA damage and genomic instability. Alternatively, inflammatory cells may use cytokines such as tumour necrosis factor alpha (TNF-α) to stimulate ROS accumulation in neighboring epithelial cells [7,8]. Furthermore, Grivennikov and colleagues [9] demonstrated that the redox-sensitive eukaryotic transcription factor nuclear factor kappa B (NF-κB), that regulates the expression of iNOS and COX-2, is constitutively activated in neoplastic cells and may constitute a dangerous association in the development of cancer. The inflammatory microenvironment is completed by pro-inflammatory cytokines produced by immune cells. Among these cytokines, the pro-tumorigenic function of TNF-α and IL-6 is well established. The role of TNF-α and IL-6 as master regulators of tumor-associated inflammation and tumorigenesis makes them attractive targets for adjuvant treatment in cancer [10]. Therefore, the use of chemo-preventive compounds that suppress inflammation seems to be a useful strategy to control the development and progression of several cancers.




1.3. Cocoa Flavonoids as Anti-Inflammatory Compounds


Considerable attention has recently been focused on the identification of dietary compounds with anti-inflammatory bioactivity as an alternative natural source for prevention of inflammation-associated diseases [11]. During the last decade, a growing number of studies have demonstrated that flavanols, a sub-family of the flavonoid family of polyphenols, show the capacity to modulate inflammation, as well as other major metabolic and immunological pathways [12]. The molecular mechanisms underlying their chemo-preventive effects have been associated with their antioxidant capacity, as well as the modulation of signalling cascades and expression of genes involved in the regulation of cell proliferation and apoptosis and the suppression of chronic inflammation [13]. Indeed, the capacity of flavanols to modulate signalling pathways involved in cellular processes such as inflammation, metabolism, proliferation and apoptosis has encouraged research on this type of polyphenols as useful bioactive compounds for nutritional prevention of cardiovascular disease and cancer.



Flavanols or catechins are present in many fruits and vegetables, but mainly in tea, wine and cocoa [14,15,16]. Cocoa is a rich source of antioxidants; in a study that measured the total concentration of redox compounds in 1113 different foods, out of the 50 foods with the highest antioxidant capacity, five were cocoa based [17]. Indeed, cocoa has the highest flavanol content of all foodstuffs on a weight basis and is a significant contributor to the total dietary intake of flavonoids [14,15,16]. Cocoa contains high amounts of the flavonoids (−)-epicatechin (EC), (+)-catechin and their dimers procyanidins B2 (PB2) and B1, although other polyphenols such as quercetin, isoquercitrin (quercetin 3-O-glucoside), quercetin 3-O-arabinose, hyperoside (quercetin 3-O-galactoside), naringenin, luteolin and apigenin have also been found in minor quantities [18]. Cocoa powder is also a rich source of fiber (26%–40%), proteins (15%–20%), carbohydrates (about 15%) and lipids (10%–24%) and it contains minerals and vitamins [19]. Cocoa and derivatives, especially chocolate, are widely consumed worldwide, due to the highly attractive organoleptic characteristics. Indeed, cocoa products constitute a larger proportion of the diet of many individuals, than green tea, wine, or soy beans [20,21]. The mean intake of catechins and procyanidins estimated for USA is higher than the estimated intake of other flavonoids [22]. Chocolate consumption contributed 2–5 mg of daily catechin intake out of an estimated total of 50 mg per day in a report from the Netherlands [20]. Finally, it has been estimated that cocoa products account for 10% of the total antioxidant capacity of Spanish dietary intake [21].




1.4. Bioavailability and Distribution of Cocoa Flavanols


Health effects derived from cocoa flavonoids depend on their bioavailability (absorption, distribution, metabolism, and elimination), which is also influenced by their chemical structure [23]. In this regard, different studies have shown the absorption of catechin, EC and dimeric procyanidins, after the intake of different cocoa-derived products by animals and humans [24,25]. In particular, monomeric flavonoids are absorbed in the small intestine and together with their metabolites (i.e., methylated, sulfated, and glucuronidated compounds), which may retain bioactivity, are rapidly detected in the plasma at concentrations in the range of nM to μM [26,27,28] and urine [29]. Absorbed flavanols are extensively distributed and can be found in lymphoid organs such as the thymus, spleen and mesenteric lymphoid nodes, as well as in the liver and testes at different concentrations [30]. In contrast, procyanidins (dimers and trimers) and large proanthocyanidins appear to be 10–100-fold less absorbed [23,31]. Therefore, their beneficial effects would be mainly circumscribed to the gastrointestinal tract where they may have an important local function [19,32]. Furthermore, oligomers and polymers of flavanols that are not absorbed through the gut barrier are metabolized by the intestinal microbiota into various phenolic acids of low molecular weight, which are more bioavailable, and might be well absorbed through the colonic mucosa [25,30]. Interestingly, recent findings have revealed that some of these microbial metabolites derived from cocoa consumption also hold biological properties [33,34].




1.5. Cocoa Flavanols in the Prevention of Cardiovascular Disease and Cancer


As stated above, because of their anti-inflammatory capacity, flavanols could be useful in the prevention and treatment of high-prevalence disorders, such as cardiovascular disease and cancer. Data from numerous studies suggest that cocoa-derived flavanols can effectively modify the inflammatory process [2,12,19], and thus, potentially provide a benefit to individuals with elevated risk factors for atherosclerosis/cardiovascular pathology and cancer. The implication of the anti-inflammatory effect of flavanols on endothelial and cardiovascular function has been extensively reviewed by Cooper et al. [12] and Selmi et al. [35] and, more recently, in this same journal, by Khan et al. [2]. On the other hand, studies performed in animals have demonstrated that cocoa and its main phenolic components, probably through their antioxidant and/or anti-inflammatory capacity, may prevent and/or slow down the initiation-progression of different types of cancers such as cancer of the prostate, liver, colon, leukemia, etc. [36]. In addition, several human intervention studies have reported some favorable changes in biomarkers assessing antioxidant and anti-inflammatory status that could have a role in the onset and incidence of human tumorigenesis, all of which have been recently reviewed [36,37]. The present article will review some recent findings on the anti-inflammatory effects of cocoa and cocoa flavanols on cell and tissue function related to cardiovascular disease and cancer plus additional results regarding the anti-inflammatory capacity of cocoa flavanols on other cell types and tissues not previously reviewed. Data will be separated into three different sections regarding the experimental models used for the study, cell culture, animal experimentation and human studies.





2. Studies of Cell Culture


Cell culture studies constitute a useful tool to elucidate the molecular mechanisms of action of flavanols including those related to inflammatory processes. It should be mentioned that both free flavanols and their metabolites circulate in blood, and some flavanol metabolites have shown to have a remarkable biological activity [33,34], indicating that their synergic effect to that of pure compounds should not be ruled out. Moreover, intracellular and bound phenolic metabolite concentrations can be higher than plasma levels, and can be significantly bioactive even when plasma concentrations are in the nM range [38]. These crucial points should be considered when discussing flavanol doses used in cell culture studies and the potential value of their extrapolation to a whole-organism situation.



The physiological process of inflammation involves key inflammatory mediators, such as NF-κB, TNF-α, COX-2 and lipoxygenases (LOX). These proteins are closely related to endothelial dysfunction [2], as well as to cell proliferation, anti-apoptotic activity, angiogenesis and metastasis [39]. A specific effect of cocoa flavanols on the in vitro (cell-free) activity of some of these mediators has been reported. Thus, cocoa flavonoids were shown to inhibit enzyme activity of several mammalian LOX, involved in arachidonic acid metabolism and the synthesis of several inflammatory mediators [40]. The biological role of 5-LOX is closely connected with the biosynthesis of leukotrienes, and the inhibition of human 5-LOX by cocoa flavonoids suggests anti-leukotriene actions of these compounds, which may confer some anti-inflammatory, vasoprotective, and anti-bronchoconstrictory capacity [40].



The production of pro-inflammatory cytokines by immune cells is a critical step in the establishment and maintenance of an inflammatory status, and is, therefore, a primary target for putative anti-inflammatory interventions [35]. Thus, a number of cell culture studies have focused on immune defense system blood cells, such as platelets, macrophages, lymphocytes, peripheral mononuclear, etc., and the results of these studies have been systematically reviewed in a recent article by Khan and colleagues [2]. Reports on cells derived from other tissues are not as frequent and this topic requires further coverage. In particular, cell culture studies have demonstrated that cocoa phenolic compounds exhibited a variety of potential anti-inflammatory effects in intestinal cells [41,42,43,44], which may contribute to their cancer chemo-preventive activity (Table 1). Thus, cocoa procyanidins have been shown to inhibit TNFα-induced NF-κB activation, iNOS, and cell oxidant increase in Caco-2 cells [41]. These effects occurred because cocoa hexameric procyanidins can inhibit binding of TNF-α to its receptor and the subsequent NF-κB activation [41]. More recently, high molecular weight polymeric procyanidins from cocoa decreased IL-8 in human colon cancer HT-29 cells stimulated with TNF-α [42]. A cocoa phenolic extract inhibited the inflammatory mediator prostaglandin E2 in human intestinal Caco-2 cells [43]. In the same colonic cell line, a comparable cocoa phenolic extract significantly reduced the increase in inflammatory markers such as IL-8 secretion, COX-2 and iNOS expression induced by the pro-inflammatory agent TNF-α [44]. In this study, the cocoa phenolic extract selectively decreased the nuclear translocation of NF-κB induced by TNF-α, indicating that this pathway could be an important mechanism contributing to the reduction of intestinal inflammation. In mouse epidermal cells, cocoa polyphenols inhibited TNF-α-induced phosphorylation of protein kinase B (PKB/AKT) and extracellular-regulated kinases (ERK) and suppressed the TNF-α-induced mitogen activated protein kinase-1 (MEK1) activity and the phosphatidylinositol-3-kinase (PI3K) activity, suggesting a chemopreventive potential against pro-inflammatory cytokine-mediated skin cancer and inflammation [45]. Similarly, inhibition of nitrite and TNF-α production has been reported for (+)-catechin in lipopolysaccharide (LPS)-stimulated macrophages [46] and for EC in murine aorta endothelial cells [47]. Furthermore, NF-κB activation was reduced in RAW 264.7 murine macrophage cells treated with a polyphenol-enriched cocoa extract [48] and treatment of peritoneal macrophages cultured ex vivo with the same cocoa extract reduced IL-6, IL-1β, and TNF-α induced by LPS [48]. All these results have been summarized in Table 1.



Additionally, anti-inflammatory effects of cocoa polyphenols may also indirectly result from their remarkable antioxidant capacity. Antioxidant activity is mediated by the ability to scavenge free oxygen and nitrogen species, abrogating the pro-inflammatory activity of ROS-generating enzymes such as COX, LOX, and iNOS [36,37,39,44]. Cocoa flavanols also stimulate activities of crucial antioxidant enzymes such as catalase, superoxide dismutase, glutathione peroxidase (GPx), glutathione reductase (GR) and glutathione-S-transferase (GST) [51]. Indeed, antioxidant capacity of EC to protect monocytes from oxidative stress is crucial for an efficient anti-inflammatory effect of cortisol [52]. Essential biological activities related to the antioxidant effects of cocoa flavonoids have been recently reviewed by Martin et al. [36].



Not all cell culture studies have, however, supported the anti-inflammatory effect of cocoa and its polyphenols (Table 1). In a recent study performed in differentiated Caco-2 cells, cocoa polyphenols neither affected IL-6 and IL-8 production, nor enhanced high density lipoproteins (HDL) functionality after LPS-induced inflammation [49]. Furthermore, in liver-derived HepG2 cells, EC transiently stimulated the NF-κB pathway by increasing NF-κB (p65) levels and IκB kinase, and enhancing NF-κB nuclear translocation and DNA binding activity [50]. But in this case, induction of the redox-sensitive transcription factor NF-κB was associated to that of ERK, which is involved in the control of hepatic cell survival and proliferation, pointing out to the role of EC in the promotion of cell protection and survival pathways [50]. The study of the intrinsic mechanisms involved in inflammation as well as the evaluation of biomarkers of the cellular antioxidant defence system in such conditions could greatly help to identify potential strategies for the prevention or disappearance of inflammation-related diseases. In this line, nutritional sciences can benefit from cell culture models where the molecular mechanisms involved in the biological effect of potential antiinflammatory compounds can be accurately assayed. A critical point for the potential extrapolation of data from cell culture to a whole-organism situation in humans is the use of realistic doses of the chemo-protective compounds. After normal dietary intakes, polyphenols and their metabolites appear in the circulatory system at nM–μM concentrations, so they are the most appropriate doses for in vitro studies [26,27].




3. Studies of Experimental Animals


Animal studies offer an excellent opportunity to assess the contribution of the physiological effects of consumption of cocoa and cocoa components in different models of inflammation. Interestingly, addition of cocoa to experimental diets has regularly shown high acceptation by the animals and no toxicity even in chronic studies for more than 100 weeks [53]. More recently, no evidence of inflammatory processes or carcinogenicity was found in chronic studies with dietary doses of 5% [54] and 12% [32,44] of cocoa powder in rats. As a matter of fact, cocoa administration has been shown to reduce inflammation induced by adjuvant arthritis in rats [55]. Thus, administration for seven days of a high-cocoa diet (4.8 g/kg/day) reduced the production of the pro-inflammatory cytokines IL-6 and TNF-α, as well as of NO and ROS, in rat peritoneal macrophages ex vivo [55].



3.1. Cocoa and Cardiovascular Disease in Animal Models


A number of animal studies have supported the anti-inflammatory effect of cocoa-enriched diets with a potential impact in cardiovascular health (Table 2). Hence, cocoa supplementation (8%) for 10 weeks significantly decreased the plasma levels of the pro-inflammatory mediator IL-6 and the expression of several pro-inflammatory genes in mice submitted to a high fat diet [56]. Also, in high-fat fed mice, the same group has reported that dietary cocoa reduces adipose tissue inflammation [57]. In this study, cocoa supplementation decreased adipose tissue mRNA levels of TNF-α, IL-6, iNOS, and nuclear protein levels of NF-κB. Finally, cocoa treatment reduced the concentration of arachidonic acid and protein levels of the eicosanoid-generating enzymes, adipose-specific phospholipase A2 and COX-2 in the adipose tissue [57]. Also in mice submitted to a high fat diet, cocoa treatment counteracted lipid storage in the liver and improved the lipid-metabolizing activity and oxidative stress defences, a process that seems to be mediated by the activation of peroxisome proliferator-activated receptor α (PPARα) [58]. The flavanol fraction of cocoa powder suppressed changes associated with early-stage metabolic syndrome in high-fat diet-fed rats [59]. In addition to their hypotensive effects, cocoa flavanols enhanced thermogenesis and lipolysis, and consequently reduced white adipose tissue weight gain in response to high-fat diet feeding [59]. In another study, a cocoa polyphenol extract suppressed cardiovascular inflammation and oxidative stress in a mice model of experimental myocarditis [60]. Treatment of these mice with the cocoa polyphenol extract, reduced mRNA expressions of IL-1β, IL-6, E-selectin, vascular cell adhesion molecule (VCAM)-1, as well as the phosphorylation of NF-κB p65 in heart [60]. Finally, administration of the main cocoa flavanols, catechin and EC, reduced arterial blood pressure in spontaneously hypertensive rats, an effect which was not observed in normotensive animals [61]. However, not all animal studies have unequivocally confirmed the anti-inflammatory effect of cocoa flavanols, since a high-polyphenol chocolate administration showed no effects on plasma levels of VCAM-1 and E-selectin in ApoE3-Leiden mice fed with a high cholesterol diet [62]. These results have been summarized in Table 2.




3.2. Cocoa and Colon Inflammation and Cancer in Animal Models


Cocoa and its flavanols have shown a potential preventive effect against several types of cancer, including mammary, lung, prostate, liver and colon [36]. However, due to the multiple biological activities reported for flavanols, i.e., antioxidant, anti-proliferative, pro-apoptotic, anti-inflammatory, etc., the specific mechanism of action responsible for the anticancer effect might not be unique and could differ depending on the cancer type. Most of the studies of cocoa flavanols on animal models of cancer have not explored parameters of inflammation, precluding establishing a direct correlation between the anti-inflammatory capacity and cancer prevention. The only cancer type where the anti-inflammatory ability of cocoa flavanols has revealed a crucial role in the prevention of neoplastic lesions is colorectal cancer [36,37].



3.2.1. Cocoa and Colon Inflammation


Cocoa has a high concentration of procyanidins that are poorly absorbed in the intestine where they may have an important antioxidant and anti-inflammatory local function; therefore, they could have a major role in the prevention of the onset and development of inflammatory bowel disease and colorectal cancer. Certainly, most of the published works support the capability of cocoa polyphenols to effectively suppress the production of cytokines and adhesion molecules that promote inflammation in the colon (Table 3) [63]. For instance, in a mouse model for ulcerative colitis, one of the main manifestations of the inflammatory bowel disease, oral administration of a polyphenol-enriched cocoa extract significantly reduced the severity of the colon inflammation, as well as decreased crypt damage and leukocyte infiltration in the mucosa [48]. Similarly, in a rat model for ulcerative colitis by administration of dextran sulfate sodium (DSS), a diet enriched with a 5% of cocoa powder for two weeks showed anti-inflammatory potential because it down-regulated serum TNF-α, colon iNOS activity and decreased colon cell infiltration [54]. More recently, it has been observed that dietary cocoa inhibits colitis-associated cancer in a mouse model of azoxymethane (AOM)/DSS-induced chronic inflammation by activating the nuclear factor (erythroid-derived 2)-like 2 (Nrf2) pathway [64] and suppressing the IL-6/Signal transducer and activator of transcription (STAT)-3 pathway [65].




3.2.2. Cocoa and Colon Cancer


As stated above, the anti-inflammatory local function of cocoa procyanidins could have a major role in the prevention or delay of initial steps of colorectal cancer. The potentially important role of cocoa and their phenolic compounds for colon cancer prevention was first demonstrated by Weyant et al. [66]. In this study with a genetic model of multiple intestinal neoplasia that spontaneously develops numerous intestinal tumors, the authors demonstrated that the cocoa flavonoid catechin added to a diet in concentrations of 0.1% and 1%, was able to diminish the formation of intestinal tumors by 75% and 71%, respectively. Mechanistic studies linked this effect to (+)-catechin-induced changes in integrin-mediated intestinal cell-survival signaling, including structural alteration of the actin cytoskeleton and decreased focal adhesion kinase (FAK) tyrosine phosphorylation. As one of the earliest changes in adenoma development, FAK has been implicated in the regulation of cell migration [67], suggesting that (+)-catechin could prevent the progression of initiated enterocytes into the adenoma stage.



More recently, the chemo-preventive ability of a cocoa rich-diet on colon inflammation and pre-neoplastic lesions has been studied in male Wistar rats using the AOM-induced colon cancer model [44]. Administration of the colon-specific carcinogen AOM to rodents evokes the growth of aberrant crypt foci, which are pre-neoplastic lesions in the colon that may progress into cancer [68]. Feeding animals with a 12% cocoa-enriched diet for eight weeks suppressed intestinal inflammation induced by AOM through the inhibition of NF-κB signaling and the down-regulation of the expression of pro-inflammatory enzymes COX-2 and iNOS [44]. Moreover, cocoa flavanols indirectly reduced intestinal inflammation through their antioxidant and anti-proliferative effects. Thus, cocoa feeding was able to prevent oxidative stress by reverting the AOM-induced diminished levels of reduced glutathione and activities of GPx, GR and GST to basal values. Interestingly, in the same rat model of AOM-induced colon inflammation-cancer, a diet supplemented with dark chocolate has been reported to reduce cell proliferation and downregulate transcription levels of COX-2 and RelA resulting in a lower number of early pre-neoplastic lesions [69]. These results are summarized in Table 3.






4. Studies in Humans


Although substantial laboratory data from cell culture and animal studies support the anti-inflammatory effect of cocoa, extrapolation of the results to the human situation is difficult. It should be considered that animal experimental models are subjected to highly controlled conditions whereas exposure of humans to doses of pro-inflammatory compounds and other irritants may occur constantly and life-long. Additionally, the response of humans in an inflammatory situation to chemo-protective agents and diets may be strongly influenced by genetic polymorphisms, changes in DNA methylation and epigenomic events [70]. Thus, studies focusing on the effect of a regular consumption of cocoa or its derivatives on inflammatory markers, either related to cardiovascular disease or other pathologies such as cancer, are needed.



Many environmental causes and risk factors of cancer are associated with some form of chronic inflammation which acts as a driving force in the carcinogenic transformation of cells [7]. There are no proper human intervention studies attempting to show a correlation between cocoa intake and inflammatory markers for cancer prevention, but a few human intervention trials indicate that cocoa favorably affects intermediary factors of inflammation in cancer progression [71]. However, whether modification of any of these parameters will correlate with a lower incidence or development of specific cancers is highly debatable. A recent comprehensive review of the anti-inflammatory effect of cocoa flavanols associated with human cancer was written by Martín et al. [36].



4.1. Cocoa and Human Cardiovascular Disease


Inflammation is an important contributor to the development of endothelial dysfunction and atherosclerosis and inflammatory mediators appear to play a key role in each step of human atherogenesis, starting from the initial phases of leukocyte recruitment to the eventual rupture of the vulnerable atherosclerotic plaque [2]. Indeed, inflammation is considered a risk factor for human cardiovascular disease [2]. The accumulated evidence on the human health benefits of cocoa for disorders of a chronic inflammatory nature such as cardiovascular disease has been recently and thoroughly reviewed by Khan and colleagues [2]. Ever since some new studies have conferred a modest support to the anti-inflammatory effect of cocoa as well as confirmed the difficulty to achieve clear cut conclusions from human studies (Table 4).



4.1.1. Cocoa and Inflammatory Interleukins and CRP


In support of the benefits of cocoa flavanols preventing endothelial inflammation and dysfunction, a recent report has shown that consumption of EC-containing apple puree increased NO metabolite status and attenuated platelet reactivity in healthy subjects (Table 4) [72]. Also recently, a randomised, cross-over, free-living study was carried out by Sarriá et al. [73] in 24 healthy and 20 moderately hypercholesterolaemic subjects to assess the influence of regularly consuming (four weeks) two servings (15 g each) of a cocoa product rich in fiber (containing 33.9% of total dietary fiber and 13.9 mg/g of soluble polyphenols) in milk vs. consuming only milk (Table 4). In those conditions, cocoa intake evoked an increase in serum HDL-cholesterol levels and a decrease in serum glucose, IL-1β, and IL-10 levels. In human subjects, the expression of IL-10 has been demonstrated in both coronary arteries and atherosclerotic plaques, and higher serum levels of IL-10 have been shown in atherosclerosis patients compared with controls, suggesting that the levels of IL-10, as an anti-inflammatory molecule, may be elevated in response to the pro-inflammatory environment of atherosclerosis [74]. In agreement with this, in the study by Sarriá and coworkers, IL-10 levels were higher in the hypercholesterolaemic subjects than in the normocholesterolaemic subjects (Table 4). IL-10 is involved in the inflammatory response by the downregulation of the synthesis of other cytokines, such as IL-1β [75], which is in accordance with the statistically significant reduction of IL-1β levels observed by Sarriá et al. [73]. Regarding serum lipid profile and cytokine levels, similar results have been reported after a representative intake of a flavanol-rich soluble cocoa product by moderately hypercholesterolemic subjects [76] and of a dietary-fiber-rich cocoa product by a similar human population (Table 4) [77]. However, the most recent data in support of an association between cocoa flavanols and decreased risk of various cardiovascular conditions is the epidemiology study by Kwok and coworkers [78]. This article also includes a meta-analysis of nine separate studies and 157,809 participants that found that higher chocolate consumption was significantly associated with lower risk of coronary artery disease, stroke, and cardiovascular mortality.



However, results from very recent studies have challenged the anti-inflammatory effects of cocoa flavanols (Table 4). Dower et al. [79] have reported that supplementation of pure EC reduced endothelial selectin, a marker of endothelial dysfunction, but did not affect biomarkers of inflammation in pre-hypertensive adults. This latter result is in line with those from Grassi et al. [80], Muniyappa et al. [81] and Monagas et al. [82] that found no significant effects on markers of inflammation such as IL-6, CRP or intercellular cell adhesion molecule (ICAM) after consumption of flavanol-rich cocoa or chocolate. Finally, a pro-inflammatory effect of cocoa flavanols has also been reported. In a study of healthy subjects, chocolate consumption increased release of TNF-α, IL-1β and IL-10 in microbial-stimulated mononuclear blood cells as an important mechanism through which chocolate consumption may influence acne [83]. These results may reflect differences in dose of cocoa or chocolate flavanols or else subjects’ health status. It is worth noting that flavanol concentration largely vary among cocoa and chocolate products; milk chocolate, dark chocolate, and natural cocoa powder contain 3 mg/g, 14 mg/g and 40 mg/g of flavanols, respectively [84].




4.1.2. Cocoa and Soluble Adhesion Molecules


Soluble adhesion molecules are early biomarkers of alterations in vascular function that indirectly indicate vascular inflammation and endothelial cell activation [2,3,4,5,6]. Divergent effects of flavanol-rich foods on cell adhesion molecule level have been described. In support of a down-regulation of adhesion molecules by cocoa flavanols, in a widely referred study [85], hypercholesterolaemic postmenopausal women who consumed a high-flavanol cocoa beverage (446 mg of total flavanols) for six weeks had significantly lower levels of VCAM-1 compared with those consuming a low-flavanol cocoa beverage (43 mg of total flavanols). EC and certain B-type procyanidin dimers, as well as their related metabolites, are pointed as the candidates for the effects of high-flavanol cocoa beverage, as they inhibit the activation of the oxidative stress-sensitive NF-κB, a known promoter of VCAM-1 expression [85]. Likewise, in a study on high-risk cardiovascular subjects [82], ICAM-1 levels were significantly decreased after consuming 40 g of cocoa powder with milk (495 mg of total polyphenols). More recently, in a study in overweight men, dark chocolate consumption decreased plasma concentrations of ICAM-1 and ICAM-3 (Table 4) [86]. The combination of lower numbers of leukocytes, decreased leukocyte adhesion molecule expression, and decreased plasma soluble adhesion molecules after 4 weeks of dark chocolate consumption point toward reduced leukocyte adherence and subsequently reduced activation of the endothelium, the initial state of atherosclerosis [86]. In conflict with all of the above, ICAM-1 values did not change in obese adults at risk for insulin resistance that consumed cocoa beverages containing 30–900 mg flavanol per day within a controlled diet for five days [87], and VCAM-1 levels also remained unaltered after a fiber-rich [73] or flavanol-rich [76] cocoa intake both in normo- and hypercholesterolemic subjects. The use of cocoa products with different phenolic composition in distinct human sub-population groups (healthy, hypercholesterolemic, obese, dyslipidemic, diabetic, etc.) accounts for some apparently contradictory findings and challenges potential conclusions.




4.1.3. Cocoa Fiber and Theobromine


Although there is increasing evidence supporting an anti-inflammatory effect of cocoa polyphenols by way of decreasing serum CRP levels as well as different cytokines (IL-2, IL-5, TNF-α, TGF-β) and adhesion molecules, the absence of any measurable impact has also been reported [88,89]. As above, the use of different cocoa products with dissimilar phenolic composition in distinct population groups might be the cause for the conflicting findings. Moreover, flavonoids are not the only cocoa components with potential bioactivity; dietary fiber and methylxanthines, particularly theobromine, are interesting cocoa constituents that are receiving more attention lately. In line with this, epidemiologic observations show that cereal fiber, and mainly insoluble dietary fiber, offers protection from cardiovascular disease through modulation of anti-inflammatory biomarkers [90]. In an interventional study, Qi and coworkers [91] observed that high whole grain intake was associated with lower CRP and TNF-α levels among women with type 2 diabetes. Other authors have also reported an inverse association between whole grain intake and CRP concentrations [92,93,94,95]. These effects of whole grains have been attributed to the synergistic anti-inflammatory effects of dietary fiber, minerals, antioxidants, polyphenols and other phytonutrients present in whole grains.



The effect of dietary fiber on anti-inflammatory biomarkers others than CRP, has been scarcely studied. Intake of a high-fiber diet is associated with lower plasma levels of pro-inflammatory cytokines, IL-6 and TNF-R2 [96], and administration of a dietary fiber-rich cocoa product evoked a decrease of serum IL-1β, and IL-10 levels [73,77]. Actually, the studies of Sarriá and colleagues are the only ones that have investigated the effect of cocoa fiber in inflammatory biomarkers in humans. Two other major outcomes from these unique studies should be highlighted since they could also affect endothelial function preventing inflammation, atherogenesis and cardiovascular disease; the regular consumption of dietary fiber-rich cocoa products provoked an increase of serum HDL-cholesterol and a decrease of fasting serum glucose.



The increase found in HDL-cholesterol in the previously mentioned study is in line with other results in similar populations after an intake of flavanol-rich cocoa [76], of cocoa powder with milk [97] and also in agreement with the results described by Jenkins and colleagues [98] who reported a significant increase in HDL-cholesterol after consumption of a cocoa bran (25 g dietary fiber/day) for two weeks by healthy subjects. However, in a previous open intervention trial among free-living, moderately hypercholesterolemic volunteers who consumed two servings of a fibre-rich cocoa product daily, to provide a total dietary fiber of 12 g/day, HDL-cholesterol was not significantly increased after eight weeks as compared with baseline values [99]. Interestintly, Neufingerl and coworkers [100] have reported that theobromine independently increased HDL-cholesterol in a two-centre, double-blind, randomized, placebo-controlled, design in healthy subjects, suggesting the cocoa methylxanthine was responsible for increased HDL-cholesterol in cocoa interventions. However, in the study by Sarriá et al. [77], a higher intake of methylxanthines in one of the tested products did not result in a significant increase of HDL-cholesterol as compared to the other cocoa product, suggesting methylxanthines are not fully responsible for the HDL-cholesterol enhancing effect.



On the other hand, the decrease of fasting serum glucose after intake of a dietary fiber-rich cocoa product [77] is in agreement with the significant decrease in fasting plasma glucose observed in a previous study with a different dietary fiber-rich cocoa product [99]. Overall, polyphenol rich cocoa products have been shown to reduce fasting and postprandial blood glucose as well as insulin resistance [80,101,102], but contradictory results have also been published. This was evident in a study in obese adults at risk for insulin resistance where cocoa beverages containing 30–900 mg flavanol per day within a controlled diet for five days reduced inflammatory markers but did not affect glucose homeostasis parameters [87], and a minor but significant increase in fasting plasma glucose was observed in overweight men after four weeks of dark chocolate intervention [86]. Methylxanthines, particularly theobromine, may also have a role in lowering plasma glucose [103]. However, in the study by Sarriá et al. [77], out of two cocoa products containing a similar amount of flavanols and comparable levels of theobromine, only the product rich in dietary fiber evoked a significant decrease of fasting glucose, pointing to dietary fiber rather than theobromine as the cocoa constituent responsible for this hypoglycemic effect.




4.1.4. Cocoa in the Context of a Healthy Diet


A most interesting finding in recent human studies including cocoa interventions is that neither cocoa, nor chocolate induced any weight gain or other anthropometric changes [73,76,86]. Indeed, although cocoa products are usually high-energy foods, they have been shown to have anti-obesity effects in humans [104] and rats [32,56,57,105,106,107]. In addition, chocolate and other cocoa soluble product manufacturers are actively pursuing ways of producing novel low energy products by lowering sugar and fat levels without compromising the flavor and texture of traditional chocolate. In this line, it is worth mentioning that a recent study has shown that an increased flavanol content did not have an additional beneficial effect on markers of endothelial health, but did affect taste and had a negative effect on the motivation to eat chocolate [86].



Overall, despite some contradictory results, the fact is that cocoa, and especially its flavonoids, by way of their biological activities, including anti-inflammatory ones, show remarkable benefits in maintaining health and helping to prevent most significant diseases such as cardiovascular and cancer. Indeed, it is worth remembering that the European Food Safety Authority (EFSA) has aproved two claims in support of the bioactivity of cocoa flavanols: cocoa flavanols help maintain normal blood presure [108] and endothelium-dependent vasodilation [109], which contributes to normal blood flow. In order to obtain the claimed effect, 200 mg of cocoa flavanols should be consumed daily. This amount could be provided by 2.5 g of high-flavanol cocoa powder or 10 g of high-flavanol dark chocolate, both of which can be consumed in the context of a balanced diet. A recent review of current data has proved such a claim as the most optimal for prevention of cardiovascular disease [110].






5. Conclusions


A number of studies of cell cultures and animals have unequivocally demonstrated that cocoa flavanols reduce pro-inflammatory cytokines and inhibit inflammatory mediators NF-κB, COX-2 and iNOS. Several studies in animals and humans have additionally shown that cocoa intake or flavanol administration decrease critical biomarkers of endothelial inflammation such as VCAM and ICAM, further supporting the anti-inflammatory effect of cocoa. Disparity of some results may reflect differences in dose of cocoa or chocolate flavanols, cell culture origin and conditions, the animal model utilized or subjects’ health status.



Besides cocoa flavanols, in order to further deliniate the anti-inflammatory effect of a cocoa intake, the role of three compounds should be investigated: (i) host and microbiota-derived flavanol metabolites; (ii) cocoa fiber and (iii) theobromine. All three have shown promising beneficial effects on inflammation and cardiovascular health and they should be considered in future controlled clinical trials.



So far, the majority of the results from cell culture studies, animal experimentation and cocoa interventions in humans support the anti-inflammatory effect of cocoa compounds, especially flavanols, cocoa soluble products and cocoa-rich chocolates. Importantly, cocoa products are highly favored by the population and their recommended intake, especially for chocolate, can be consumed in the context of a balanced diet.
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Nicod, N.; Chiva-Blanch, G.; Giordano, E.; Dávalos, A.; Parker, R.S.; Visioli, F. Green tea, cocoa, and red wine polyphenols moderately modulate intestinal inflammation and do not increase high-density lipoprotein (HDL) production. J. Agric. Food Chem. 2014, 62, 2228–2232. [Google Scholar] [CrossRef] [PubMed]

	



Granado-Serrano, A.B.; Martín, M.A.; Haegeman, G.; Goya, L.; Bravo, L. Epicatechin induces NF-κB, activator protein-1 (AP-1) and nuclear transcription factor erythroid 2p45-related factor-2 (Nrf2) via phosphatidylinositol-3-kinase/protein kinase B (PI3K/AKT) and extracellular regulated kinase (ERK) signalling in HepG2 cells. Br. J. Nutr. 2010, 103, 168–179. [Google Scholar] [CrossRef] [PubMed]

	



Rodríguez-Ramiro, I.; Martín, M.A.; Ramos, S.; Bravo, L.; Goya, L. Comparative effects of dietary flavanols on antioxidant defences and their response to oxidant-induced stress on Caco2 cells. Eur. J. Nutr. 2011, 50, 313–322. [Google Scholar] [CrossRef] [PubMed]

	



Ruijters, E.J.B.; Haenen, G.R.M.M.; Weseler, A.R.; Bast, A. The cocoa flavanol (−)-epicatechin protects the cortisol response. Pharmacol. Res. 2014, 79, 28–33. [Google Scholar] [CrossRef] [PubMed]

	



Tarka, S.M.; Morrissey, R.B.; Apgar, J.L.; Hostetler, K.A.; Shively, C.A. Chronic toxicity/carcinogenicity studies of cocoa powder in rats. Food Chem. Toxicol. 1991, 29, 7–19. [Google Scholar] [CrossRef]

	



Pérez-Berezo, T.; Ramírez-Santana, C.; Franch, A.; Ramos-Romero, S.; Castellote, C.; Pérez-Cano, F.J.; Castell, M. Effects of a cocoa diet on an intestinal inflammation model in rats. Exp. Biol. Med. 2012, 237, 1181–1188. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Ramos-Romero, S.; Pérez-Cano, F.J.; Pérez-Berezo, T.; Castellote, C.; Franch, A.; Castell, M. Effect of a cocoa flavonoid-enriched diet on experimental autoimmune arthritis. Br. J. Nutr. 2012, 107, 523–532. [Google Scholar] [CrossRef] [PubMed]

	



Gu, Y.; Yu, S.; Lambert, J.D. Dietary cocoa ameliorates obesity-related inflammation in high fat-fed mice. Eur. J. Nutr. 2014, 53, 149–158. [Google Scholar] [CrossRef] [PubMed]

	



Gu, Y.; Yu, S.; Park, J.Y.; Harvatine, K.; Lambert, J.D. Dietary cocoa reduces metabolic endotoxemia and adipose tissue inflammation in high-fat fed mice. J. Nutr. Biochem. 2014, 25, 439–445. [Google Scholar] [CrossRef] [PubMed]

	



Fidaleo, M.; Fracassi, A.; Zuorro, A.; Lavecchia, R.; Morenoc, S.; Sartoria, C. Cocoa protective effects against abnormal fat storage and oxidative stress induced by a high-fat diet involve PPARα signalling activation. Food Funct. 2014, 5, 2931–2939. [Google Scholar] [CrossRef] [PubMed]

	



Osakabe, N.; Hoshi, J.; Kudo, N.; Shibata, M. The flavan-3-ol fraction of cocoa powder suppressed changes associated with early-stage metabolic syndrome in high-fat diet-fed rats. Life Sci. 2014, 114, 51–56. [Google Scholar] [CrossRef] [PubMed]

	



Zempo, H.; Suzuki, J.I.; Watanabe, R.; Wakayama, K.; Kumagai, H.; Ikeda, Y.; Akazawa, H.; Komuro, I.; Isobe, M. Cacao polyphenols ameliorate autoimmune myocarditis in mice. Hypertens. Res. 2016, 39, 203–209. [Google Scholar] [CrossRef] [PubMed]

	



Quiñones, M.; Margalef, M.; Arola-Arnal, A.; Muguerza, B.; Miguel, M.; Aleixandre, A. The blood pressure effect and related plasma levels of flavan-3-ols in spontaneously hypertensive rats. Food Funct. 2015, 6, 3479–3489. [Google Scholar] [CrossRef] [PubMed]

	



Yakala, G.K.; Wielinga, P.Y.; Suárez, M.; Bunschoten, A.; Van Golde, J.M.; Arola, L.; Keijer, J.; Kleemann, R.; Kooistra, T.; Heeringa, P. Effects of chocolate supplementation on metabolic and cardiovascular parameters in ApoE3L mice fed a high-cholesterol atherogenic diet. Mol. Nutr. Food Res. 2013, 57, 2039–2048. [Google Scholar] [CrossRef] [PubMed]

	



Pérez-Cano, F.J.; Massot-Cladera, M.; Franch, A.; Castellote, C.; Castell, M. The effects of cocoa on the immune system. Front. Pharmacol. 2013, 4, 1–12. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Pandurangan, A.K.; Saadatdoust, Z.; Esa, N.M.; Hamzah, H.; Ismail, A. Dietary cocoa protects against colitis-associated cancer by activating the Nrf2/Keap1 pathway. Biofactors 2015, 41, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Saadatdoust, Z.; Pandurangan, A.K.; Sadagopan, S.K.A.; Esa, N.M.; Ismail, A.; Mustafa, M.R. Dietary cocoa inhibits colitis associated cancer: A crucial involvement of the IL-6/STAT3 pathway. J. Nutr. Biochem. 2015, 26, 1547–1558. [Google Scholar] [CrossRef] [PubMed]

	



Weyant, M.J.; Carothers, A.M.; Dannenberg, A.J.; Bertagnoll, M.M. (+)-Catechin inhibits intestinal tumor formation and suppresses focal adhesion kinase activation in the Min/1 mouse. Cancer Res. 2001, 61, 118–125. [Google Scholar] [PubMed]

	



Mahmoud, N.N.; Kucherlapati, R.; Bilinski, R.T.; Churchill, M.R.; Chadburn, A.; Bertagnolli, M.M. Genotype-phenotype correlation in murine Apc mutation: Differences in enterocyte migration and response to sulindac. Cancer Res. 1999, 59, 353–359. [Google Scholar] [PubMed]

	



Pritchard, C.C.; Grady, W.M. Colorectal cancer molecular biology moves into clinical practice. Gut 2011, 60, 116–129. [Google Scholar] [CrossRef] [PubMed]

	



Hong, M.Y.; Nulton, E.; Shelechi, M.; Hernández, L.M.; Nemoseck, T. Effects of dark chocolate on azoxymethane-induced colonic aberrant crypt foci. Nutr. Cancer 2013, 65, 677–685. [Google Scholar] [CrossRef] [PubMed]

	



Milner, J.A. Diet and cancer: Facts and controversies. Nutr. Cancer 2006, 56, 216–224. [Google Scholar] [CrossRef] [PubMed]

	



Maskarinec, G. Cancer protective properties of cocoa: A review of the epidemiologic evidence. Nutr. Cancer 2009, 61, 573–579. [Google Scholar] [CrossRef] [PubMed]

	



Gasper, A.; Hollands, W.; Casgrain, A.; Saha, S.; Teucher, B.; Dainty, J.R.; Venema, D.P.; Hollman, P.C.; Rein, M.J.; Nelson, R.; et al. Consumption of both low and high (−)-epicatechin apple puree attenuates platelet reactivity and increases plasma concentrations of nitric oxide metabolites: A randomized controlled trial. Arch. Biochem. Biophys. 2014, 559, 29–37. [Google Scholar] [CrossRef] [PubMed]

	



Sarriá, B.; Martínez-López, S.; Sierra-Cinos, J.L.; García-Diz, L.; Mateos, R.; Bravo, L. Regular consumption of a cocoa product improves the cardiometabolic profile in healthy and moderately hypercholesterolaemic adults. Br. J. Nutr. 2014, 111, 122–134. [Google Scholar] [CrossRef] [PubMed]

	



Lakoski, S.G.; Liu, Y.; Brosnihan, K.B.; Herrington, D.M. Interleukin-10 concentration and coronary heart disease (CHD) event risk in the estrogen replacement and atherosclerosis (ERA) study. Atherosclerosis 2008, 197, 443–447. [Google Scholar] [CrossRef] [PubMed]

	



Heiskanen, M.; Kahonen, M.; Hurme, M.; Lehtimäki, T.; Mononen, N.; Juonala, M.; Hutri-Kähönen, N.; Viikari, J.; Raitakari, O.; Hulkkonen, J. Polymorphism in the IL10 promoter region and early markers of atherosclerosis: The Cardiovascular Risk in Young Finns Study. Atherosclerosis 2010, 208, 190–196. [Google Scholar] [CrossRef] [PubMed]

	



Martínez-López, S.; Sarriá, B.; Sierra-Cinos, J.L.; Goya, L.; Mateos, R.; Bravo, L. Realistic intake of a flavanol-rich soluble cocoa product increases HDL-cholesterol without inducing anthropometric changes in healthy and moderately hypercholesterolemic subjects. Food Funct. 2014, 5, 364–374. [Google Scholar] [CrossRef] [PubMed]

	



Sarriá, B.; Martínez-López, S.; Sierra-Cinos, J.L.; García-Diz, L.; Goya, L.; Mateos, R.; Bravo, L. Effects of bioactive constituents in functional cocoa products on cardiovascular health in humans. Food Chem. 2015, 174, 214–218. [Google Scholar] [CrossRef] [PubMed]

	



Kwok, C.; Boekholdt, S.M.; Lentjes, M.A.; Loke, Y.K.; Luben, R.N.; Yeong, J.K.; Wareham, N.J.; Myint, P.K.; Khaw, K.T. Habitual chocolate consumption and risk of cardiovascular disease among healthy men and women. Heart 2015, 101, 1279–1287. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Dower, J.I.; Geleijnse, J.M.; Gijsbers, L.; Schalkwijk, C.; Kromhout, D.; Hollman, P.C. Supplementation of the pure flavonoids epicatechin and quercetin affects some biomarkers of endothelial dysfunction and inflammation in (pre)hypertensive adults: A randomized double-blind, placebo-controlled, crossover trial. J. Nutr. 2015, 145, 1459–1463. [Google Scholar] [CrossRef] [PubMed]

	



Grassi, D.; Lippi, C.; Necozione, S.; Desideri, G.; Ferri, C. Short-term administration of dark chocolate is followed by a significant increase in insulin sensitivity and a decrease in blood pressure in healthy persons. Am. J. Clin. Nutr. 2005, 81, 611–614. [Google Scholar] [PubMed]

	



Muniyappa, R.; Hall, G.; Kolodziej, T.L.; Karne, R.J.; Crandon, S.K.; Quon, M.J. Cocoa consumption for 2 weeks enhances insulin-mediated vasodilatation without improving blood pressure or insulin resistance in essential hypertension. Am. J. Clin. Nutr. 2008, 88, 1685–1696. [Google Scholar] [CrossRef] [PubMed]

	



Monagas, M.; Khan, N.; Andrés-Lacueva, C.; Casas, R.; Urpí-Sardá, M.; Llorach, R.; Lamuela-Raventós, R.M.; Estruch, R. Effect of cocoa powder on the modulation of inflammatory biomarkers in patients at high risk of cardiovascular disease. Am. J. Clin. Nutr. 2009, 90, 1144–1150. [Google Scholar] [CrossRef] [PubMed]

	



Netea, S.A.; Janssen, S.A.; Jaeger, M.; Jansen, T.; Jacobs, L.; Miller-Tomaszewska, G.; Plantinga, T.S.; Netea, M.G.; Joosten, L.A.B. Chocolate consumption modulates cytokine production in healthy individuals. Cytokine 2013, 62, 40–43. [Google Scholar] [CrossRef] [PubMed]

	



Gu, L.; House, S.E.; Wu, X.; Ou, B.; Prior, R.L. Procyanidin and catechin contents and antioxidant capacity of cocoa and chocolate products. J. Agric. Food Chem. 2006, 54, 4057–4061. [Google Scholar] [CrossRef] [PubMed]

	



Wang-Polagruto, J.F.; Villablanca, A.C.; Polagruto, J.A.; Lee, L.; Holt, R.R.; Schrader, H.R.; Ensunsa, J.L.; Steinberg, F.M.; Schmitz, H.H.; Keen, C.L. Chronic consumption of flavanol-rich cocoa improves endothelial function and decreases vascular cell adhesion molecule in hypercholesterolemic postmenopausal women. J. Cardiovasc. Pharmacol. 2006, 47, S177–S186. [Google Scholar] [CrossRef] [PubMed]

	



Esser, D.; Mars, M.; Oosterink, E.; Stalmach, A.; Müller, M.; Afman, L.A. Dark chocolate consumption improves leukocyte adhesion factors and vascular function in overweight men. FASEB J. 2014, 28, 1464–1473. [Google Scholar] [CrossRef] [PubMed]

	



Stote, K.S.; Clevidence, B.A.; Novotny, J.A.; Henderson, T.; Radecki, S.V.; Baer, D.J. Effect of cocoa and green tea on biomarkers of glucose regulation, oxidative stress, inflammation and hemostasis in obese adults at risk for insulin resistance. Eur. J. Clin. Nutr. 2012, 66, 1153–1159. [Google Scholar] [CrossRef] [PubMed]

	



Arranz, S.; Valderas-Martínez, P.; Chiva-Blanch, G.; Casas, R.; Urpí-Sardá, M.; Lamuela-Raventós, R.M.; Estruch, R. Cardioprotective effects of cocoa: Clinical evidence from randomized clinical intervention trials in humans. Mol. Nutr. Food Res. 2013, 57, 936–947. [Google Scholar] [CrossRef] [PubMed]

	



Ellam, S.; Williamson, G. Cocoa and human health. Ann. Rev. Nutr. 2013, 33, 105–128. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Qi, L.; Van Dam, R.M.; Liu, S.; Franz, M.; Mantzoros, C.; Hu, F.B. Whole-grain, bran, and cereal fiber intakes and markers of systemic inflammation in diabetic women. Diabetes Care 2006, 29, 207–211. [Google Scholar] [CrossRef] [PubMed]

	



Jensen, M.K.; Koh-Banerjee, P.; Franz, M.; Sampson, L.; Gronbaek, M.; Rimm, E.B. Whole grains, bran, and germ in relation to homocysteine and markers of glycemic control, lipids, and inflammation. Am. J. Clin. Nutr. 2006, 83, 275–283. [Google Scholar] [PubMed]

	



Lutsey, P.L.; Jacobs, D.R.; Kori, S.; Mayer-Davis, E.; Shea, S.; Steffen, L.M.; Szklo, M.; Tracy, R. Whole grain intake and its cross-sectional association with obesity, insulin resistance, inflammation, diabetes and subclinical CVD: The MESA Study. Br. J. Nutr. 2007, 98, 397–405. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Jonnalagadda, S.S.; Harnack, L.; Liu, R.H.; McKeown, N.; Seal, C.; Liu, S.; Fahey, G.C. Putting the whole grain puzzle together: Health benefits associated with whole grains—Summary of American Society for Nutrition 2010 Satellite Symposium. J. Nutr. 2011, 141, 1011S–1022S. [Google Scholar] [CrossRef] [PubMed]

	



Ma, Y.; Hebert, J.R.; Li, W.; Bertone-Johnson, E.R.; Olendzki, B.; Pagoto, S.L.; Tinker, L.; Rosal, M.C.; Ockene, I.S.; Ockene, J.K.; et al. Association between dietary fiber and markers of systemic inflammation in the Women’s Health Initiative Observational Study. Nutrition 2008, 24, 941–949. [Google Scholar] [CrossRef] [PubMed]

	



Khan, N.; Monagas, M.; Andrés-Lacueva, C.; Casas, R.; Urpí-Sardá, M.; Lamuela-Raventós, R.M.; Estruch, R. Regular consumption of cocoa powder with milk increases HDL cholesterol and reduces oxidized LDL levels in subjects at high-risk of cardiovascular disease. Nutr. Metab. Cardiovasc. Dis. 2012, 22, 1046–1053. [Google Scholar] [PubMed]

	



Jenkins, D.J.A.; Kendall, C.W.C.; Vuksan, V.; Vidgen, E.; Wong, E.; Augustin, L.S.A.; Fulgoni, V. Effect of cocoa bran on low-density lipoprotein oxidation and fecal bulking. Arch. Intern. Med. 2000, 160, 2374–2379. [Google Scholar] [CrossRef] [PubMed]

	



Sarriá, B.; Mateos, R.; Sierra-Cinos, J.L.; Goya, L.; García-Diz, L.; Bravo, L. Hypotensive, hypoglycaemic and antioxidant effects of consuming a cocoa product in moderately hypercholesterolemic humans. Food Funct. 2012, 3, 867–874. [Google Scholar] [CrossRef] [PubMed]

	



Neufingerl, N.; Zebregs, Y.E.M.P.; Schuring, E.A.H.; Trautwein, E.A. Effect of cocoa and theobromine consumption on serum HDL-cholesterol concentrations: A randomized controlled trial. Am. J. Clin. Nutr. 2013, 97, 1201–1209. [Google Scholar] [CrossRef] [PubMed]

	



Almoosawi, S.; Tsang, C.; Ostertag, L.M.; Fyfe, L.; Al-Dujaili, E.A.S. Differential effect of polyphenol-rich dark chocolate on biomarkers of glucose metabolism and cardiovascular risk factors in healthy, overweight and obese subjects: A randomized clinical trial. Food Funct. 2012, 3, 1035–1043. [Google Scholar] [CrossRef] [PubMed]

	



Grassi, D.; Desideri, G.; Necozione, S.; Lippi, C.; Casale, R.; Properzi, G.; Blumberg, J.B.; Ferri, C. Blood pressure is reduced and insulin sensitivity increased in glucose-intolerant, hypertensive subjects after 15 days of consuming high-polyphenol dark chocolate. J. Nutr. 2008, 138, 1671–1676. [Google Scholar] [PubMed]

	



Kelly, C.J. Effects of theobromine should be considered in future studies. Am. J. Clin. Nutr. 2005, 82, 483–489. [Google Scholar]

	



Visioli, F.; Bernaert, H.; Corti, R.; Ferri, C.; Heptinstall, S.; Molinari, E.; Poli, A.; Serafini, M.; Smit, H.J.; Vinson, J.A.; et al. Chocolate, lifestyle, and health. Crit. Rev. Food Sci. Nutr. 2009, 49, 299–312. [Google Scholar] [CrossRef] [PubMed]

	



Matsui, N.; Itoa, R.; Nishimura, E.; Kato, M.; Kamei, M.; Shibata, H.; Kamei, M.; Shibata, H.; Matsumoto, I.; Abe, K.; et al. Ingested cocoa can prevent high-fat diet–induced obesity by regulating the expression of genes for fatty acid metabolism. Nutrition 2005, 21, 594–601. [Google Scholar] [CrossRef] [PubMed]

	



Farhat, G.; Drummond, S.; Fyfe, L.; Al-Dujaili, E.A.S. Dark Chocolate: An Obesity Paradox or a Culprit for Weight Gain? Phytother. Res. 2014, 28, 791–797. [Google Scholar] [CrossRef] [PubMed]

	



Fernández-Millán, E.; Cordero-Herrera, I.; Ramos, S.; Escrivá, F.; Álvarez, C.; Goya, L.; Martín, M.A. Cocoa-rich diet attenuates beta cell mass loss and function in young Zucker diabetic fatty rats by preventing oxidative stress and beta cell apoptosis. Mol. Nutr. Food Res. 2015, 59, 820–824. [Google Scholar] [CrossRef] [PubMed]

	



European Food Safety Authority. Scientific Opinion on the substantiation of health claims related to cocoa flavanols and protection of lipids from oxidative damage and maintenance of normal blood pressure. EFSA J. 2010, 8, 1792. [Google Scholar]

	



European Food Safety Authority. Scientific opinion on the substantiation of a health claim related to cocoa flavanols and maintenance of normal endothelium-dependent vasodilation. EFSA J. 2012, 10, 2809. [Google Scholar]

	



Higginbotham, E.; Taub, P.R. Cardiovascular benefits of dark chocolate? Curr. Treat. Options Cardiovasc. Med. 2015, 17, 54–65. [Google Scholar] [CrossRef] [PubMed]








[image: Table] 





Table 1. Regulation by cocoa phenolic extracts and pure cocoa flavanols of proteins involved in the inflammatory process in cultured cells a.







Table 1. Regulation by cocoa phenolic extracts and pure cocoa flavanols of proteins involved in the inflammatory process in cultured cells a.







	
Polyphenol

	
Concentration

	
Effects

	
Reference






	
Cocoa polyphenol extract

	
50 µM

	
↓ PGE2

	
[43]




	
5–80 µg/mL

	
↓ TNF-α, ↓ IL-1α, ↓ IL-6, ↓ LPS-induced TNF-α secretion, ↓ NO

	
[19]




	
0.1–10 µg/mL

	
↓ PMA-induced superoxide production, ↓ IL-1α, ↓ IL-6

	
[36]




	
10 µg/mL

	
↓ TNF-α-induced IL-8, COX-2, iNOS and NF-κB activation

	
[44]




	
10–20 µg/mL

	
↓ TNF-α-induced NF-κB activation and PKB phosphorylation

	
[45]




	
10 µg/mL

	
↓ LPS-induced NF-κB activation, IL-6, IL-1β

	
[48]




	
50 µM

	
=LPS-induced IL-6, IL-8

	
[49]




	
Procyanidin polimers

	
2.5–60 µM

	
↓ TNF-α-induced NF-κB activation and iNOS

	
[41]




	
10–25 µg/mL

	
↓ TNF-α-induced IL-8

	
[42]




	
Procyanidin B2

	
1.7–50 µM

	
↓ NF-κB binding, ↓ TNF-α and PMA-induced NF-κB activation (=PB1)

	
[36]




	
Epicatechin

	
200–400 µM

	
↓ MCP1, ↓ TNF-α, ↓ IL-1α, ↓ IL-6, ↓ NO

	
[19]




	
1–10,000 µM

	
↓ LPS-induced nitrite and TNF-α production

	
[47]




	
1.7–17.2 µM

	
↓ TNF-α-stimulated NF-κB

	
[36]




	
10 µM

	
↑ NF-κB levels and nuclear translocation

	
[50]




	
Catechin

	
5–25 µg/mL

	
↓ LPS-induced nitrite and TNF-α production

	
[46]








a The arrow indicates an increase (↑) or decrease (↓) in the levels or activity of the different analyzed proteins. PGE: prostaglandin E; PMA: phorbol 12-myristate 13-acetate; TNF: tumor necrosis factor; IL: interleukin; LPS: lipopolysaccharide; COX: cyclo-oxygenase; NOS: nitric oxide synthase; NF-κB: nuclear factor kappa B; PKB: protein kinase B; MCP: monocyte chemoattractant protein.
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Table 2. Summary of recent data of the effects of cocoa and cocoa flavanols on inflammation markers in animal models of high-risk cardiovascular disease.
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Induced Damage

	
Experimental Animal

	
Intervention

	
Duration

	
Main Outcomes a

	
Reference






	
Obesity-related inflammation

	
C57BL/6 J mice

	
5% Cocoa-enriched diet (50 mg flavanols/Kg.b.w.)

	
18 weeks

	
↓ High fat diet-induced IL-6 and expression of pro-inflammatory genes

	
[56]




	
Adipose tissue inflammation

	
C57BL/6 J mice

	
5% Cocoa-enriched diet (50 mg flavanols/Kg.b.w.)

	
18 weeks

	
↓ High fat diet-induced TNF-α, IL-6, iNOS, NF-κB, COX-2

	
[57]




	
Adipose tissue inflammation

	
Swiss mice

	
10% Cocoa-enriched diet (50 mg flavanols/Kg.b.w.)

	
4 weeks

	
↑ High fat diet-down regulated PPARα expression and signaling

	
[58]




	
Experimental myocarditis

	
Balb/c mice

	
Cocoa polyphenol extract (oral)

	
3 weeks

	
↓ Myocarditis-induced IL-1β, IL-6, E-selectin, VCAM-1, NF-κB

	
[60]




	
Atherogenic diet

	
ApoE3Leiden mice

	
High flavanol chocolate-enriched diet (8.75%)

	
20 weeks

	
↑ High cholesterol-induced VCAM-1 and E-selectin

	
[62]








a The arrow indicates an increase (↑) or decrease (↓). PPAR: Peroxisome Proliferator-Activated Receptor; TNF: tumor necrosis factor; IL: interleukin; COX: cyclo-oxygenase; NOS: nitric oxide synthase; NF-κB: nuclear factor kappa B; VCAM: vascular cell adhesion molecule.
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Table 3. Summary of effects of cocoa, cocoa flavanols and cocoa derivatives on inflammation markers in animal models of colon inflammation and cancer.
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Induced Damage

	
Experimental Animal

	
Intervention

	
Duration

	
Main Outcomes a

	
Reference






	
Ulcerative colitis

	
Mice

	
Cocoa polyphenol extract oral (30 mg flavanols/Kg.b.w.)

	
7 days

	
↓ DSS-induced NO, COX-2, pSTAT-3, pSTAT1R, NF-κB

	
[48]




	
Ulcerative colitis

	
Wistar rats

	
5% Cocoa-enriched diet (30 mg flavanols/Kg.b.w.)

	
2 weeks

	
↓ DSS-induced TNF-α and iNOS

	
[54]




	
Chronic inflammation

	
BALB/c mice

	
5%–10% Cocoa-enriched diet (9–18 mg flavanols/Kg.b.w.)

	
8 weeks

	
↓ DSS/AOM-induced iNOS and COX-2

	
[64]




	
Chronic inflammation

	
BALB/c mice

	
5%–10% Cocoa-enriched diet (9–18 mg flavanols/Kg.b.w.)

	
8 weeks

	
↓ DSS/AOM-induced IL-6

	
[65]




	
Colon cancer

	
Female C57BL/6J-Min/1 mouse

	
(+)-Catechin (0.1% or 1%)

	
10 weeks

	
↓ FAK tyrosine phosphorylation and tumour number

	
[66]




	
Preneoplastic lesions

	
Wistar rats

	
Cocoa-rich diet (12%)

	
8 weeks

	
↓ AOM-induced NF-κB and COX-2 and iNOS expression

	
[44]




	
Preneoplastic lesions

	
Rats

	
Dark chocolate (72 mg flavanols/Kg.b.w.)

	
_

	
↓ AOM-induced COX-2 and RelA

	
[69]








a The arrow indicates an increase (↑) or decrease (↓). AOM: azoxymethane.; DSS: dextran sulfate sodium; FAK: focal adhesion kinase; TNF: tumor necrosis factor; IL: interleukin; COX: cyclo-oxygenase; iNOS: inducible nitric oxide synthase; NF-κB: nuclear factor kappa B; pSTAT: phosphorilated signal transducer and activator of transcription protein.
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Table 4. Summary of most recent effects of cocoa and cocoa flavanols on anti-inflammatory markers in human cohorts.
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Subjects

	
Experimental Design

	
Intervention

	
Duration

	
Main Outcomes a

	
Reference






	
Healthy adults

	
Randomized, three-phase crossover

	
High-EC apple pure (25–100 mg)

	
4 weeks

	
↑ NO metabolite concentration ↓ P-selectin expression

	
[72]




	
Moderately hypercholesterolaemic

	
Randomised, controlled, cross-over, free-living

	
Fiber-rich cocoa soluble (416 mg flavanols/day)

	
4 weeks

	
↓ IL-1β, IL-10, = VCAM1

	
[73]




	
Moderately hypercholesterolaemic

	
Randomised, controlled, cross-over, free-living

	
Flavanol-rich cocoa powder (45 mg flavanols/Kg.b.w.)

	
4 weeks

	
↓ IL-10, = VCAM1

	
[76]




	
Moderately hypercholesterolaemic

	
Randomised, controlled, cross-over, free-living

	
Fiber-rich cocoa soluble (44 mg flavanols and 10 g dietary fiber/day)

	
4 weeks

	
↓ IL-1β

	
[77]




	
Healthy (pre)hypertensive

	
Randomized, doubleblind, placebo-controlled crossover trial

	
EC (100 mg/day)

	
4 weeks

	
↓ sE-selectin, = IL-1β

	
[79]




	
Overweight men

	
Randomized doubleblind Crossover

	
High-flavanol chocolate (70 g/day)

	
4 weeks

	
↓ sICAM1 and sICAM3

	
[86]








a The arrow indicates an increase (↑) or decrease (↓). IL: interleukin; VCAM: vascular cell adhesion molecule; ICAM: intercellular cell adhesion molecule.
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