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Abstract

The growing rates of obesity worldwide call for intervention strategies to help control the pathophysiological consequences of weight gain. The use of natural foods and bioactive compounds has been suggested as such a strategy due to their recognized antioxidant and anti-inflammatory properties. For example, polyphenols, especially anthocyanins, are candidates for the management of obesity and its related metabolic disorders. Obesity is well known for the presence of metainflammation which has been termed as an inflammatory activation that leads to a variety of metabolic disorders, usually related to increased oxidative stress. Considering this, anthocyanins may be promising natural compounds able to modulate several intracellular mechanisms, mitigating oxidative stress and metainflammation. A wide variety of foods and extracts rich in anthocyanins have become the focus of research in the field of obesity. Here, we bring together the current knowledge regarding the use of anthocyanins as an intervention tested in vitro, in vivo, and in clinical trials to modulate metainflammation. Most recent research applies a wide variety of extracts and natural sources of anthocyanins, in diverse experimental models, which represents a limitation of the research field. However, the literature is sufficiently consistent to establish 
that the in-depth molecular analysis of gut microbiota, insulin signaling, TLR4-triggered inflammation, and oxidative stress pathways reveals their modulation by anthocyanins. These targets are interconnected at the cellular level and interact with one anotherleading to the establishment of obesity-associated metainflammation. Thus, the positive findings with anthocyanins observed in preclinical models might directly relate to the positive outcomes in clinical studies. In summary and based upon the entirety of the relevant literature, anthocyanins can mitigate obesity-related perturbations in gut microbiota, insulin resistance, oxidative stress and inflammation and therefore may contribute as a therapeutic tool in people living with obesity. 
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1. Introduction
In the last few decades there has been a global nutrition transition, along with socioeconomic and demographic changes. This has affected both high and low-and-middle-income countries, leading to a shift from traditional diets towards diets rich in fats, sugars and processed foods [1]. This poor dietary pattern, characterized by a sharp increase in high-calorie foods, saturated, ω-6 and trans fatty acids, associated with a reduction in ω-3 fatty acids, dietary fiber, vitamins, and minerals due to the low consumption of fresh foods such as fruits and vegetables, in addition to the overuse of salt, refined sugar, and additives from highly-processed foods has been termed the Western diet pattern [2]. This pattern differs in numerous ways from traditional dietary patterns [3]. As well as the long-term consumption of a calorie-dense diet, there is higher exposure to pollution and xenobiotics, high levels of stress and increased sedentarism [4]. As a consequence of the drastic change in global food and lifestyle habits, the incidence of overweight and obesity has increased markedly in all regions [5]. Obesity increases the risk of type 2 diabetes, fatty liver disease, cardiovascular diseases, some cancers as well as causing musculoskeletal and mental health problems. A hallmark of obesity is persistent and systemic low-grade inflammation which has been recently termed metabolic inflammation or metainflammation [6,7]. Metainflammation occurs due an immune system dysfunction, promoting chronic non-infectious inflammation which plays a key role during pathogenesis and aggravation of metabolic diseases such as type 2 diabetes and cardiovascular diseases [8]. Metainflammation is also closely linked to oxidative stress mechanisms and these amplify one another; i.e., inflammation induces oxidative stress and 
xidative stress induces inflammation [9]. The combination of metainflammation and oxidative stress while links obesity to other metabolic diseases and co-morbidities such as insulin resistance and type 2 diabetes. Nutritional factors may influence these processes [10,11]. Therefore, diet and specific foods or nutrients may provide strategies for helping to manage the comorbidities of obesity through mitigation of metainflammation and oxidative stress [12].
A promising class of bioactive compounds to help control inflammation and oxidative stress is the polyphenols, which are natural compounds usually found in plants. The polyphenol classes include around 8000 identified phenolic structures and many of these molecules are known for therapeutic properties. Polyphenols are classified by chemical structure as: phenolic acids, polyphenolic amides, non-flavonoid polyphenols, and flavonoids. The flavonoids comprise over 4000 identified compounds which can be classified into sub-groups such as flavan-3-ols, flavones, flavanones, flavonols, isoflavones and anthocyanins [13]. Amongst the flavonoids, anthocyanins stand out because of their potent antioxidant effects [14]. Indeed, research developed with foods and extracts rich in anthocyanins has shown benefits, especially in mice with obesity [15–17]. Anthocyanins have been described to act specifically on the inflammation pathway through toll-like receptors (TLRs) and on oxidative stress signaling pathways, in addition to modifying epigenetics [18]. These findings suggest that the consumption of anthocyanins may benefit insulin action and energy metabolism and help to control obesity-linked metainflammation [19–21].
This review aims to gather recent knowledge on the application of anthocyanins in the treatment and prevention of obesity-associated comorbidities in preclinical and clinical research models. Also, the review will summarize the main cellular mechanisms involved in the obesity-related anti-inflammatory, antioxidant, anti-diabetic, and gut microbiota modulatory effects of anthocyanins. Thus, the present review brings novelty by comprehensive demonstration of the cross-talk among the cellular mechanisms investigated in cell culture and animal models, and the clinical outcomes related to anthocyanin intake provided by clinical trial data.
2. Material and methods
National Library of Medicine/PubMed, Scopus and Web of Science platforms were searched for relevant articles in December 2022. Search terms used for article identification were [(“obesity” or “overweight” or “metabolic syndrome”) and (“anthocyanins” or “cyanidin” or “anthocyanidin”) and (“inflammation” or “TLR4” or “metainflammation”) and (“gut microbiota” or “microbiome”) not (review) not (“neoplasm” or “cancer”)]. A total of 98 articles were retrieved. Review articles and studies in the cancer field were excluded. For this narrative review, only articles published in English within the previous 5 years (i.e., since 2017) were included. We included research using experimental approaches applying anthocyanins to in vitro models, in vivo models and human trials. Research from outside of these criteria was added when necessary to bring relevant concepts, findings and enhanced discussion of the issue.
3. Results and Discussion
3.1. Structure and bioactivity of anthocyanins
Anthocyanin is a word derived from the Greek νθός (anthos) meaning flower, and μανός (kyanos) meaning blue. Anthocyanins are plant-derived flavonoid pigments responsible for the colors of several fruits, flowers and leaves. Anthocyanins range from orange-red to bright red, purple, and blue color. Anthocyanins are water-soluble flavyl salts, structurally composed by the coupling of a sugar unit to an anthocyanidin. They derive from anthocyanidins, which do not have the glycated groups. The function of anthocyanins in plants is to protect flowers and fruits from ultraviolet (UV) light and to prevent the production of damaging free radicals [14,22]. Hence it is unsurprising that anthocyanins have anti-oxidant properties.
There are more than 600 types of anthocyanins and the main differences among them are the position and number of hydroxyl groups, methylation degree of the hydroxyl groups, nature and number of sugar molecules present, and acids linked to the sugars. Despite the wide number of anthocyanin molecules already cataloged in the food matrix, only six types of anthocyanins are extensively investigated – pelargonidin, cyanidin, peonidin, delphinidin, petunidin, and malvidin [23]. The molecular structure differences of the most investigated anthocyanins are represented in Figure 1. The main dietary sources of anthocyanins are fresh fruits such as berries (blackberry, raspberry, blueberry, cherry, strawberry, etc.), plums, figs, grapes, apples, pomegranates, and vegetables such as red cabbage, purple sweet potato, eggplant, black/purple carrot and others that may be relevant according to the local diet.
Research investigates the potential use of anthocyanins for the development of improved industrial dyes, health-promoting foods, supplements and even solar-based renewable energy [14,24,25]. In general, anthocyanin production by plants is enhanced by exposure to biotic (i.e., microbial infections) and abiotic stressors such as extreme temperatures, intense light exposure especially due to UV-B radiation, nutrient deficits, etc. [26]. Antioxidant and antimicrobial features of anthocyanins may contribute to the increased shelf-life of industrialized foods [27–29]. In addition, they might also represent a promising natural alternative to red/purple/blue food colorants [30].
The application of anthocyanins in nutrition research is mainly through the consumption of the whole plant matrix or the consumption of extracts or isolated compounds. Differences in the way that anthocyanins are consumed (i.e., foods vs extracts) raise some questions. Within unprocessed plant matrices, there can be uneven concentration and distribution of anthocyanins and seasonal variability in content. On the other hand, extraction processes can remove factors required for bioavailability, allow the extraction of unwanted compounds, or promote artificial molecular changes and degradation. Therefore, there is still no consensus that establishes the optimal way for consuming anthocyanins to promote human health benefits [31–35]. This review includes research with both raw or whole plant matrix and isolated compounds and extracts.
It is also noteworthy that anthocyanins are considered to have low bioavailability and that they might be modified in the gastrointestinal tract (through digestive processes or through microbial metabolism) to produce derivatives that also have bioactive properties. Anthocyanin absorption starts in the stomach and proceeds to the intestine through active transporters contributing to uptake of intact anthocyanins. However, anthocyanins can have their molecular structure altered after ingestion either by interaction with the gut microbiota or by undergoing first-pass metabolism, generating anthocyanin byproducts such as phenolic acids and conjugated phenolic acids. Indeed, in some cases these byproducts may be more abundant in the bloodstream than the precursor anthocyanins themselves [36,37]. Thus, it is necessary to consider that the metabolic byproducts of anthocyanins might be responsible for at least some of the positive effects attributed to the consumption of anthocyanins. The investigation of each anthocyanin byproduct and its effects represents a complex research field itself.It is important to point out some considerations about anthocyanin dose and the safety of consumption [38]. The excessive consumption of anthocyanins has been shown to inhibit the absorption of micronutrients such as folic acid and iron due to pre-absorptive interactions during digestion which may lead to associated deficiencies [39]. Anthocyanins are also known to interact with the metabolism of some medicines widely used in populations with obesity-related metabolic diseases, such as some antihypertensive and cardiovascular treatment drugs (such as celiprolol and nadolol, digoxin and verapamil), and hypolipidemic drugs (such as simvastatin) among other medicine classes that use the cytochrome CYP3A and P-glycoprotein transporters [40]. The administration of anthocyanin supplements in doses higher than 700 mg/day concomitantly with these drugs can lead to changes in drug bioavailability, which can cause a subtherapeutic effect or an overdose. Such adverse effects were observed in individuals with other preexisting diseases such as neurodegenerative diseases, cardiovascular diseases, or thyroid diseases [40]. Despite these observations, the consumption of polyphenols, including anthocyanins, is generally considered safe since they have low bioavailability from food matrix sources and a high rate of degradation. The literature considers that a healthy dietary pattern might provide approximately 500 mg of polyphenols daily [41]. An epidemiological study demonstrated that the daily consumption of up to 500 mg of polyphenols including up to 20 mg of anthocyanins promoted a long-term reduction in overall population mortality especially related to cardiovascular diseases and cancer [42]. Interestingly, the consumption of higher doses of anthocyanins and polyphenols did not exert a greater beneficial effect on longevity than lower doses [42], demonstrating than an optimal dose for long-term consumption is likely to occur although that has not yet been identified. The literature suggests that an average of 10 g polyphenols a day as long-term intake as NOAEL (no observed adverse effect level) for humans, ensuring biological safety [43].
From a scientific perspective and for translation to consumers, clear dose-response relationships and dietary recommendations for intake of anthocyanins still need to be defined.

3.2. Metainflammation, insulin resistance and oxidative stress in obesity
Inflammation is essentially a protective mechanism, which plays a key role in homeostasis as the initial biological response to pathogens and the starting point of cell repair processes [44]. Nevertheless, several non-communicable diseases (NCDs) are well known for their link to metainflammation [6]. Adipose tissue is well-known as the body's principal energy depot and most importantly as a central endocrine organ [45]. The endocrine function of adipose tissue is mainly related to its role in energy balance, but it also produces pro and anti-inflammatory adipokines responsible for regulating metainflammation, now a widely accepted concept associated with obesity [46,47].
Metainflammation in adipose tissue is caused mainly by the recruitment of macrophages triggered by hypoxia and their subsequent activation. During the progressive development of obesity, as a result of the hypoxic condition, adipocytes and resident macrophages lead to the exacerbated production of pro-inflammatory cytokines in adipose tissue [48]. The inflammatory process is perpetuated by the chronic activation of intracellular mechanisms such as the TLR transmembrane receptor pathway. When activated, this pathway is responsible for promoting an imbalance in the concentrations of pro and anti-inflammatory cytokines, which results in increased production and concentrations of cytokines such as tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6) and decreased production and concentrations of IL-10 and adiponectin [49]. Thus, the pathological imbalances resulting from obesity lead to the establishment of the deleterious process of metainflammation [50].
The upregulation of the TLR-driven inflammatory pathway increases pro-inflammatory cytokine secretion, which is responsible for triggering several metabolic disorders such as type 2 diabetes, fatty liver disease, cardiovascular diseases, and even some types of cancer [51–55]. TLRs can be grouped based on ligand affinity to lipid ligands such as bacterial lipopeptides or lipopolysaccharides (LPS) or the affinity for nucleic acid ligands [56]. Particularly, TLR2 and TLR4 perform important functions in non-infectious chronic diseases by promoting metainflammation [6].
The saturated fatty acids (SFAs) present in Western dietary patterns are directly relevant to obesity and metainflammation because SFAs have been shown to contribute to inflammatory signaling related to TLR4/MD-2/LPS complex-dependent initialization [57]. Also, high-SFA diets promote the incorporation of SFAs into the cell membrane, which indirectly activates inflammatory pathways and compromises the fluidity of lipid raft regions in the cell membrane [58,59]. Thus, the onset of the inflammatory process and changes in SFA-mediated cellular metabolism may be related to actions via TLR4 in obesity and its related diseases such as cardiovascular diseases, insulin resistance, and metabolic syndrome [57,60,61].
The pro-inflammatory cytokines produced as a result of TLR signaling include TNF-α, IL-1β, IL-6, and the monocyte chemoattractant protein 1 (MCP-1). These all have increased expression in obesity and their action leads to reduced insulin signaling as a result of the type 1 insulin receptor substrate (IRS-1) phosphorylation of serine and threonine residues, producing insulin resistance [62]. These cytokines are also involved in appetite regulation, energy expenditure, and regulating lipid metabolism [63,64]. On the other hand, IL-10, IL-4, adiponectin, and the transcription factor PPAR-γ are anti-inflammatory. They act by improving energy homeostasis and insulin sensitivity, playing cardioprotective, anti-inflammatory, and anti-atherosclerotic roles. These markers are predominantly decreased in obesity, favoring pro-inflammatory processes [65–68].
Obesity itself is responsible for producing oxidant molecules such as superoxide from NADPH oxidases, and activation of protein kinase C, oxidative phosphorylation, and glyceraldehyde oxidation [9]. In addition, factors such as hyperleptinemia, deficient antioxidant defenses and metainflammation contribute to ROS production and the onset of oxidative stress [69–71]. Research concerning the outcomes of feeding a high-fat diet and obesity in mice has shown increased oxidative stress and signs of premature aging [72]. This is partly due to the low activity of antioxidant enzymes (superoxide dismutase, catalase, glutathione peroxidase and glutathione reductase) associated with increased production of ROS and H2O2 and higher NADPH oxidase activity [73–75]. High-fat diets lead to aberrant production of redox-sensitive mRNAs such as NFκB, MCP-1, IL-6, adiponectin, TNF-α, plasminogen activator inhibitor-1 (PAI-1), inducible nitric oxide synthase (iNOS), and interferon-γ (IFN-γ) [60,76].
Hypercaloric diet exposure leads to a rise in the mitochondrial metabolic load. Mitochondrial metabolism is crucial for fatty acid degradation through the β-oxidation pathway required for the synthesis of adenosine triphosphate (ATP) [77,78]. Mitochondria are an important source of ROS as a by-product of the highly active electron transport chain. Mitochondrial DNA is more susceptible to oxidative damage than nuclear DNA due to the high concentration of mitochondrial ROS and poor DNA repair capacity compared to nuclear DNA [79]. Furthermore, transcription factors may have their DNA binding capacity counter-regulated by oxidative stress leading to changes in gene expression [77,78,80,81].
An important mechanism in mitochondrial metabolism is the activation of AMPK (AMP-activated protein kinase), which occurs as a result of a high ratio of (adenosine monophosphate) AMP to ATP, leading to an increase in β-oxidation [82]. This activation can directly interfere with the expression of several enzymes related to lipid metabolism [83–86]. AMPK activation can occur via sirtuin-1 (SIRT1) in a post-transcriptional manner acting as a histone deacetylase, promoting the increase of β-oxidation [87–89].
Considering the complexity of the cellular mechanisms in obesity pathology and related metabolic diseases, it is noteworthy that pathways of inflammation and oxidative stress play key roles. ROS production mediated by overloaded mitochondria may be a trigger for inflammation, while hypoxia common to adipose tissue expansion may also lead to inflammation which is a potent stimulator of ROS production by macrophages and monocytes. The interaction between inflammation and oxidative stress is bidirectional and both inflammatory and oxidative stress pathways amplify each other in a way that makes it difficult to distinguish them and to determine which mechanism happens first. It seems more appropriate to say that they are pathways activated concomitantly which amplify each other, perpetuating metainflammation and oxidative stress.
3.3. Anthocyanins ameliorate obesity-related metainflammation
Most of the anthocyanin sources used in metainflammation studies have been obtained from plant extracts rather than the raw food matrix or as isolated purified anthocyanins. It is also relevant to highlight the frequent use of a high-fat and hypercaloric diet in mice aiming to mimic the obesity pathophysiology as a deleterious scenario to challenge anthocyanin's anti-inflammatory, antioxidant and anti-diabetic effectiveness. The most common experimental models used to study the effects of anthocyanins involve rodents, including several lineages of mice and rats, but other biological models are also used such as in vitro cell culture models and clinical trials. The main results regarding the effect of anthocyanins on metainflammation are summarized in Table 1.
Anthocyanins are mainly consumed in the human diet from vegetables and fruits but not solely since some other plant foods such as black sorghum, purple maze and black rice are cereal grain sources of anthocyanins [90,91]. They may exhibit synergistic and cumulative physiological effects, promoting health benefits and helping to lower the risk of chronic diseases such as hypertension, type 2 diabetes, dyslipidemia, and other complications of obesity [37,92]. Indeed, anthocyanins are able to actively reduce inflammation in obesity through actions on the TLR4/NFκB pathway. Anthocyanins can modulate the expression of MYD88, and TRAF6, inhibiting the nuclear translocation of the NFκBp65 subunit protein, which culminates in reduced secretion of pro-inflammatory markers such as IL-6, and TNF-α [93] Anthocyanins had renal protective effects in obesity attenuating kidney injury. inhibiting NFκB activation and cytokine production. Thus, this suggests that anthocyanins can downregulate the inflammatory response and prevent chronic kidney injury, perhaps via suppressing the NFκB signaling pathway [94]. Also, anthocyanin-rich food reduces macrophage infiltration into adipose tissue, resulting in, anti-inflammatory and antioxidant effects [95].
Regarding the effect of anthocyanins on the innate immune system, macrophages are directly influenced by anthocyanins, displaying anti-inflammatory effects. Notably, anthocyanins act by decreasing IκBα and NFκBp65 protein expression and consequently they decrease the production of pro-inflammatory cytokines by macrophages under inflammatory stimuli [96]. This seems to be related to a reduction of macrophage crown-like structure in adipose tissue due to decreased MCP-1 production [97]. Additionally, anthocyanins have been shown to exert an effect on the macrophage phenotype, decreasing macrophage inflammatory protein 2 (MIP2) and cyclooxygenase-2 (COX-2) [98] associated with an increase in M2 subpopulation markers (ArgI, Fizz1, TGFβ) demonstrating the ability of anthocyanins to promote M2 polarization, reprogramming macrophages towards a more anti-inflammatory phenotype [97]. The promotion of this phenotype shift decreases activation of TLR4, MYD88 and pIKKα/β which has been directly linked with decreased IL-6, TNF-α, MCP-1, CCL2, CD36+ and increased IL-10 production by macrophages [99,100]. These findings provide clear evidence that anthocyanins act through modulating inflammation and might help to control metainflammation in the context of obesity [101].
As well as the effects of anthocyanins themselves, their metabolic byproducts such as protocatechuic acid also promote anti-inflammatory effects decreasing the activity of the TLR4/NFκB pathway, and increasing adiponectin contributing to the recovery of insulin sensitivity [49]. This compound acts through promoting the activity of IRS-1 and Akt proteins, supporting the likely benefits of an anthocyanin-rich diet in preventing obesity-related inflammation and insulin resistance [102]. Understanding these mechanisms of action is important to understand the resulys of clinical studies of anthocyanin byproducts, which prevented body mass gain and adiposity due to reduced adipocyte hypertrophy and metainflammation, associated with improved glucose metabolism and insulin sensitivity [103].
Anthocyanins also affect other pathways involved in metainflammation. For example, they reduce the proliferation and activation of T lymphocytes through several different mechanisms, including blocking the activity of the ERK1/2 pathway, inhibiting its translocation and DNA binding and suppressing differentiation toward pro-inflammatory Th1 and Th17 cells without affecting Th2 subsets [104]. Anthocyanins have also been associated with epigenetic modulation. For example, they may hinder the activation of HDACs which in turn stops the proliferation of T lymphocytes [98]. DNA methylation and the methyl CpG binding proteins 2 (MeCP2) are also anthocyanin targets [97,105][96,97,98]. Recent evidence demonstrates that anthocyanins also regulate key enzymes such as histone acetyltransferases (HATs) and DNA methyltransferases (DNMTs) and non-coding micro RNAs (miRNAs). These molecules modulate fatty acid β-oxidation genes involved in metabolism and metainflammation, which is relevant to obesity [108]. 
Anthocyanins found in grapes and red wine have been reported to preserve the integrity of the endothelium and to modulate immune responsiveness in metainflammation [109]. Anthocyanin consumption, in metabolically healthy obese individuals decreased circulating concentrations of C-reactive protein, the prototypical biomarker of inflammation [110].

Besides these effects on immune/inflammatory cells, anthocyanins act on metabolism improving the serum lipid profile by reducing the levels of triacylglycerol, LDL-C, and free fatty acids, associated with increasing HDL-C, indicating they might reduce the risk of cardiovascular diseases through mechanisms in addition to helping to control inflammation [111]. Anthocyanins also reduce energy intake and liver injury markers such as aspartate transaminase (AST), and liver triacylglycerol ectopic depots [112]. Likewise, anthocyanins block hepatic oxidative stress and endoplasmic reticulum stress [113] and reduce the prevalence of nonalcoholic fatty liver disease (NAFLD) and other liver diseases [114]. Anthocyanins modulate the NAD+ balance, which activates SIRT1, and consequently inhibition of the inflammasome and NFκB deacetylation in a mouse model of obesity [115]. 
Anthocyanins also increased mitochondrial number and functionality, activating the SIRT1/PGC-1α/AMPK pathway in skeletal muscle [116]. Notably, anthocyanins decreased the expression of obesity-related microRNA (miR)-21, miR-132, and miR-43 which could be a mechanism to explain the reduced metainflammation and mitochondrial dysfunction [116]. Indeed, an anti-obesity efficacy of anthocyanins is seen through the effects on TLR and AMPK signaling modulation, decreasing adipogenesis and metainflammation, promoting β-oxidation, and increasing energy expenditure in preclinical models [117]. Also, anthocyanins act to reduce appetite and body mass, followed by improvement in body composition and decreased adiposity in obesity clinical trials [110], suggesting the complementarity of clinical and preclinical findings.
The use of anthocyanins also seems to be effective in down-regulating fatty acid synthase (FAS) enzyme activity, decreasing leptin and TNF-α-promoted inflammation, and increasing adiponectin levels [118]. Furthermore, anthocyanins reduced ROS production and improved insulin sensitivity increasing GLUT4 translocation evidencing the potential to lower serum glucose levels in metabolic syndrome [118].

The recent studies gathered here provide a strong evidence base for the research field, demonstrating the effectiveness of different sources of anthocyanins in several experimental models, including anti-inflammatory actions acting against metainflammation. One of the novel mechanisms of action identified is through epigenetic modulation.
3.4. Anthocyanins ameliorate obesity-related insulin resistance
Antidiabetic and insulin sensitizing effects of different anthocyanins have been reported in multiple preclinical and clinical trials in obesity as summarized in Table 2. The knowledge gathered in clinical trials with the application of anthocyanins from different sources has shown that their consumption is safe for humans demonstrating an effect on insulin sensitivity, even after a single consumption. For example, a single dose of freeze-dried strawberry anthocyanins optimized the post-prandial insulin response and decreased ow-density lipoprotein oxidation in obesity [119]. A single dose intake was also able to reduce postprandial bloodstream glucose concentrations and this effect was closely linked to the anthocyanin levels in plasma demonstrating a beneficial acute effect on insulin responsiveness even considering the apparent low anthocyanin bioavailability [119]. On the other hand, long-term anthocyanin intake induces more pronounced effects on insulin sensitivity (and inflammatory parameters), highlighting the potential of anthocyanin-rich supplements as a viable strategy for management of metabolic disease [120].
Anthocyanins appear to enhance insulin sensitivity acting via the IRS-1/PI3K/Akt pathway in a dose-dependent way [121]. Moreover, anthocyanins can increase adiponectin mRNA levels which ameliorate adipose tissue dysfunction and promote insulin sensitivity [121]. Anthocyanins also improved post-prandial plasma glucose and leptin levels, indicating beneficial effects on insulin sensitivity [121]. An anthocyanin-rich extract activated the PI3K/Akt/Glut2 pathway, which contributes to greater insulin sensitivity and improved cellular glucose uptake [122]. Furthermore, protocatechuic acid, the main anthocyanin byproduct also promoted recovery in adipocyte insulin sensitivity inducing phosphorylation in key molecules involved in insulin signaling [102]. These observations suggest that anthocyanin metabolites as well as anthocyanins themselves may act to improve insulin sensitivity.

Besides improved glucose tolerance (i.e., insulin sensitivity), anthocyanins may normalize body weight gain and adiposity improving liver functionality, reducing immune cell infiltration in heart and liver, and reversing hypercholesterolemia [123]. Likewise, anthocyanins improved plasma levels of leptin, adiponectin, and resistin [101], and appear to regulate the pathways of glycolysis, gluconeogenesis and glycogenesis to improve the metabolic profile in metabolic syndrome [123]. These beneficial metabolic effects can be related to an enhanced modulation of insulin signaling proteins (IR, pIRS, PI3K, pAKT, GLUT4), and lipid metabolism proteins such as pAMPK expression in muscle and adipose tissue [124].

Tissue systems other than liver, muscle and adipose tissue are often affected by obesity and its alteration of insulin sensitivity. Diabetic kidney failure is a well-known outcome of decompensated type 2 diabetes and the main cause of chronic kidney disease. In a model of diabetes (db/db mice) anthocyanins reduced body mass gain and improved glucose metabolism reducing glycemia, insulinemia, C-peptide, and glycosylated hemoglobin A1c ameliorating diabetic nephropathy [125]. Furthermore, anthocyanins increased the glutathione level in kidneys which might be an important mechanism responsible for the renal-protective effects [125].

Few studies have reported deleterious effects of anthocyanins compared to the large number of studies demonstrating beneficial effects. Nevertheless, a study in mice comparing two different doses of anthocyanins has shown that although the lower dose (0.5 % of diet intake) improved the glycemic response, the higher dose (2% of diet intake) led to a decrease of IL-10 and catalase enzyme activity in adipose tissue [126]. These observations led the authors to postulate that high doses of anthocyanins might promote damage, overshadowing their benefits on glucose homeostasis [126].

Anthocyanins have also been also explored with regard to regulation of lipid metabolism and its relation with adipose tissue insulin sensitivity. Indeed, anthocyanins activate the AMPK pathway, alongside the modulation of transcription factors responsible for adipogenesis such as PPARγ [127]. In an obese mouse model, AMPK pathway activation reduced body mass, adiposity gain, and liver steatosis via reduced SREBP-1c/FAS signaling and increased CPT1A (carnitine palmitoyl transferase 1A) activity, an indicator enzyme of β-oxidation [122].
Furthermore, anthocyanins can improve cholesterol metabolism and induce adipocyte autophagy besides having a positive effect on gut microbiota [127]. These data bring to light new perspectives on modulation of lipid metabolism by anthocyanins, suggesting anthocyanin supplementation as an anti-obesity and insulin-sensitizing intervention [98].

3.5. Anthocyanins ameliorate obesity-associated oxidative stress

The majority of research investigating the effects of anthocyanins on oxidative stress has been carried out in preclinical models, with fewer clinical trials investigating antioxidant markers in populations with obesity as summarized in Table 3. It is important to consider the findings of different experimental approaches used, considering their strengths and limitations. Especially regarding antioxidant activity, in vitro models do not consider systemic physiological factors and the role of anthocyanin digestion, absorption and gut microbiota interaction. Therefore, in vitro models may present divergent results from in vivo studies. Despite the limitation of preclinical models, these are still relevant for enabling the investigation of cellular mechanisms that may not be possible in animal and human studies. An anthocyanin-rich extract exerted antioxidant (and anti-inflammatory) effects reducing nitric oxide, PGE2, TNF-α, and IL-6 production and iNOS and COX-2 expression in macrophages [128]. Concerning antioxidant effects, cyanidin-3-O-glucoside (C3G) and peonidin-3-O-glucoside (P3G) as well as some secondary metabolites are the most relevant bioactive anthocyanins [128]. Anthocyanins have been demonstrated to mitigate oxidative stress by activating the Nrf2/HO-1/NQO1 pathway in obese mice [129]. Anthocyanins also downregulated COX-2 and upregulated mRNA expression and activity of aryl hydrocarbon receptor a transcription factor involved in the response to xenobiotics and high-fat diet damage [130]. Anthocyanins also were able to increase antioxidant capacity through increased SOD enzyme activity [131]. Thus, anthocyanins might be used as a dietary factor acting as a hepatoprotective compound mitigating xenobiotic damage. Anthocyanins also diminished ROS production by hypertrophic adipocytes increasing antioxidant defenses seen as an increase in superoxide dismutase 2 (SOD2) and mitigating pro-oxidative molecules (NOX4, iNOS) [132]. Moreover, anthocyanins decreased lipid storage in adipocytes associated with decreased activity of lipogenic enzymes such as FAS and diacylglycerol O-acyltransferase 1 [132]. Additionally, the secretion of leptin was decreased while the secretion of adiponectin was increased indicating the converging role of antioxidants and anti-obesity activity [132]. Anthocyanins blocked oxidative stress and inflammatory pathways linked to obesity promoting increased antioxidant enzymes such as SOD and GPx in the liver of mice [133]. Additionally, anthocyanins decreased pro-oxidative markers such as iNOS and malondialdehyde, a lipid peroxidation byproduct [132]; anthocyanins also increased fecal butyric acid levels, which might suggest a prebiotic action in mice [133].

Anthocyanins also affect glycerophospholipid and glutathione metabolism, preventing the damage caused by diet-induced obesity by increasing energy expenditure and reducing oxidative stress [134]. Clinical trials investigating anthocyanins have shown increased antioxidant capacity demonstrated by higher glutathione peroxidase levels in plasma [33]. Thus, anthocyanins could be a promising strategy to control oxidative stress in obesity [135]; this could also be one mechanism to control inflammation. 

Anthocyanins seem to play a strong antioxidant effect even when given in a single dose as an anthocyanin-rich extract [136]. In humans, anthocyanins were able to improve plasma antioxidant status, increasing post-prandial GPx activity [137]. However, no anti-inflammatory effect was observed, suggesting that while acute exposure to the anthocyanin-rich extract was able to improve antioxidant defenses, it was not enough to mitigate post-prandial inflammation [137]. It should be kept in mind that a single bolus of any bioactive is unlikely to display a significant immediate effect on metainflammation. These studies highlight the potential of the well-recognized antioxidant effects of anthocyanins, confirming that they do enhance redox status and ameliorate the oxidative stress associated with obesity. 
3.6. Intestinal metabolism of anthocyanins and effects on the gut microbota
Although much in vitro cell culture research has been conducted on anthocyanins, such studies have strong physiological limitations since they do not consider the multitude of intestinal events that occur when anthocyanins are ingested orally. The processes of digestion, absorption, and metabolism by gut microbiota need to be considered as well as the possibility of direct interactions with the gut epithelium and even with the gut-associated immune system. It is now considered that gut microorganisms play a central role in the bioaccessibility of anthocyanins and there are recent in depth reviews on this topic [23,138].

The modern Western diet composition of high sugar, high fat and low fiber leads to the generation of a gut microbiota that is not considered to be optimal [139]. The intestinal microbiota is composed of about 10 to 100 trillion microorganisms, about 90% of which fall into two phyla of bacteria: Firmicutes and Bacteroidetes [140]. The healthy microbiota can be assessed through the ratio between these two predominant phyla. In healthy populations the predominant phylum is Bacteroidetes. The increase in Firmicutes generates a change in the ratio, transforming the microbiota from healthy to obesogenic [141,142].

Indicators of a healthy intestinal microbiota are considered to be the presence of Bifidobacteria, Lactobacilli, Actinobacteria, Proteobacteria, and, to a lesser extent, Fusobacteria and Verrucomicrobia. However, there is still no consensus on the strains directly correlated with obesity since microbiota vary greatly due to many exposures including, but not limited to, diet [139,142]. 

Currently, the microbiota is considered as an environmental factor playing a role in weight gain and weight control, as there are indications that it acts by influencing metabolic functions and the host's energy homeostasis [140]. Obesity also promotes the modification of the microbiota by reducing the proportion of Bifidobacteria (a gram positive) that inhibit the translocation of bacteria and toxins [143]. On the other hand, it increases the proportion of gram-negative bacteria that impair the integrity of the intestinal mucosa, increasing its permeability which can lead to endotoxemia [143]. The microbiota plays a central role in obesity pathogenesis since studies in animal models have shown that genetically obese (ob/ob) mice when exposed to a high-fat diet, but with a healthy microbiota preserved, did not develop obesity or metabolic diseases confirming that microbiota can regulate whole body energy homeostasis [144,145].

Many factors might influence anthocyanin digestion and absorption [23]. During digestion, anthocyanins are submitted to extensive modifications by the upper gastrointestinal tract conditions such as pH changes and digestive enzymes action, breaking anthocyanins into smaller molecules and metabolic byproducts [146]. Anthocyanin absorption starts in the small intestine; however, a significant portion still reaches the colon and interacts directly with the gut microbiota which also catabolizes anthocyanins and their byproducts [146].

The microbial metabolism of anthocyanins involves a range of reactions such as oxidation and demethylation. The main findings of studies on anthocyanins and gut microbiota are shown in Table 4. Anthocyanins seem to contribute to proliferation of both Lactobacilli and Bifidobacteria in the gut having a prebiotic action which results in production of short-chain fatty acids (SCFAs) such as butyrate, acetate, and propionate [147]. SCFAs are known to contribute to gastrointestinal barrier integrity and also to positive systemic effects on insulin sensitivity and inflammation [147]. Hence, the prebiotic action of anthocyanins might explain some of their metabolic and anti-inflammatory actions.
The gastrointestinal tract plays a central role in the pathogenesis of several diseases related to obesity. Anthocyanins (predominantly cyanidin and delphinidin) are recognized to alleviate intestinal permeabilization and endotoxemia in obese mice, reducing expression of NADPH oxidase and oxidative stress, and activating redox-sensitive signals (NFκB and ERK1/2) in the ileum regulating the tight junction dynamics [106]. Anthocyanins also increased the concentration of GLP-2, an intestinal hormone linked to tight junction protein expression, recovering the intestinal barrier damaged by obesity [148]. Thus, anthocyanins can preserve gastrointestinal tract physiology in obesity by redox-regulated mechanisms [106,148]. It is also known that anthocyanins may activate pathways of Nrf2 cytoprotective proteins in the intestinal epithelium exerting local effects and contributing to beneficial changes in the gastrointestinal tract [31].
Anthocyanins seems to reshape the intestinal microbiota by increasing Lactobacilli and Akkermansia in fecal samples [149]. These changes in microorganisms promoted the integrity of intestinal tight junctions and recovered goblet cells [34]. Anthocyanins have also been shown to modify gut microbiota diversity, counteracting some features of high-fat diet-induced dysbiosis in Wistar rats [150]. This could be as a result of the restoration of the fecal Bifidobacteria content exerting an anti-inflammatory and anti-diabetic effect in the colon during consumption of a high-fat diet [151]. Also, anthocyanins can improve the expression of neuroprotective byproducts of tryptophan in the host an effect promoted by microbiota reshaping [150]. These observations highlight that anthocyanins could be considered bioactive compounds with psychobiotic properties, which might protect against some of the neurological complications seen in obesity. 

Regarding intestinal effects themselves, anthocyanins such as pelargonidin 3-glycoside, promote the recovery of healthy stools and the mucosal lining of the ileum and colon, including increased villi, crypts, and goblet cells and decreased inflammation even in murine models of inflammatory bowel disease and obesity [32]. Additionally, anthocyanins tested in combination with prebiotic fructooligosaccharides (FOS) seem to improve the gut microbiota production of SCFAs. Considering this, the FOS potentiated the effects of anthocyanins ameliorating disorders related to dysbiosis [152].

Thus, anthocyanins seem to exert anti-obesity effects by modulating the gut microbiota enriching SCFA-producing bacteria (e.g., Ruminococcaceae, Muribaculaceae, Akkermansia, Ruminococcaceae_UCG-014, and Bacteroides) and the fecal content of acetate, propionate, and butyrate [153]. The anthocyanins also reduced LPS-producing bacteria (e.g., Helicobacter and Desulfovibrionaceae), and decreased intestinal and fecal endotoxin (i.e., LPS) levels [153]. The SCFAs from microbiota might act as epigenetic modulators activating the G protein-coupled receptors (GPRs), which in turn inhibit HDAC enzyme activity, strengthening intestinal tight junctions through the increase in mRNA and protein expression. This combination of effects highlights the cross-talk between gut microbiota and other pathways such as epigenetics, inflammation and lipid metabolism [154–156].

The remodeling of the gut microbiota favored by anthocyanins reduces leaky gut syndrome symptoms, reducing intestinal permeability and improving intestinal barrier integrity in obese mice [157]. These effects alleviate gut inflammation by blocking the LPS/NFκB/TLR4 pathway activation [157]. Anthocyanins seem to be able to stop intestinal barrier dysfunction and reduce the inflammatory state while inducing SCFA production by gut microbiota and decreasing the endotoxin concentration in the gut [153]. 
Of great interest, anthocyanins were demonstrated to modulate the gut microbiota even in fetal programming studies. Adding anthocyanins to a maternal diet recovered the gut population of Bifidobacterium spp. and Lactobacillus spp., improved ZO-1 mRNA expression in the colon, and inhibited the activation of the NFκB pathway in the offspring. These observations demonstrate that the intergenerational effects of anthocyanins associate with the improvement of gut barrier integrity [158].
Clinical trials have also tested anthocyanins for the modulation of microbiota composition and gut inflammation in obesity. Anthocyanins affect specific microorganism populations increasing A. muciniphila, Bifidobacterium spp., and C. coccoides indicating that they may have prebiotic functions which could link to the recovery of the host adipose tissue metabolic function preventing obesity-related co-morbidities [159]. In addition, anthocyanins promoted an increase in the total SCFAs in fecal samples and a decrease intestinal inflammatory markers such as fecal calprotectin and serum C-reactive protein was observed [160,161]. The main findings on microbiota are shown in Table 4.

4. Conclusion
In vitro, in vivo, and human studies all indicate that anthocyanins of different origins have anti-inflammatory and antioxidant properties and may positively modulate the gut microbiota. These effects might be linked to metabolic improvements, such as improved insulin sensitivity which is relevant to obesity-related disease prevention and treatment. Thus, anthocyanins seem valuable as a tool for the management of metainflammation, oxidative stress, and insulin resistance associated with obesity. Many studies have shown that anthocyanins are able to mitigate metainflammation through the interaction with several cellular signaling pathways such as oxidative stress and insulin signaling, besides the direct action of anthocyanins on inflammatory pathways. For example, anthocyanins act directly on the TLR4/NFκB pathway, thereby decreasing prototypical pro-inflammatory markers such as TNF-α, MCP-1, and IL-6, working directly to ameliorate metainflammation. Additionally, anthocyanins act on oxidative stress, decreasing ROS production and increasing the activity of several antioxidant enzymes. Anthocyanins are also able to improve insulin sensitivity by acting on the Akt and AMPK pathways. Especially through AMPK, anthocyanins might act on mitochondrial metabolism and proliferation, increasing energy expenditure and modulating ROS production. More innovatively with less evidence, anthocyanins seem to have effects on miRNA, gut microbiota, and epigenetic reshaping which may contribute to ameliorate adverse inflammatory and metabolic states see in obesity. However, more studies are needed to fully understand these mechanisms of action of anthocyanins and how these interact. When the totality of the evidence is considered, it can be concluded that anthocyanins beneficially modify some of the adverse conditions that develop in obesity such as insulin resistance and through such actions anthocyanins might reduce the risk of type 2 diabetes and cardiovascular disease [49,92,162,163], as summarized in Figure 2. 

Finally, some gaps in the evidence base do still exist and these must be addressed in future research to order to clarify the position of anthocyanins as being of true benefit in obesity and its co-morbidities and to guarantee safe consumption. There are some inconsistent findings from the research performed to date even between apparently similar studies, unclear mechanisms of action, uneven supplementation protocols which are hardly comparable, poor supplement composition characterization, and the lack of human trials in populations living with obesity. Another issue to consider is the wide variety of anthocyanin-containing extracts and supplements that have been used so far; these will contain different types and amounts of anthocyanins in different combinations. They may not all be expected to have the same effects or the same potencies. This might account for some of the inconsistencies in the literature. 

This research field has a bright future and may lead to the development of new products and supplements with nutraceutical properties acting on a broad range of molecular pathways. It is important to highlight that much research in this area is still being developed in in vitro and animal models, which have their limitations. Therefore, future research should focus on well-designed and well-conducted human trials in appropriate target populations. Ideally, these studies will link metainflammation, oxidative stress, and metabolism with emerging mechanisms around the microbiota and epigenetics. In conclusion, it appears that anthocyanins represent a promising strategy to be explored for the management of co-morbidities of obesity especially those related to metainflammation. 
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Legends to Figures
Figure 1. Chemical structures of most common anthocyanins in the human diet. Anthocyanins are composed of a flavylium cation backbone hydroxylated in different positions (R1 and R2) and bound to a sugar molecule. Sugars include glucose, arabinose, and galactose, in monomers or dimers.
Figure 2. The main mechanisms involved in obesity-related metainflammation, insulin resistance and oxidative stress pathways and the beneficial counterregulatory effects of anthocyanins. Obesity and high-fat diets lead to inflammation-mediated insulin resistance, ectopic fat deposition in the liver and increased oxidative stress markers. Intake of anthocyanins in obesity promotes activation of antioxidant enzymes and anti-inflammatory pathways, restoring insulin sensitivity and enhancing metabolism. AMP: adenosine monophosphate; AMPK: AMP-activated protein kinase; ATP: adenosine triphosphate; CAT: catalase; CD14: cluster of differentiation 14; GPx: glutathione peroxidases; GR: glutathione reductase; IKKα/IKKβ: IκB kinase α/β; IκB: NFκB inhibitor; IL-10: interleukin 10; IL-4: interleukin 4; IL-18: interleukin 18; IL-1β: interleukin 1β; IL-6: interleukin 6; IFN-γ: interferon gamma; iNOS: inducible nitric oxide synthase; IRAK 1,4: interleukin 1 Receptor Associated Kinase 1 and 4; LPS: lipopolysaccharide; MCP-1: monocyte chemoattractant protein 1; MD2: myeloid differentiation factor 2; MyD88: primary myeloid differentiation gene 88; NADPH: nicotinamide adenine dinucleotide phosphate; NEMO: NFκB essential modulator; NFκB: nuclear factor kappa-light-chain-enhancer from activated B cells; OS: oxidative stress; PAI-1: plasminogen activator inhibitor 1; PPAR-γ: peroxisome proliferator-activated receptor gamma; ROS: reactive oxygen species; SFA: saturated fatty acid; SIRT1: sirtuin-1; SOD: superoxide dismutase; TAK1: transforming growth factor β-activated kinase 1; TLR2: toll-like receptor 2; TLR4: toll-like receptor 4; TRAF6: tumor necrosis factor receptor associated factor 6.
Table 1. Studies of anthocyanins addressing metainflammation 

	Reference
	Anthocyanin source
	Study design
	Main result

	Luna-Vital et al., 2017 [118]
	Purple corn pericarp anthocyanin extract and purified anthocyanins (C3G, Pg3G, P3G)
	3T3-L1 adipocyte cell culture;
Dose: 0.4 mg/mL purple corn extract or 50 µM C3G, Pg3G, P3G
	· Decreased TNF-α induced inflammation
· Decreased ROS production

· Increased GLUT4 expression

	Harlan et al., 2020 [98]
	Tart cherry anthocyanins
	3T3-L1 adipocyte cell culture;
Dose: 18–36 µg/mL
	· Decreased IL-6, NFκBp65, MIP2 and COX-2

	Ormazabal et al., 2021 [102]
	Protocatechuic acid
	Adipocytes from obese and eutrophic humans;
Dose: 100 μM 
	· Decreased pNFκBp65 and IL-6

· Increased pIRS-1 and pAkt

	Kim et al., 2021 [107].
	Black soybean anthocyanins
	Cell co-culture system of 3T3-L1 adipocytes and RAW264 macrophages;
Dose: 12.5, 25, 50, and 100 µg/mL
	· Decreased pro-inflammatory (JNK and ERK) signaling

· Increased PPAR-γ expression
· Incresased insulin sensitivity

	Santamarina et al., 2021
[96]
	Keracyanin

(cyanidin-3-rutinoside)
	THP-1-derived monocytes and macrophages;
Dose: 0.8 μM
	· Decreased IκBα, NFκBp65, IL-1β, TNF-α, IL-6 and MCP-1

· Increased IL-10

	Dayoub et al., 2017 [104]
	Delphinidin
	T lymphocytes from healthy adult men and women or from patients with metabolic syndrome;
Dose: 0.01g/L
	· Blocked ERK1/2 pathway

· Suppressed Th1 and Th17 differentiation without affecting the Th2 subset

	Tomay et al., 2019 [97].
	Purple corn extract
	12-week study on 8-week-old male C57BL/6J mice;
Dose: 290 mg/kg body weight/day
	· Decreased pro-inflammatory genes (TNF-α, IL-6, IL-1β, COX-2) in macrophages from adipose tissue 
· Increased M2 macrophage subpopulation markers (ArgI, Fizz1, TGFβ)

	Moura et al., 2021 [103]
	Jaboticaba (Plinia jaboticaba (Vell.) Berg) peel extract
	14-week study on 8-week-old male
 C57BL/6J mice;
Dose: 50-100 mg/kg body weight/day
	· Decreased TNF-a, IL-6, leptin, MCP-1 PAI-1 and resistin in white adipose tissue
· Improved insulin sensitivity

	Michicotl-Meneses et al., 2021 [112]
	Pomegranate juice (Punica granatum)
	8-week study in 6-week-old male Wistar rats;
Dose: 10 mL/kg of body weight/day
	· Decreased TNF-α, PAI-1, IL-17A, IL-6, IL-1β, and MCP-1 in white adipose tissue
· Increased serum adiponectin 

· Decreased LDL-C and increased HDL-C

	Moruzzi et al., 2021 [100]
	Tart cherry (Prunus cerasus L.)
	17-week study in 7-week-old male obese Wistar rats;
Dose: 0.1 mg/g body weight/day
	· Decreased expression of IL-1β, TNF-α, CCL2, and CD36+ macrophages in adipose tissue

	Santamarina et al., 2018 [93]
	Juçara berry (Euterpe Edulis M.)
	1-week study in 90-day-old male Wistar rats; 

Dose: 0.25%-0.5% of the diet
	· Increased hypothalamic IL-10, IL-6

· Decreased TNF-α, and TLR4 pathway markers (MYD88, TRAF6, and pNFκBp50) in hypothalamus.

	Wang et al., 2017 [113]
	Purple sweet potato
	20-week study in 8-week-old obese male Swiss mice;
Dose: 700 mg/kg/day
	· Suppressed NFκB nuclear translocation in liver
· Blocked hepatic oxidative stress

	Jung et al., 2021 [116]
	Mulberry (Morus alba L.) extract
	14-week study in 3-week-old male Sprague-Dawley rats;
Dose: 5 -10 g/kg diet 
	· Decreased TNF-α, IL-6, and MCP-1 in visceral adipose tissue

· Decreased obesity-related microRNA (miR)-21, miR-132, and miR-43

	Luna-Vital et al., 2020 [117]
	Purple maize extract
	12-week study in obese 6-week-old male Swiss mice;
Dose:200-500 mg/kg/day
	· Decreased TLR signaling pathway in liver
· Increased AMPK signaling in liver

	Zhou et al., 2020 [115]
	Cyanidin-3-O-glucoside (C3G)
	8-week study in 6-week-old male C57BL/6J mice;
Dose: 200 mg/kg/day
	· Alleviated NAFLD via SIRT1/NF-κB signaling pathway

	Madduma Hewage et al., 2020 [94]
	Lingonberry (Vaccinium vitis-idaea L.)
	12-week study  in 6-week-old obese male C57BL/6J mice;
Dose: 5% of the diet
	· Decreased NFκB phosphorylation and decreased expression of proinflammatory cytokines in the kidney

	Valenza et al., 2018 [95]
	Purple corn extract
	Drosophila melanogaster fly

Dose: 0.24mg/mL 
	· Decreased JNK/SAPK signaling

· Decreased ROS production

	Argentato et al., 2017 [164]
	Juçara berry (Euterpe Edulis M.)
	Fetal programming study in 21-day old male Wistar rat offspring;
Dose: 0.5% of the diet
	· Decreased visceral adiposity

· Increased IL-10 and UCP-1 levels in brown adipose tissue

	Wright et al., 2013 [110]
	Purple carrot
	4-week intake in adults with metabolically healthy obesity
	· Decreased C-reactive protein in plasma

· Decreased total cholesterol and LDL-C

	Jamar et al., 2020 [101]
	Juçara berry (Euterpe Edulis M.) pulp powder 
	6-week supplementation in adult men and women with obesity;
Dose: 5 g/day
	· Increased adiponectin and HDL-C.

	Santamarina et al., 2020 [99]
	Juçara berry (Euterpe Edulis M.) pulp powder
	6-week supplementation in adult men and women with obesity;
Dose: 5 g/day
	· Decreased TLR4, MYD88, pIKKα/β, IL-6, TNF-α, and MCP-1 in peripheral blood mononuclear cells
· Increased IL-10 production by peripheral blood mononuclear cells


Table 2. Studies of anthocyanins addressing obesity-related insulin resistance

	Reference
	Anthocyanin source
	Study design
	Main result

	Molonia et al., 2020 [121].
	Cyanidin-3-O-glucoside (C3G)
	3T3-L1 adipocyte cell culture;
Dose: 5–10 μM
	· Increased the IRS-1/PI3K/Akt pathway

· Decreased NFκB pathway activity

· Activated PPAR-γ pathway

	Preez et al., 2020 [123]
	Saskatoon berry (Amelanchier alnifolia)
	8-week study of metabolic syndrome in 9–10-week-old male Wistar rats;
Dose: 26.83 g/kg of diet 
	· Decreased hepatic glucose 6-phosphatase, hexokinase 1 and glycogen phosphorylase

· Increased glycolysis, gluconeogenesis and glycogenesis pathways

	Costa et al., 2017 [124]
	Vitis vinifera L. grape skin extract
	12-week study in obese 5-week-old male C57BL/6J mice;
Dose: 200 mg/kg/day
	· Increased insulin signaling proteins (IR, pIRS, PI3K, pAKT) in muscle and adipose tissue.
· Increased pAMPK, and GLUT4 expression in muscle and adipose tissue

	Koh et al., 2020 [122]
	Soybean, black soybean, and adzuki bean mix extract
	16-week study in obese 8-10 five-week male C57BL/6J mice;
Dose: Dose: 5% of diet
	· Activated the hepatic PI3K/Akt/Glut2 pathway

· Decreased plasma and hepatic TNF-α, IL-6, and MCP-1

· Modulated the hepatic β-oxidation pathway markers (pAMPK, SREBP-1c/FAS, CPT1A)

	Qin et al., 2018 [125]
	Cyanidin-3-O-glucoside (C3G)
	12-week study in 9–10 weeks-old obese male C57BL/6J db/db mice;
Dose: 10-20 mg/day
	· Decreased glycemia, insulinemia, C-peptide, and HbA1c

· Decreased blood pressure
· Ameliorated diabetic nephropathy

	Tian et al., 2021 [129]

	Lycium ruthenicum
	12-week study in 4-week-old male C57BL/6J mice;
Dose: 50-200 mg/kg/day
	· Activated hepatic IRS-1/AKT, reducing insulin resistance

· Blocked the TLR4/NFκB/JNK pathways in liver
· Ameliorated hepatic oxidative stress by Nrf2/HO-1/NQO1 pathway;

	Oyama et al., 2016 [126]
	Juçara berry (Euterpe Edulis M.)
	10-week study in 4-week-old male obese Swiss mice;
Dose: 0.5-2% of diet
	· Improved glycemic response

· Decreased IL-10 and catalase activity in adipose tissue

	Park et al., 2016 [119]
	Strawberry powder containing anthocyanins
	Acute dose-response of single dose-in adult men and women with obesity and insulin resistance;
Dose: 10, 20, or 40 g
	· Optimized the post-prandial insulin response

· The 40 g dose decreased post-meal insulin concentrations

	Brett et al., 2021 [120]
	Blackcurrant extract
	Single dose-ingestion compared to 8-day supplementation in adult men and women with overweight/obesity;
Dose: 600 mg
	· Improved insulin sensitivity and the post-prandial glucose response

· Decreased IL-6, TNF-α, and C-reactive protein


Table 3. Studies of anthocyanins addressing oxidative stress in obesity

	Reference
	Anthocyanin source
	Study design
	Main result

	Escher et al., 2020 [136]
	Clitoria ternatea flower extract
	IMR90 lung fibroblast cell culture;
Dose:10, 50 and 100 μg/mL
	· Increased intracellular antioxidant activity

· Decreased angiotensin I-converting enzyme activity, α-amylase, α-glucosidase and lipid peroxidation

	Fotschki et al., 2018 [130]
	Raspberry extract
	HepG2 cell culture;
Dose: 0.5 nmol/L
	· Downregulated COX-2 
· Upregulated the activity of aryl hydrocarbon receptor

	Kowalska et al., 2021 [132]
	Lingonberry anthocyanins extract
	3T3-L1 adipocyte and HUVEC endothelial cell culture;
Dose: of 5, 10, and 20 µg/mL 
	· Decreased ROS production and pro-oxidative molecules (NOX4, iNOS)

· Increased superoxide dismutase 2

	Bashllari et al., 2020 [31]
	Cyanidin-3-O-glucoside (C3G)
	Caco-2 enterocyte cell culture; Dose: 10 or 20 mM of extract
	·    Decreased NFκB signaling pathway

·    Decreased ROS via redox-sensitive Nrf2 signaling

	Muhamad Adyab et al., 2019 [33]
	Mangosteen (Garcinia mangostana) extract
	7-week study in 8–10-week-old male obese Sprague-Dawley rats;
Dose: 200, 400 or 600 mg/kg/day
	· Increased antioxidant capacity (glutathione peroxidase in plasma);

· Decreased TNF-α and IL-6 in serum

	Daveri et al., 2018 [135]
	Anthocyanidins, cyanidin, and delphinidin blend
	14-week study in male C57BL/6J obese mice;
Dose: 2, 20 or 40 mg/kg/day
	· Inhibited oxidative stress and NFκB and JNK activation in liver

	Wu et al., 2017 [133]
	Black rice, black soybean, and purple corn blend
	12-week study in 4-week-old male C57BL/6 obese mice;
Dose: 200 mg/kg
	· Increased antioxidant enzymes (SOD and GPx) in the liver

· Decreased hepatic TNF-α, IL-6, iNOS and NFκB

	Wu et al., 2018 [134]
	Blackberry and blueberry blend
	12-week study in 24-day-old male C57BL/6 obese mice;
Dose: 200 mg/kg 
	· Increased hepatic levels of SOD and GPx 

· Increased fecal acetate and butyrate levels

· Decreased TNF-α, IL-6 and NFκB in liver tissue

	Nemes et al., 2019 [131]
	Sour cherry anthocyanins
	6-week study in male C57BL/6J mice;
Dose: 60 mg/kg dissolved in drinking water
	· Increased SOD enzyme activity in plasma
· Decreased plasma leptin and IL-6 

	Thilavech et al., 2021 [137]
	Clitoria ternatea flower extract
	A single shot intake in 20 to 40 year old men with overweight or obesity;
Dose: 1 g and 2 g
	· Improved plasma antioxidant status

· Increased post-prandial GPx activity


Table 4. Studies of anthocyanins on gut microbiota

	Reference
	Anthocyanin source
	Study design
	Main result

	Park et al., 2019 [34]
	Blackberry extract
	12-week study in 11-week-old male obese Sprague–Dawley rats;
Dose: 450 or 150 mg/kg body weight 
	· Increased fecal Lactobacillus and Akkermansia

	Cremonini et al., 2019 [106]
	Cyanidin and delphinidin mix
	14-week study in male C57BL/6J mice;
Dose: 40 mg/kg body weight
	· Decreased intestinal permeability and endotoxemia

· Increased GLP-2 and tight junction protein expression

· Recovery of the intestinal barrier damaged by obesity

· Decreased expression of NADPH oxidase-activated redox-sensitive signals (NFκB and ERK1/2) in ileum 

	Marques et al., 2018[150]
	Blackberry extract
	17-week old male Wistar rats;
Dose: 25 mg/kg body weight/day
	· Enhanced gut microbiota diversity

· Exerted psychobiotic properties

	Jamar et al., 2018 [151]
	Juçara berry (Euterpe Edulis M.)
	1-week study in 90-day-old male Wistar rats; 

Dose: 0.25%-0.5% of  diet 
	· Restored fecal Bifidobacteria
· Promoted anti-inflammatory effect by altering TLR-4, TNF-α, IL-10 gene expression in colon

	Ghattamaneni et al., 2020 [32]
	Strawberry extract (pelargonidin 3-glycoside)
	6-week study in 8–9-week-old male Wistar rats;
Dose: 108 mg/kg diet
	· Promoted healthy stools
· Improved mucosal lining of the ileum and colon

· Increased villi, crypts and goblet cells

	Fotschki et al., 2021 [152]
	Raspberry extract and fructooligosaccharides (FOS)
	12-week study in 9-week-old male Wistar rats;
Dose: 0.64%-3% of the diet 
	· Increased microbiota production of short-chain fatty acids

	Tian et al., 2021 [153]
	Lycium ruthenicum anthocyanins
	12-week study in 4-week-old male pathogen-free C57BL/6J mice;
Dose: 50, 100 or 200 mg/day
	· Enriched SCFA-producing bacteria (Ruminococcaceae, Muribaculaceae, Akkermansia and Bacteroides) 

· Increased fecal acetate, propionate, and butyrate 

	Lee et al., 2018 [165]
	Blueberry powder
	8-week study in obese male Wistar rats;
Dose: 10 g freeze-dried powder/100 g diet
	· Altered the composition of the gut microbiota increasing the population of Gammaproteobacteria and restoring ileal villi

	Morais et al., 2015[158]
	Juçara berry (Euterpe Edulis M.)
	Fetal programming study in 21-day old male offspring Wistar rats;
Dose: 0.5% of the diet 
	· Recovered fecal Bifidobacterium spp.
· Improved ZO-1 mRNA expression in the colon

	Almeida Morais et al., 2014 [166]
	Juçara berry (Euterpe Edulis M.)
	Fetal programming study in 21-day old male offspring Wistar rats;
Dose: 0.5% of the diet 
	· Increased Lactobacillus spp. and IL-10 in the colon

	Morissette et al., 2020 [148]
	Black chokeberry powder (Aronia melanocarpa)
	12-week study in 8-week-old male C57BL/6 mice;
Dose: 160 mg/day
	· Increased fecal Akkermansia muciniphila and Bacteroides
· Increased valeric acid, a minor SCFA

	Song et al., 2021[154]
	Black currant anthocyanins
	12-week study in 4-week-old male C57BL/6J mice;
Dose: 150 mg/kg/day
	· Changed the overall structure and composition of the gut microbiota

· Increased Akkermansia muciniphila

	Song et al., 2021 [161]
	Açaí anthocyanin extract
	14-week study in in 8-week-old male C57BL/6J mice;
Dose: 150 mg/kg/day
	· Changed the gut microbiota with increased Akkermansia muciniphila

	Lui et al., 2022 [157]
	Lycium ruthenicum (Petunidin-3-O-glucopyranoside)
	12-week study in 5-week-old male C57BL/6J mice;
Dose: 100 mg/kg/day
	· Increased mRNA of genes for intestinal integrity (claudin and ZO-1) in the colon

	Kim et al., 2022 [155]
	Honeysuckle berry (Lonicera caerulea L.)
	6-week study in 6-week-old male C57BL/6J mice;
Dose: 100-400 mg/kg/day
	· Modulated the gut microbiota

· Increased Bacteroidales S24-7
· Decreased Streptococcaceae and Lachnospiaceae

	Li et al., 2022 [156]
	Murray (Lycium ruthenicum) extract
	14-week study in 6-week-old male C57BL/6J mice;
Dose: 0.8% in drink water
	· Increased the diversity of cecal bacterial communities

· Decreased the Firmicutes/Bacteroidota ratio

· Increased genera Akkermansia and decreased genera Faecalibaculum.

	Hester et al., 2018 [160]
	Blueberry, black currant, and black rice extract
	8-week study in healthy adult men and women with obesity;
Dose: 215 mg/day
	· Decreased Firmicutes and Actinobacteria and increased Bacteroidetes
· Decreased intestinal calprotectin and serum C-reactive protein.

	Jamar et al., 2018 [159]
	Juçara berry (Euterpe Edulis M.) powdered pulp
	6-week supplementation in men and women with obesity;
Dose: 5 g/day
	· Increased A. muciniphila, Bifidobacterium spp. and C. coccoides


14

