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Hypertriglyceridemia refers to the presence of elevated concentrations of triglycerides (TG) in the bloodstream (TG >200 mg/dL). This lipid alteration is known to be associated with an increased risk of atherosclerosis, contributing overall to the onset of atherosclerotic cardiovascular disease (CVD). Guidelines for the management of hypertriglyceridemia are based on both lifestyle intervention and pharmacological treatment, but poor adherence, medication-related costs and side effects can limit the success of these interventions. For this reason, the search for natural alternative approaches to reduce plasma TG levels currently represents a hot research field. This review article summarizes the most relevant clinical trials reporting the TG-reducing effect of different food-derived bioactive compounds. Furthermore, based on the evidence obtained from in vitro studies, we provide a description and classification of putative targets of action through which several bioactive compounds can exert a TG-lowering effect. Future research may lead to investigations of the efficacy of novel nutraceutical formulations consisting in a combination of bioactive compounds which contribute to the management of plasma TG levels through different action targets.
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INTRODUCTION

Hypertriglyceridemia is defined as the presence of elevated concentrations of triglycerides (TG) in the bloodstream (TG >200 mg/dL) (1). Since these lipophilic molecules cannot travel freely within the blood, TG plasma concentration is represented by the sum of triglyceride-rich lipoproteins (TRLs), mainly, very-low-density lipoproteins (VLDL), chylomicrons and their remnants. Lipid disorders, including hypertriglyceridemia, are known to be associated with an increased risk of atherosclerosis, contributing overall to the onset of atherosclerotic cardiovascular disease (CVD) (2). Consequently, the management of lipid alterations for the prophylaxis of cardiovascular events is considered noteworthy. Guidelines for the reduction of plasma TG levels are based on both lifestyle intervention (e.g., decrease of body weight, reduction of dietary carbohydrates and alcohol intake, increased physical activity, etc.) and pharmacological treatment (1). However, it is well-known that poor adherence to lifestyle changes, medication-related costs, and side effects frequently associated with the pharmacological treatment, may limit the success of these interventions (3). Consequently, the search for alternative approaches to reduce plasma TG levels currently represents a hot research field. In this regard, an option for the management of hypertriglyceridemia may be represented by the supplementation with nutraceuticals, whose consumption is frequently associated with a good safety and tolerability profile (4).

The beneficial effects exerted on plasma lipid levels by numerous natural bioactive compounds are widely described in the scientific literature (5). Additionally, the metabolic targets through which these substances may improve TG levels seem to be different, suggesting a potential synergistic effect if administered in a properly combined way. The aim of this review is to summarize evidence about food-derived bioactive compounds involved in the management of plasma TG levels, with a specific focus on the data obtained from human studies and the putative action targets through which these natural substances may exert their beneficial effect.



SEARCH STRATEGY

For the section on the main putative targets of action for the TG-lowering effect, we focused on pre-clinical studies. A comprehensive literature search was conducted using the PubMed-NCBI database listings for relevant publications. The combinations of the following keywords were used: “nutraceuticals,” “natural compounds,” “bioactive compounds,” “cardiovascular risk,” “hypertriglyceridemia,” “dyslipidemia,” “mechanisms of action,” and “targets of action.” A thorough screening in scientific literature databases was conducted for the section on the evidence from clinical trials. We exclusively included (i) published studies from the last 5 years, (ii) studies investigating the effects of chronic administration with food-derived bioactive compound-based supplements, excluding both acute studies and diet-intervention studies, and (iii) studies reporting the effect of exclusive nutraceutical supplementation, excluding those investigating the administration with pharmaceutical treatments.



EVIDENCE FROM CLINICAL TRIALS

Although not directly investigating TG-reducing effects, several studies have reported the ability of such food-derived bioactive compounds to modulate lipid metabolism-related biomarkers, including serum TG. In various studies, these observations derived from investigation on diverse subjects, with or without pathological conditions, and, in many cases, within the evaluation of different outcomes. However, a modest number of studies described marked and significant TG-reducing effects, providing evidence for individuation of such effective phytochemicals for designing nutraceutical formulations. In this section we summarize the most relevant clinical trials reporting the TG-reducing effect of food-derived bioactive compounds (listed and detailed in Table 1), including omega-3 (6–33), niacin (34, 35), Trigonella foenum-graecum L. (36, 37), fiber (38–45), vitamin E (46, 47), and polyphenols (48–61).


Table 1. Most relevant published clinical trials from the last 5 years reporting TG-reducing effect after chronic supplementation with food-derived bioactive compounds.
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MAIN PUTATIVE TARGETS OF ACTION FOR THE REDUCTION OF PLASMA TRIGLYCERIDE LEVELS


Influence on Fatty Acid Beta-Oxidation

Fatty acid beta-oxidation is a metabolic process taking place in the mitochondrial matrix by which fatty acids (FAs) are broken down into acetyl-CoA units, with the release of energy in the form of adenosine triphosphate (ATP). The main regulation of this aerobic process occurs at the level of carnitine palmitoyltransferase I (CPT1), which is in turn inhibited by high concentrations of malonyl-CoA, the first intermediate in FA synthesis. For this reason, FA catabolism and FA synthesis represent opposite metabolic pathways that cannot occur simultaneously (62). Plasma TG levels in humans are represented by the sum of the TG content in TG-rich lipoproteins (TRLs), mainly, postprandial chylomicrons and VLDL. Being plasma free fatty acids (FFA) one of the main sources for TRL synthesis (63), reduced availability of these substrates through the improvement of FA oxidation may represent a useful strategy, in order to achieve a decrease in plasma TG levels. Moreover, in a study conducted by Vega et al. (64), moderately obese patients with hypertriglyceridemia showed lower levels of 3-hydroxybutyrate (regarded as fatty acid oxidation marker) compared with normotriglyceridemic control group, suggesting that an impaired FA oxidation process may lead to an increase of plasma TG levels. Based on these observations, the study of bioactive compounds which act by improving FA degradation, appears currently noteworthy. In this regard, peroxisome proliferator-activated receptor alpha (PPARα) represents a key regulator of lipid metabolism, enhancing FA oxidation process and reducing fat storage (65). PPARα is one of the three subtypes of ligand-inducible transcription factors belonging to the superfamily of PPARs. The transcription factor PPARα is considered a sensor of endogenous lipids and it is found in organs subjected to lipid catabolism, such as liver, skeletal muscle, kidneys, heart, and brown fat (66). The improved expression of this nuclear receptor has several effects in the liver, including an up-regulation of the transcription of genes involved in peroxisomal and mitochondrial oxidation of FAs, such as acyl-CoA oxidase, CPT-I, and CPT-II (67).

The main pharmacological treatment that shows PPARα as a target of action is based on fibrates (68), drugs currently recommended for the management of hypertriglyceridemia by the European Society of Cardiology (ESC) and the European Atherosclerosis Society (EAS) (1). In the group of bioactive substances capable to affect TG metabolism through a PPARα-mediated pathway, a growing interest is focused on the supplementation with omega-3 fatty acids. Omega-3 and omega-6 fatty acids represent two categories of polyunsaturated fatty acids (PUFAs), whose consumption through diet is considered essential, due to the mammalian lack of ability to introduce double bonds into FAs. Fish is the main source of long-chain omega-3 FAs, mainly eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), while some plant-based foods (such as flaxseed oil, soy and canola oil, chia seeds, pumpkin seeds and walnuts) contain omega-3 in the form of precursor alpha-linolenic acid (ALA) (69). PPARα is well-recognized to be directly bound and activated by omega-3, leading to the induction of genes involved in FA oxidation (70). An in vitro study also showed that the 9-oxo-10(E),12(Z),15(Z)-octadecatrienoic acid (9-oxo-OTA), an active compound deriving from ALA occurring in tomato fruit extract, was able to activate PPARα and induce mRNA expression of PPARα target genes in murine hepatocytes (71). Overall, based on this mechanism of action, and through other mechanisms described below, omega-3 may allow to address liver lipid metabolism toward a state of oxidation, rather than synthesis or accumulation.

It is still a matter of debate whether ALA itself mediates the effects on lipid metabolism and inflammation or if these beneficial effects are mediated by EPA and DHA. In this regard, a recent 12-week RCT investigated the effects of diets enriched with lean fish and fatty fish (animal source of omega-3) or Camelina sativa oil (vegetable source of omega 3 in the form of precursor ALA) in subjects with impaired fasting glucose. At the end of the study, the beneficial effects of fatty fish and Camelina Sativa oil on lipid metabolism were confirmed, while the increased concentrations of anti-inflammatory lipid mediator appeared to be associated with the intake of both plant and animal-based omega-3 PUFAs (72). Another evidence derives from a study conducted on healthy subjects with moderate dyslipidemia, in which the effect of a nutraceutical formulation, based on gastro-resistant capsules containing cryo-micronized chia seeds and vitamin E, was tested (73). Among plant-based sources of omega-3, chia (Salvia hispanica L.) is of major interest, not only as regards its high content of precursor ALA, but also for its omega-3:omega-6 FA ratio (~4:1) and its high content of dietary fiber, minerals, vitamins (e.g., niacin), and polyphenolic compounds (74). Considering the significant beneficial effects on plasma TG levels observed after 8 weeks of supplementation (−27.5%; p = 0.0095), this study provides further demonstration of ALA-mediated beneficial effects on lipid metabolism. Although omega-6 and omega-3 series are both essential, the balance of these FAs in the diet is critical. Based on the analysis of available literature, it was suggested an omega-6:omega-3 ratio of ~6:1, which results instead unbalanced in favor of omega-6 PUFAs in the typical Western diet, reaching a ratio of 15:1 or even greater. Since the long chain derivatives of omega-6 and omega-3 PUFAs depend on the same enzymes for their production (75), the efficiency of endogenous conversion of ALA into EPA and DHA is limited by the presence of high levels of omega-6 in the Western diet. In parallel, higher intake of omega-6 leads to an increased production of linoleic acid (LA) metabolites (such as arachidonic acid, ARA) compared to ALA metabolites (such as EPA and DHA). This has important practical implications in relation to the profoundly different biological effects of LA and ALA metabolites, especially for their inflammatory and anti-inflammatory activity, respectively (76).

Recently, curcumin, the active principle of turmeric (Curcuma longa), has gained a greater attention by scientific research as a potential agent for the management of hyperlipidemia (77). As regards the effects exerted on TG metabolism, curcumin was suggested to positively regulate FA beta-oxidation through the up-regulation of PPARα expression (78). PPARα was also reported to be directly bound and activated by astaxanthin, a carotenoid particularly abundant in seafood (e.g., kill oil), which demonstrated to reduce TG concentration in HepG2 cells through a PPARα-mediated mechanism of action (79). Furthermore, results from in vitro studies on bioactive compounds of tea suggested the regulation of PPARs subtypes as a putative mechanism of action that may lead to the hypotriglyceridemic effects observed in vivo. As previously reviewed (80), the activation of PPARα by epigallocatechin-3-gallate (EGCG) of tea would take place through an indirect mechanism of action. Blocking of the inhibitor of kB phosphorylation induced by EGCG may in fact determine the reduced activation of the nuclear transcription factor-kB (NF-kB). Since NF-kB may counteract the PPARα-mediated expression of genes involved in FA oxidation, its inhibition allows to avoid this undesirable interaction (81). In contrast, a dose-dependent direct interaction with the PPARα ligand-binding domain was reported in the case of linalool, an aromatic terpenoid found in tea (82).

Finally, among the natural bioactive compounds which could decrease plasma TG levels via PPARα, polyphenols play an important role, with particular regard to the class of flavonoids. For instance, cyanidin has proven to be a moderate PPARα ligand (83), while recent evidence has highlighted that proanthocyanidins from a grape seed extract could indirectly act on PPARα expression through the in vitro and in vivo inhibition of the activity of histone deacetylase class I (HDACs), mainly, of HDAC-3. Since the latter is a well-recognized repressor of PPARα expression (84), its inhibition can lead to an increase in PPARα phosphorylation and activation, resulting in an improvement of its targeted gene expression (85).



Reduction of Free Fatty Acid Flux to the Liver

Obesity is known to potentially contribute to the onset of several metabolic alterations, including hypertriglyceridemia, resulting in an overall increased risk of CVD (86). The increase in plasma TG levels may be related to an alteration of adipose tissue function. This alteration, called as “adiposopathy,” often occurs in the presence of visceral fat accumulation and can lead to a rise of intra-adipocyte lipolysis process (87). Free fatty acids (FFA) derived from adipose tissue lipolysis are subsequently released into the circulation and transported to the liver by hepatic artery and portal vein, causing an increase in the synthetic rate of TG (63). Hormone-sensitive lipase (HSL) is well-recognized as the key enzyme for TG mobilization, mainly, in adipose tissue and skeletal muscle, with an opposite function to that the lipoprotein lipase (LPL) (88). Among the TG-lowering agents, nicotinic acid (also known as niacin or vitamin B3), has proven to exert lipid-regulating effects when administered at high doses (1.5–6 g/d) (89). Although the mechanism of action of nicotinic acid in the management of lipid profile remains unclear, the potential of this organic compound to reduce the expression of HSL has been described (90). In addition, the niacin-mediated inhibition of HSL expression would occur more specifically in peripheral fat (91), where HSL seems to exert a major lipolytic capacity (92). Overall, the inhibition of this lipase may result in a decrease of FAs output from the adipose tissue, a reduced delivery of these molecules to the liver, and the consequent inhibition of hepatic TG synthesis.



Inhibition of Fatty Acid Synthesis

As described above, the main regulator of FA beta-oxidation is CPT1, which contributes to the transport of long-chain FA into the mitochondrial matrix. CPT1 is allosterically inhibited by high concentrations of malonyl-CoA, the first intermediate in the biosynthesis of FA. For this reason, FA catabolism and FA synthesis are opposite metabolic pathways which cannot occur simultaneously (62). The first enzyme involved in FA synthesis, and consequently in the intermediate production of malonyl-CoA, is acetyl CoA carboxylase (ACC). In turn, the activity of this enzyme results to be suppressed by the phosphorylation induced from adenosine monophosphate-activated protein kinase (AMPK), an essential regulator of energy metabolism (93). In this scenario, bioactive compounds with AMPK-activating capacity, represent potential candidate to help direct lipid metabolism toward a state of oxidation, rather than synthesis or accumulation. In this regard, as recently reviewed by Vazirian et al. (94), different bioactive compounds (e.g., curcumin, quercetin, resveratrol, berberine, ginsenosides and EGCG), demonstrated to activate AMPK, thus, contributing to the inhibition of ACC and FA synthesis.

Sterol-regulatory-element-binding protein 1c (SREBP-1c), together with the PPARs nuclear receptors, is recognized as one of the main transcription factors for the regulation of lipid metabolism. The activation of several FA synthase genes is regulated by this transcription factor, such as ACC, fatty acid synthase (FAS), and stearoyl-CoA desaturase (SCD). Therefore, the inhibition of SREBP-1c may lead to the lack of conversion of acetyl-CoA into FAs and the consequent process of lipogenesis (95). The expression of the nuclear receptor SREBP-1c is widely reported to be inhibited by PUFAs, but not from monounsaturated or saturated FAs (95, 96). Among PUFAs which can affect the activity of SREBP-1c, omega-3 play a major role. The hypotriglyceridemic effect of omega-3 is well-recognized, deriving not only from an increased lipolysis, as described above, but also from a reduction in the lipogenesis process. In particular, genes involved in the lipogenesis process (e.g., FAS, SCD1, and Δ6-desaturase) contain a sequence responsive to omega-3 in the promoter region, to which the transcription factor SREBP-1c binds (97). Moreover, different studies suggest that omega-3 may reduce SREBP-1c activity also through the proteasome-mediated degradation of this transcription factor (98, 99). Altogether, these effects lead to a reduced synthesis of fatty acids and triglycerides, followed by the lack of formation of nascent VLDL particles. Interestingly, it has been shown that the expression, as well as the nuclear transcription of SREBP-1c, could be also inhibited by dietary curcumin (100, 101).

The inhibition of SREBP-1c activity, as a putative mechanism of action which may contribute to the reduction of lipid synthesis, is also described in a study performed by Vijayakumar et al. (102). The authors conducted an in vitro study on HepG2 cells in which a down-regulation of SREBP-1c expression, both at the mRNA and protein level, was observed after treatment with a thermostable extract of fenugreek seeds. This effect was accompanied by a decreased expression of FAS enzyme and, consequently, a decrease in lipid synthesis. It is important to underline that, at a molecular level, the expression of SREBP-1c is suppressed by the farnesoid X receptor (FXR), another important transcription factor, belonging to nuclear receptors superfamily. This interaction is mediated by a signaling pathway involving small heterodimer partner (SHP) (103). This observation strongly suggests the use of substances capable of improving the activity of FXR, in order to obtain a plasma TG-lowering effect. Interestingly, results deriving from an in vitro study, showed the potential of procyanidins occurring in a grape seed extract in modulating positively FXR activity, enhancing the natural binding of this transcription factor by bile acids (104), and determining the in vivo reduction of plasma TG content. In addition, an in vitro study conducted by Zhao et al. (105) reported that PUFAs are selective modulators of FXR, specifically regarding ALA, DHA, and ARA. Since FXR plays a critical role in lipid metabolism, the interaction of PUFAs with this transcription factor was suggested as a further mechanism of action which may contribute to their beneficial effects on lipid profile.

Finally, an additional mechanism of action potentially involved in the inhibition of hepatic lipogenesis is the reduction of activity of TG-synthesize key enzymes, mainly, diacylglycerol O-acyltransferase (DGAT) and phosphatidic acid phosphatase (PAP). PAP is an enzyme which catalyzes the conversion of phosphatidic acid into diacylglycerol, while DGAT1 and DGAT2 are two enzymes which catalyze the last step in the biosynthesis of TG, both in the glycerol phosphate and monoacylglycerol pathways (106). Several studies suggest the beneficial effects of different bioactive compounds on lipid metabolism via the inhibition of these two enzymes, including omega-3 and nicotinic acid (107–111).



Increased Clearance of Plasma Triglyceride

Plasma TG levels are represented by the TG content of TRLs, mainly, postprandial chylomicrons and VLDL. Chylomicrons are the largest lipoprotein particles (about 1,000 nm) and are composed of TG (85–90%), phospholipids, cholesterol esters and 1–2% of different types of apolipoprotein (apoB48, apoCIII, apoCII, and apoE). These exogenous lipoproteins are formed in the small intestine after the ingestion of dietary fats and subsequently enter the blood circulation through the lymphatic system. In the vascular endothelium, the apoCII present on the surface of the chylomicrons activates the LPL which favors the lipolysis of TG. FFA and chylomicron remnants will result from this hydrolyzing process: the first products (FFA), based on individual metabolic needs, can be used by muscle cells as a source of energy or resynthesized into TG and stored in adipose cells, while the second products (chylomicron remnant particles) are removed from the circulation by the liver. Dietary fats are not the only source of TG, but can also be synthesized in liver cells and, together with apoB100, apoCIII, apoCII, and apoE, form VLDL particles, which are released into the bloodstream (112).

One of the putative strategies to obtain a plasma TG-lowering effect is represented by the supplementation with substances capable to increase the clearance of plasmatic TRLs. In this regard, LPL is considered a key enzyme for TG clearance and is known to be regulated by several factors. Particularly, apoCII represents an essential co-factor for LPL activation, whereas apoCIII may inhibit its action and, consequently, the resulting lipolysis process (113). In addition, apoCIII may contribute to the onset of hypertriglyceridemia through the stimulation of VLDL synthesis and the inhibition of hepatic remnants uptake (114). In this scenario, omega-3, whose use as a food supplement is widely extended for the management of TG levels, showed to act also through the increased LPL activity. Dietary long-chain omega-3 PUFAs have demonstrated to direct up-regulate LPL gene expression and PPARγ mRNA expression in cultured adipocytes (115, 116), and the agonism of this latter transcription factor may further contribute to enhance the LPL activity (117). Moreover, results obtained from an in vivo study showed a significant reduction in plasma TG levels in mice fed a high-fat diet, with the source of fat represented by omega-3 from fish oil, compared to other three diets (soy oil, a mix of soy oil and fish oil and a normal chow diet). Based on the obtained data, it was suggested that plasma TG-lowering effect, observed in the group of mice fed with fish oil, could depend on the increased LPL activity and, consequently, on the improved clearance of TRLs induced by omega-3 (118). Besides, the reduction of apoCIII plasma levels, as a mechanism that lead to an increased TRL cycle, was also observed in humans after the supplementation with EPA and DHA combined, or purified EPA (119, 120). Evidence from scientific literature also suggest a putative action of FXR in down-regulating apoCIII gene expression and up-regulating apoCII and VLDL-receptor gene expression (121–123). This observation may additionally support the hypothesis that bioactive compounds, capable of interacting with FXR, could exert beneficial effects on TG metabolism. Furthermore, as reviewed by Giglio et al. (124), polyphenols have demonstrated to reduce plasma TG levels via increasing the activity of LPL. In this context, flavonoids, phenolic acids (cinnamic acid), curcumin and sylimarin are the polyphenols with the most demonstrated beneficial efficacy (124).

Lipid metabolism is known to be also influenced by oxidative stress: an increase of oxidative state of the organism may contribute to lipid peroxidation, and this process may influence the activity of hepatic lipases, especially regarding LPL (125). As a proof of this, a positive correlation between the LPL activity and the serum total antioxidant capacity (TAC) of the organism was described (126). Based on this observation, two in vivo studies on streptozocin-induced diabetic rats showed the efficacy of a high supplementation with vitamin E in bringing TG back to normal levels. Considering the well-known antioxidant potential of vitamin E, these studies propose the efficacy of vitamin E in removing lipid peroxides in plasma and liver, as the potential mechanism that may lead to an increased activity of LPL (127, 128). In addition, a study performed on triton-treated hyperlipidemic rats showed a decrease in plasma TG levels after chronic feeding with fenugreek seed extract at a dosage of 200 mg/kg body weight. This lipid-lowering effect was accompanied by the activation of different hepatic lipases, including LPL, and by the concomitant reduction of plasma lipid peroxidation, as observed in vitro (129). However, these preliminary results should be deepened thoroughly, especially by performing clinical trials. Nevertheless, it is also important to underline the widely recognized importance of antioxidant dietary compounds, especially vitamin E, in counteracting the onset of diseases related to both liver fat accumulation and oxidative stress, such as non-alcoholic fatty liver disease (NAFLD) (130, 131).



Inhibition of Triglyceride Intestinal Absorption

The absorption of TG across the intestinal mucosa requires the conversion of these molecules from insoluble macroscopic particles into soluble micelles, which can be specific targets of intestinal enzymes. In this regard, the main enzyme responsible for the hydrolysis of total dietary fats is pancreatic lipase, which converts TG into diglycerides, monoglycerides, FFA, and glycerol (132). Orlistat, a drug approved by the Food and Drug Administration (FDA) for obesity treatment, acts as an inhibitor of pancreatic lipase enzyme activity and its administration also promotes the reduction of plasma TG levels in humans (133). In this scenario, interest in the use of natural bioactive compounds, capable of inhibiting pancreatic lipase, is increasingly emerging. The inhibition of pancreatic lipase by plant-derived molecules was recently reviewed by Rajan et al. (134), with a specific focus on the role of flavonoids, alkaloids, saponins and terpenoids. Among these bioactive compounds, the class of flavonoids showed the most powerful inhibiting activity on pancreatic lipase enzyme, and this potential effect was mainly dependent on molecule weight and position of hydroxyl groups (129). However, investigation of new classes of bioactive compounds with this potential beneficial activity is extensive and still ongoing (135).

Dietary fibers are other significant food components capable to counteract the absorption of postprandial TG. It is known that fiber can reduce the absorption of fats in the small intestine, thus decreasing the production of TRLs, mainly chylomicrons (136). In particular, in vitro studies have shown that dietary fibers may affect lipid metabolism mainly through two different mechanisms of action: (1) soluble fibers are capable of creating viscous solutions in the gastrointestinal tract delaying lipid absorption and transit in the small intestine (137); (2) other fibers, such as chitosan, can directly bind lipid globules, with the final result of inhibiting lipolysis (138). At this regard, animal-based studies with chitosan supplementation have demonstrated the ability of this biopolymer in reducing plasma TG levels, supporting a chitosan derived reduction in lipid absorption (139). Nonetheless, different studies showed that dietary fiber, such as pectin, can inhibit lipase enzyme activity (140–142). Overall, research on bioactive substances potentially capable of reducing the absorption of dietary fats, may be considered as an interesting strategy for the management of plasma TG levels, especially during the postprandial state.




CONCLUSION

In the present review, we summarized the most relevant evidence about the TG-reducing effect of different food-derived bioactive compounds. In this regard, after analysis of the available scientific evidence, we have identified omega-3, niacin, vitamin E, Trigonella foenum-graecum L, fibers and polyphenols, as agents with a demonstrated plasma TG-lowering effect after a chronic supplementation in humans. Moreover, analysis of data obtained from in vitro studies allowed us to describe and classify the main putative targets of action through which several bioactive compounds may exert a beneficial effect on plasma TG metabolism. As shown in Figure 1, such action targets include (a) influence on FA beta-oxidation, (b) reduction of FFA flux to the liver, (c) inhibition of FA synthesis, (d) increased clearance of plasma TG, and (e) inhibition of TG intestinal absorption. The increase of FA beta-oxidation and the inhibition of FA synthesis represent two different and opposite targets of action which, in both cases, may lead to an increased rate of FA oxidation, rather than synthesis or accumulation. Since TG molecules are composed of FAs, it is reasonable to hypothesize that the effects of food-derived bioactive compounds on these two targets may lead to a final TG-lowering effect. Furthermore, two other putative metabolic targets are the reduction of FFA flux to the liver and the increased clearance of plasma TG. In both cases, the effect of bioactive compounds described above would be mediated by the reduced and increased activity of HSL and LPL, respectively. Plasma TG can origin from FAs provided from both endogenous and exogenous sources (112). The inhibition of intestinal absorption of TG represents the last target of action described in this review, and it refers, specifically, to the improved metabolism of TG from exogenous sources (dietary food).
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FIGURE 1. Main putative action targets of different bioactive compounds for the reduction of plasma triglyceride levels. AMPK, adenosine monophosphate-activated protein kinase; DGAT, diacylglycerol O-acyltransferase; EGCG, epigallocatechin-3-gallate; FA, fatty acid; FFA, free fatty acid; FXR, farnesoid X receptor; HSL, hormone-sensitive lipase; PPARα, peroxisome proliferator-activated receptor alpha; PUFAs, polyunsaturated fatty acids; SREBP-1c, sterol-regulatory-element-binding protein 1c.


To our knowledge, this is the first report focusing on the description and categorization of putative mechanisms of action through which different natural bioactive substances may determine, in a directly or indirectly manner, a TG-reduction effect. Notably, the TG metabolic targets of nutraceuticals may be different, and the same substance can exert a beneficial effect at distinct levels. It could be hypothesized that the appropriate combination of different bioactive compounds may determine an additional, or even synergistic, beneficial effect on plasma TG levels in humans. The investigation of these possible synergistic actions currently represents an interesting line of research. More scientific evidence, deriving from well-designed intervention studies, are needed to deepen this aspect.
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(b < 0.05) compared to
baseline

—13.12
(p = 0.05) compared to
baseline

~38.25
(p = 0.01) compared to
baseline and placebo

—34.15
(b < 0.0001) compared to
baseline

~12.09
(b < 0.05) compared to
baseline
~38.48
(n.s.) compared to
baseline
~10.15
(b < 0.05) compared to
placebo
-8.16
(n.s.) compared to
baseline
-11.44
(n.s.) compared to
baseline
~20.55
(n.s.) compared to
baseline

—17 (o = 0.002)
compared to baseline

23
(b < 0.01) compared to
placebo
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