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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.

Keywords: hypertriglyceridemia, nutraceutical, food-derived bioactive compounds, cardiovascular risk, obesity

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
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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
hypertriglyceridemiamay 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).

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
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TABLE 1 | Most relevant published clinical trials from the last 5 years reporting TG-reducing effect after chronic supplementation with food-derived bioactive compounds.

Trial type Subjects N◦ of

subjects

Age (years) Lifestyle

intervention

Treatment(s) Duration of

treatment

Serum TG variation (%) References

Omega-3

R, DB, PC

Obese adolescents with

hypertriglyceridemia

65 12.5 ± 1.8 Controlled diet and

physical activity

• Soybean oil 3,000 mg/d

(placebo)

• PUFAs 3,000 mg/d (containing

2,000mg EPA and 1,000mg

DHA)

12 weeks −44.1

(p < 0.01) compared to

baseline

Huang et al. (6)

R, DB, PC, PA Obese adolescents with

hypertriglyceridemia

130 10–16 n.a. • Soybean oil 3,000 mg/d

(placebo)

• PUFAs 3,000 mg/d (containing

2,000mg EPA and 1,000mg

DHA)

12 weeks −39.1

(p < 0.01) compared to

baseline

Del-Río-Navarro

et al. (7)

R, DB, PC Obese adults with T2DM 81 57 ± 2.2 Controlled diet and

physical activity

• Placebo

• Fish-oil

• Curcumin

• Curcumin + fish oil

12 weeks −16.5 ± 4.5

(p = 0.007) compared to

baseline

Thota et al. (8)

R, OL Overweight adults with

hyperlipidemia

96 48.7 (active group)

50.7 (dietary fish

group)

n.a • OM-3 2 g (containing 180mg

EPA and 120mg DHA in each

soft-gel)

• 250 g farmed trout fish

2 months −30.7

(p = 0.021)

Zibaeenezhad

et al. (9)

R, DB, PC, Obese adults with NAFLD 176 55.3 ± 13.3 (active

group)

55.1 ± 10.9

(placebo group)

n.a • Olive oil (placebo)

• OM-3 concentrate MF4637

24 weeks −18.0

(p = 0.0008) compared to

baseline

Tobin et al. (10)

R, DB, PC Adults with schizophrenia

and MetS

65 12.5 ± 1.8 (active

group)

12.7 ± 10.5

(placebo group)

n.a • Vitamin E 100 mg/d

• OM-3 group received fish oil

containing 720mg EPA and

480mg DHA

12 weeks −27.1

(p < 0.01) compared to

baseline

Xu et al. (11)

R Children with ERDS 49 13.33 ± 2.44 n.a • OM-3 two capsules/d

containing 360mg EPA and

240mg DHA

3 months −30.4

(p < 0.001) compared to

baseline

Omar et al. (12)

R, DB, PA, PC Adults with T2DM 30 50.47 ± 6.06 (active

group)

50.67 ± 6.70

(placebo group)

n.a. • OM-3 capsules (containing

180mg EPA and 120mg DHA)

• Placebo (gelatin capsules)

8 weeks −17.0

(p = 0.005) compared to

baseline

Fayhn et al. (13)

R, SC, DB Adults with chronic

Chagas cardiomyopathy

42 58.6 ± 11.0 (active

group)

55.0 ± 9.5 (placebo

group)

Controlled diet • OM-3 capsules (containing

1.8 g EPA and 1.2 g DHA)

• Placebo (corn oil)

8 weeks −25.9

(p < 0.01) compared to

baseline

Silva et al. (14)

Mc, Pr, OL, SA Adults with

T2DM and high risk for

cardiovascular diseases

12 65 ± 11 n.a. • OM-3 4 g/d (containing

1,860mg EPA and 1,500mg

DHA)

12 weeks −12.1

(p < 0.001)

Ide et al. (15)

(Continued)
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TABLE 1 | Continued

Trial type Subjects N◦ of

subjects

Age (years) Lifestyle

intervention

Treatment(s) Duration of

treatment

Serum TG variation (%) References

R, DB, PC DN 60 62.9 ± 10.5 (active

group)

62.4 ± 9.6 (placebo

group)

n.a. • OM-3 1,000 mg/d

• Placebo

12 weeks −19.8 ± 8.8

(p = 0.01) compared to

baseline

Soleimani et al.

(16)

R, SB, PC Adults with IR 45 56.8 ± 3.09 (active

group)

58.2 ± 15.19

(placebo group)

n.a. • Paraffin oil (placebo)

• OM-3 1,800 mg/d (6 soft-gel

capsules, each containing

180mg EPA and 120mg DHA)

4 months −17.2

(p = 0.02) compared to

baseline

Gharekhani et al.

(17)

R, DB, PC, PA Adults with modest

hypercholesterolaemia

and hypertriglyceridaemia

260 51.6 ± 11.5 (active

group)

51.0 ± 10.0

(placebo group)

n.a.

(usual diet)

• Fish oil EPA + DHA + 2 PS 1

g/d

• Placebo

4 weeks −10.6

(p < 0.001) compared to

baseline

Blom et al. (18)

R, DB, PC, Women with obesity 57 45.9 ± 9.3 (active

group)

47.3 ± 12.0

(placebo group)

n.a.

(usual diet and

physical activity)

• 3 capsules, each containing

90–150mg EPA and 430mg

DHA

• Placebo

3 months −17.6

(p = 0.002) compared to

baseline

Polus et al. (19)

R, DB, PC Adults with severe

hypertriglyceridemia

273 51 ± 10 (active

group OM3-CA 2

g/d)

53 ± 11 (active

group OM3-CA 4

g/d)

51 ± 11 (placebo

group)

n.a. • OM3-CA 2 g/d

• OM3-CA 4 g/d

• Olive oil (placebo)

12 weeks OM3-CA 2 −15.79 (p <

0.001) compared to

baseline

OM3-CA 4 −22.76 (p <

0.001) compared to

baseline

Morton et al. (20)

R, DB, PC, Overweight adults with

hypertension,

dyslipidemia, diabetes, or

smoking

40 30–74 n.a. • OM-3 2 g/d

• Placebo

2 months −25.3

(p < 0.001) compared to

baseline

Barbosa et al.

(21)

IS, PC Adults with dyslipidemia 14 40.2 ± 1.7 n.a. • OM-3 fatty acid ethyl esters 4

g/d (containing 1,860 mg/d

EPA ethyl ester and 1,500

mg/d DHA)

4 weeks −47.9

(p = 0.003) compared to

baseline

Furuhashi et al.

(22)

R, CO, DB, Co Obese adults with MetS 154 53.5 ± 14 n.a. • EPA (2.7 g/d),

• DHA (2.7 g/d)

• Corn oil (placebo)

10 weeks EPA = −13.3

(p < 0.0001)

DHA = −11.9

(p < 0.0001) compared to

baseline

Allaire et al. (23)

R, DB, PC Adults with T2DM 85 50.93 ± 7.27 n.a • 3 softgels of OM-3 (each

containing 600mg EPA and

300mg DHA)

• 3 softgels of placebo (each

containing 900mg of edible

paraffin)

10 weeks −18.0

(p < 0.056) compared to

baseline

Mazaherioun

et al. (24)

(Continued)
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TABLE 1 | Continued

Trial type Subjects N◦ of

subjects

Age (years) Lifestyle

intervention

Treatment(s) Duration of

treatment

Serum TG variation (%) References

R, DB, Mc, PC Postmenopausal women

with a history of stage I to

III hormone–sensitive

breast cancer

249 59.5 (active group)

59.1 (placebo group)

n.a. • 6 capsules/d (each containing

560mg EPA + DHA in a 40/20

ratio)

• Blends soybean and corn oil

(placebo)

12 weeks −22.1

(p < 0.001) compared to

baseline

Hershman, et al.

(25)

R Adults 191 26.6 ± 6.3 n.a. Fish oil 2.7 g/d 6 weeks −5.3

(p < 0.05) compared to

baseline

Binia et al. (26)

R, GC Obese adults 26 48.6 ± 6.8 (active

group)

49.3 ± 4.8 (placebo

group)

n.a. ALA 12 weeks −51.8

(p < 0.0001) compared to

baseline

Zhao et al. (27)

R, DB, PC, Adults with ESRD and

high cardiovascular risk

161 66 ± 11 (active

group)

68 ± 11 (placebo

group)

n.a. • OM-3 1.7 g/d

• Olive oil (placebo)

3 months −10.7

(p < 0.01) compared to

baseline

Sørensen. et al.

(28)

R, DB, PC Adults with NASH 78 59.4 ± 7.2 (active

group)

52.6 ± 6.6 (placebo

group)

n.a.

(Usual diet)

• 50mL PUFAs with 1:1 ratio of

EHA and DHA

• Prescribed normal saline

(placebo)

6 months −28.0

(p = 0.01) compared to

baseline

Li et al. (29)

R, DB, PC Adults with IR and T2DM 68 55.8 ± 7.6 (active

group)

56 ± 7 (placebo

group)

n.a.

(Usual diet)

• Softgels containing 600mg

OM-3 (362.5mg DHA and

100mg EPA)

• Paraffin softgels (placebo)

2 months −25.6

(p = 0.01) compared to

baseline

Toupchian et al.

(30)

R, DB, PC Children with NAFLD 51 11.0 ± 2.6 (active

group)

10.8 ± 2.8 (placebo

group)

n.a • 39% DHA algae oil

• 290mg linoleic acid supplied

with germ oil (placebo)

6 months −18.5

(p = 0.04) compared to

baseline

Pacifico et al.

(31)

R, DB, PC, Adults with T2DM 63 30–70 n.a. • DHA-rich fish oil (containing

2,400 mg/d fish oil; DHA:

1,450mg and EPA: 400mg)

• Placebo

8 weeks −49.3

(p = 0.003) compared to

baseline

Mansoori et al.

(32)

R, DB, PC, CO Adults with T2DM 10 54.7 ± 7.6 n.a. • Fish oil 5 g/d, containing 3 g of

EPA (64%) and DHA (36%)

• 5 g/d of corn and soybean oil

(placebo)

6 weeks −9.7 (p = 0.05)

compared to baseline

Tremblay et al.

(33)

Niacin

R, Mc, DB, PC

Subjects with or without

CKD

3,413 (CKD =

505; No CKD

= 2,908)

70.7 ± 7.3 (CKD

group)

62.5 ± 8.4 (No CKD

group)

n.a. • Niacin 1,500mg

• Placebo

3 years −36.0 (CKD group)

and−26.5 (no CKD group)

after 1 year

(p< 0.001 compared to

placebo);

−35.42 (CKD group) and

−27.10 (No CKD group)

after 3 years

(p< 0.001 compared to

placebo)

Kalil et al. (34)

(Continued)
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TABLE 1 | Continued

Trial type Subjects N◦ of

subjects

Age (years) Lifestyle

intervention

Treatment(s) Duration of

treatment

Serum TG variation (%) References

R, DB, PC, CO Hypertriglyceridemic

patients

8 18–65 n.a. • Placebo

• Increasing dose of niacin (0.5

to 2.0 g/d) in the first four

weeks and 2.0 g/d for the last

four weeks

8 weeks −46

(p = 0.023) compared to

placebo

Croyal et al. (35)

Trigonella foenum-graecum L.

R, Co Newly diagnosed T2DM

patients

95 Range not clearly

defined

n.a. • Control group not clearly

defined

• Trigonella foenum-graecum

seed powder 50 mg/d

1 month −23.53

(p < 0.001) compared to

baseline

Geberemeskel

et al. (36)

OL, SA Hyperlipidemic and

hyperglycaemic patients

25 56 ± 8 n.a. • Polyherbal formulation 12.8

g/d containing 39.1% (5 g) of

Trigonella foenum-graecum

seed powder

40 days −18.22

(p < 0.01) compared to

baseline

Zarvandi et al.

(37)

Fiber

R, DB, PA, PC Overweight and obese

adults

93 19–68 n.a. (usual diet) • Psyllium 5 g/d (PSY)

• PolyGlycopleX (PGX) 5 g/d

• Rice flour 5 g/d (placebo)

12 months −12.7

(p = 0.023) in PSY group

at 6 months compared to

baseline

Pal et al. (38)

SC, R, DB, PC Overweight and obese

children

38 7–12 n.a. • Oligofructose-enriched inulin 8

g/d

• Maltodextrins 3.3 g/d

(placebo)

16 weeks −19.08

(p = 0.024) compared to

baseline

Nicolucci et al.

(39)

R, DB, PC Overweight and obese

adults with MetS

87 20–65 n.a. • Inulin 6 g/d in a fortified yogurt

• Fiber-free yogurt (placebo)

10 weeks −32.65

(p < 0.001, compared to

baseline; p = 0.003,

compared to placebo)

Mohammadi-

Sartang et al.

(40)

R, PC Type 2 diabetics 22 50–80 n.a. • Functional bread (7 g

fiber/100 g and 7.62 g

β-glucans/100 g)

• Normal bread (3.2 g

fiber/100 g and 0 g

β-glucans/100 g)

6 months −15.7

(n.s.) compared to

baseline

Tessari et al. (41)

R, DB, PC Overweight and obese

adults

26 31.3 ± 8.5 Energy-restricted

diet (−500 kcal/d)

• Yacon flour 25 g/d 6 weeks −10.63 (n.s.) compared to

baseline

Machado et al.

(42)

R, DB, PC Type 2 diabetics 91 50.09 ± 9.3 n.a.

(usual diet and

physical activity)

• Gum Arabic 30 g/d

• Pectin 5 g/d (placebo)

3 months −11.03

(p = 0.061) compared to

baseline

Babiker et al.

(43)

R, PC, TB Women with PCOS 62 18–45 n.a. • Resistant dextrins 20 g/d

• Maltodextrins 20 g/d (placebo)

3 months −2.63

(p = 0.008) compared to

baseline; −38.50 (p =

0.001) compared to

placebo

Gholizadeh

Shamasbi et al.

(44)

(Continued)
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TABLE 1 | Continued

Trial type Subjects N◦ of

subjects

Age (years) Lifestyle

intervention

Treatment(s) Duration of

treatment

Serum TG variation (%) References

R, PC, TB Women with T2DM 60 30–65 n.a.

(usual diet and

physical activity)

• Resistant starch 10 g/d

• Maltodextrins 10 g/d (placebo)

8 weeks −9.90

(p < 0.05) compared to

baseline

Gargari et al. (45)

Vitamin E

R, DB, PC Women with PCOS 86 20–40 n.a. • Vitamin E 400 IU/d

• CoQ10 200 mg/d

• Vitamin E 400 IU/d + CoQ10

200 mg/d

• Placebo

8 weeks Vitamin E group: −5.82

(n.s. compared to

baseline; p < 0.001

compared to placebo)

Izadi et al. (46)

R, CO, PC Haemodialysis patients 37 50.7 ± 16.5 (active

group)

47.9 ± 21.5

(placebo group)

n.a.

(usual diet)

• 30mL virgin argan oil

(containing 44mg vitamin

E/100g)

• Placebo

4 weeks −13.23

(p < 0.01 compared to

placebo)

Eljaoudi et al.

(47)

Polyphenols

R, SA, DB Adults with MetS 78 62 ± 9 n.a. • 2 pills/d, containing 160mg of

Curcuma longa, 102 g of

silymarin, 24mg of guggul

lipids, 14mg of chlorogenic

acid, and 2.5mg of inulin

4 months −8 (p = 0.059) Patti et al. (48)

R, DB, PC Obese subjects with high

serum TG (> 200 mg/dL)

45 40–80 Healthy diet, rich in

fruits and vegetables

and poor in fats and

carbohydrates

(1,200 kcal/d)

• Bergamot polyphenols 650

mg/d

• Polyphenols 1,300 mg/d

• Maltodextrins (placebo)

3 months −32

(p < 0.0001 compared to

placebo)

Capomolla et al.

(49)

R, DB PC, CO Pre-hypertensive male 60 24–72 n.a. • 20mL olive leaf polyphenolic

extract (including 6.81mg

oleuropein/mL; 0.32mg

hydroxytyrosol/mL; 0.12mg

tyrosol/mL)

• Placebo

6 weeks −12.16

(p < 0.05) compared to

baseline

Lockyer et al.

(50)

R, PC Patients with NAFLD 77 46.3 ± 11.5 (active

group)

48.9 ± 9.7 (placebo

group)

n.a. • Curcumin 500 mg/d

• Placebo

8 weeks −13.12

(p = 0.05) compared to

baseline

Rahmani et al.

(51)

R, DB, PC Patients with nephropathy 40 38.5 ± 11.1 (active

group)

35.4 ± 12.0

(placebo group)

n.a. • Resveratrol 500 mg/d +

500mg curcumin/d

• Placebo

12 weeks −38.25

(p = 0.01) compared to

baseline and placebo

Murillo Ortiz

et al. (52)

R, DB, PC, Mc Dyslipidemic patients 98 30–65 Healthy diet with

exercise at least 4

days/week

• Amla extract (containing

350mg polyphenols) 1000

mg/d

• Roasted rice powder 1000

mg/d (placebo)

12 weeks −34.15

(p < 0.0001) compared to

baseline

Upadya et al.

(53)

(Continued)
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TABLE 1 | Continued

Trial type Subjects N◦ of

subjects

Age (years) Lifestyle

intervention

Treatment(s) Duration of

treatment

Serum TG variation (%) References

R, DB, PC Type 2 diabetics 44 40–70 n.a.

(usual diet and

physical activity)

• Curcumin 1,500mg

• Rice flour (placebo)

10 weeks −12.09

(p < 0.05) compared to

baseline

Adibian et al.

(54)

R, PA, DB, PC Type 2 diabetics 20 45–65 n.a.

(usual diet and

physical activity)

• Green tea polyphenolic extract

400 mg/d

• Calcined magnesia (placebo)

12 weeks −38.48

(n.s.) compared to

baseline

Quezada-

Fernández et al.

(55)

R, DB, PA, PC Adults 56 25–65 Controlled diet • Cranberry juice 480mL

• Placebo

8 weeks −10.15

(p < 0.05) compared to

placebo

Novotny et al.

(56)

R, DB, PC Type 2 diabetics 43 30–60 n.a. • Resveratrol 480 mg/d

• Starch 480 mg/d (placebo)

4 weeks −8.16

(n.s.) compared to

baseline

Zare Javid et al.

(57)

R, DB, PC Schizophrenia patients 19 18–65 Controlled diet • Resveratrol 200 mg/d

• Placebo

4 weeks −11.44

(n.s.) compared to

baseline

Zortea et al. (58)

R, DB, PC Patients with NALFD 50 44.0 ± 10.1 (active

group)

46.3 ± 9.5 (placebo

group)

Controlled

energy-balanced

diet and physical

activity

• Resveratrol 500 mg/d

• Placebo

12 weeks −20.55

(n.s.) compared to

baseline

Faghihzadeh

et al. (59)

Pr, SA, DB Adults with moderate

hypercholesterolemia

80 55 ± 13 n.a. • Bergamot derived extract at a

fixed dose daily (150mg of

flavonoids, with 16% of

neoeriocitrin, 47% of

neohesperidin and 37% of

naringin)

6 months −17 (p = 0.002)

compared to baseline

Toth et al. (60)

R, DB, Pc Adults with T2DM 58 58.1 ± 2.3 (active

group)

57.6 ± 3.4 (placebo

group)

n.a. • Anthocyanins 320 mg/d

• Placebo

24 weeks −23

(p < 0.01) compared to

placebo

Li et al. (61)

ALA, α-linolenic acid; CA, carbossilic acids; Co, controlled; CO, crossover; CVD, cardiovascular disease; DB, double-blind; DHA, docosahexaenoic acid; DM, diabetes mellitus; DN, diabetic nephropathy; EPA, eicosapentaenoic acid;

ESRD, end-stage renal disease; hsPCR, High-Sensitivity C-Reactive Protein; IPE, icosapent ethyl; IR, insulin resistance; Mc, multicenter; MetS, metabolic syndrome; n.a., not-applicable; n.s., non-significant; NAFLD, non-alcoholic fatty

liver disease; NASH, non-alcoholic steatohepatitis; OL, open-label; OM-3, omega-3; PA, parallel arm; PC, placebo-controlled; PCOS, polycystic ovary syndrome; PS, plant sterol; Pr, prospective; PUFAs, polyunsaturated fatty acids; R,

randomized; SA, single-arm; SB, single-blind; SC, single center; T2DM, type 2 diabetes mellitus; TB, triple-blind; TG, triglyceride.
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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
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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, and16-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 whichmay 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
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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
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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.

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).

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.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

Frontiers in Nutrition | www.frontiersin.org 12 November 2020 | Volume 7 | Article 586178

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Schiano et al. Bioactive Compounds and Hypertriglyceridemia

REFERENCES

1. Mach F, Baigent C, Catapano AL, Koskinas KC, Casula M, Badimon L,
et al. 2019 ESC/EAS Guidelines for the management of dyslipidaemias:
Lipid modification to reduce cardiovascular risk. Eur Heart J. (2020) 41:111–
88. doi: 10.15829/1560-4071-2020-3826

2. Rygiel K. Hypertriglyceridemia - common causes, prevention
and treatment strategies. Curr Cardiol Rev. (2018) 14:67–
76. doi: 10.2174/1573403X14666180123165542

3. Marzec LN, Maddox TM. Medication adherence in patients with diabetes
and dyslipidemia: associated factors and strategies for improvement. Curr
Cardiol Rep. (2013) 15:418. doi: 10.1007/s11886-013-0418-7

4. Cicero AFG, Colletti A, Bajraktari G, Descamps O, Djuric DM, Ezhov
M, et al. Lipid lowering nutraceuticals in clinical practice: position paper
from an International lipid expert panel. Arch Med Sci. (2017) 13:965–
1005. doi: 10.5114/aoms.2017.69326

5. RizzoM, Patti AM, Al-Rasadi K, Giglio RV, Nikolic D, Mannina C, et al. State
of the art paper natural approaches in metabolic syndrome management.
Arch Med Sci. (2018) 14:422–41. doi: 10.5114/aoms.2017.68717

6. Huang F, del-Río-Navarro BE, Leija-Martinez J, Torres-Alcantara
S, Ruiz-Bedolla E, Hernández-Cadena L, et al. Effect of omega-
3 fatty acids supplementation combined with lifestyle intervention
on adipokines and biomarkers of endothelial dysfunction in obese
adolescents with hypertriglyceridemia. J Nutr Biochem. (2019)
64:162–9. doi: 10.1016/j.jnutbio.2018.10.012

7. Del-Rió-Navarro BE, Miranda-Lora AL, Huang F, Hall-Mondragon MS,
Leija-Martínez JJ. Effect of supplementation with omega-3 fatty acids on
hypertriglyceridemia in pediatric patients with obesity. J Pediatr Endocrinol
Metab. (2019) 32:811–9. doi: 10.1515/jpem-2018-0409

8. Thota RN, Acharya SH, Garg ML. Curcumin and/or omega-
3 polyunsaturated fatty acids supplementation reduces insulin
resistance and blood lipids in individuals with high risk of type
2 diabetes: a randomised controlled trial. Lipids Health Dis. (2019)
18:31. doi: 10.1186/s12944-019-0967-x

9. Zibaeenezhad MJ, Ghavipisheh M, Attar A, Aslani A. Comparison of the
effect of omega-3 supplements and fresh fish on lipid profile: a randomized,
open-labeled trial.Nutr Diabetes. (2017) 7:1. doi: 10.1038/s41387-017-0007-8

10. Tobin D, Brevik-Andersen M, Qin Y, Innes JK, Calder PC. Evaluation of a
high concentrate omega-3 for correcting the omega-3 fatty acid nutritional
deficiency in non-alcoholic fatty liver disease (CONDIN). Nutrients. (2018)
10:1126. doi: 10.20944/preprints201807.0240.v1

11. Xu F, Fan W, Wang W, Tang W, Yang F, Zhang Y, et al. Effects of omega-3
fatty acids on metabolic syndrome in patients with schizophrenia: a 12-week
randomized placebo-controlled trial. Psychopharmacology. (2019) 236:1273–
9.doi: 10.1007/s00213-018-5136-9

12. Omar ZA, Montser BA, Farahat MAR. Effect of high-dose omega 3 on lipid
profile and inflammatory markers in chronic hemodialysis children. Saudi J
Kidney Dis Transpl. (2019) 236:1273–9. doi: 10.4103/1319-2442.261337

13. Fayh APT, Borges K, Cunha GS, Krause M, Rocha R, de Bittencourt PIH,
et al. Effects of n-3 fatty acids and exercise on oxidative stress parameters
in type 2 diabetic: a randomized clinical trial. J Int Soc Sports Nutr. (2018)
15:18. doi: 10.1186/s12970-018-0222-2

14. Silva PS Da, Mediano MFF, Silva GMS Da, Brito PD De, Cardoso CSDA,
Almeida CF De, et al. Omega-3 supplementation on inflammatory markers
in patients with chronic chagas cardiomyopathy: a randomized clinical study.
Nutr J. (2017) 16:36. doi: 10.1186/s12937-017-0259-0

15. Ide K, Koshizaka M, Tokuyama H, Tokuyama T, Ishikawa T, Maezawa
Y, et al. N-3 polyunsaturated fatty acids improve lipoprotein particle
size and concentration in Japanese patients with type 2 diabetes
and hypertriglyceridemia: a pilot study. Lipids Health Dis. (2018)
17:51. doi: 10.1186/s12944-018-0706-8

16. Soleimani A, Taghizadeh M, Bahmani F, Badroj N, Asemi Z. Metabolic
response to omega-3 fatty acid supplementation in patients with diabetic
nephropathy: a randomized, double-blind, placebo-controlled trial. Clin
Nutr. (2017) 36:79–84. doi: 10.1016/j.clnu.2015.11.003

17. Gharekhani A, Dashti-Khavidaki S, Lessan-Pezeshki M, Khatami MR.
Potential effects of omega-3 fatty acids on insulin resistance and lipid profile

in maintenance hemodialysis patients a randomized placebo-controlled trial.
Iran J Kidney Dis. (2016) 10:310–8.

18. Blom WAM, Koppenol WP, Hiemstra H, Stojakovic T, Scharnagl H,
Trautwein EA. A low-fat spread with added plant sterols and fish omega-3
fatty acids lowers serum triglyceride and LDL-cholesterol concentrations in
individuals with modest hypercholesterolaemia and hypertriglyceridaemia.
Eur J Nutr. (2019) 58:1615–24. doi: 10.1007/s00394-018-1706-1

19. Polus A, Zapala B, Razny U, Gielicz A, Kiec-Wilk B, Malczewska-Malec
M, et al. Omega-3 fatty acid supplementation influences the whole
blood transcriptome in women with obesity, associated with pro-resolving
lipid mediator production. Biochim Biophys Acta. (2016) 1861:1746–
55. doi: 10.1016/j.bbalip.2016.08.005

20. Morton AM, Furtado JD, Lee J, Amerine W, Davidson MH, Sacks FM.
The effect of omega-3 carboxylic acids on apolipoprotein CIII–containing
lipoproteins in severe hypertriglyceridemia. J Clin Lipidol. (2016) 10:1442–
51.e4. doi: 10.1016/j.jacl.2016.09.005

21. Barbosa MM de AL, Melo ALTR de, Damasceno NRT. The benefits of ω-3
supplementation depend on adiponectin basal level and adiponectin increase
after the supplementation: a randomized clinical trial. Nutrition. (2017)
34:7–13. doi: 10.1016/j.nut.2016.08.010

22. Furuhashi M, Hiramitsu S, Mita T, Omori A, Fuseya T, Ishimura S, et al.
Reduction of circulating FABP4 level by treatment with omega-3 fatty acid
ethyl esters. Lipids Health Dis. (2016) 15:5. doi: 10.1186/s12944-016-0177-8

23. Allaire J, Couture P, Leclerc M, Charest A, Marin J, Lépine MC, et al. A
randomized, crossover, head-to-head comparison of eicosapentaenoic acid
and docosahexaenoic acid supplementation to reduce inflammation markers
in men and women: the comparing EPA to DHA (ComparED) study. Am J

Clin Nutr. (2016) 104:280–7. doi: 10.3945/ajcn.116.131896
24. Mazaherioun M, Djalali M, Koohdani F, Javanbakht MH, Zarei M, Beigy

M, et al. Beneficial effects of n-3 fatty acids on cardiometabolic and
inflammatory markers in type 2 diabetes mellitus: a clinical trial. Med Princ

Pract. (2018) 26:535–41. doi: 10.1159/000484089
25. Hershman DL, Unger JM, Crew KD, Awad D, Dakhil SR, Gralow J, et al.

Randomized multicenter placebo-controlled trial of omega-3 fatty acids for
the control of aromatase inhibitor - induced musculoskeletal pain: SWOG
S0927. J Clin Oncol. (2015) 33:1910–7. doi: 10.1200/JCO.2014.59.5595

26. Binia A, Vargas-Martínez C, Ancira-Moreno M, Gosoniu LM, Montoliu
I, Gámez-Valdez E, et al. Improvement of cardiometabolic markers
after fish oil intervention in young Mexican adults and the role of
PPARα L162V and PPARγ2 P12A. J Nutr Biochem. (2017) 43:98–
106. doi: 10.1016/j.jnutbio.2017.02.002

27. Zhao N, Wang L, Guo N. α-Linolenic acid increases the G0/G1
switch gene 2 mRNA expression in peripheral blood mononuclear
cells from obese patients: a pilot study. Lipids Health Dis. (2016)
15:36. doi: 10.1186/s12944-016-0207-6

28. Sørensen GVB, Svensson M, Strandhave C, Schmidt EB, Jørgensen
KA, Christensen JH. The effect of n-3 fatty acids on small dense
low-density lipoproteins in patients with end-stage renal disease: a
randomized placebo-controlled intervention study. J Ren Nutr. (2015)
25:376–80. doi: 10.1053/j.jrn.2015.01.021

29. Li YH, Yang LH, Sha KH, Liu TG, Zhang LG, Liu XX. Efficacy of poly-
unsaturated fatty acid therapy on patients with nonalcoholic steatohepatitis.
World J Gastroenterol. (2015) 21:7008–13. doi: 10.3748/wjg.v21.i22.7008

30. Toupchian O, Sotoudeh G, Mansoori A, Nasli-Esfahani E, Djalali
M, Keshavarz SA, et al. Effects of DHA-enriched fish oil on
monocyte/macrophage activation marker sCD163, asymmetric dimethyl
arginine, and insulin resistance in type 2 diabetic patients. J Clin Lipidol.

(2016) 10:798–807. doi: 10.1016/j.jacl.2016.02.013
31. Pacifico L, Bonci E, Di Martino M, Versacci P, Andreoli G, Silvestri

LM, et al. A double-blind, placebo-controlled randomized trial to evaluate
the efficacy of docosahexaenoic acid supplementation on hepatic fat
and associated cardiovascular risk factors in overweight children with
nonalcoholic fatty liver disease. Nutr Metab Cardiovasc Dis. (2015) 25:734–
41. doi: 10.1016/j.numecd.2015.04.003

32. Mansoori A, Sotoudeh G, Djalali M, Eshraghian MR, Keramatipour M,
Nasli-Esfahani E, et al. Effect of DHA-rich fish oil on PPARγ target
genes related to lipid metabolism in type 2 diabetes: a randomized,

Frontiers in Nutrition | www.frontiersin.org 13 November 2020 | Volume 7 | Article 586178

https://doi.org/10.15829/1560-4071-2020-3826
https://doi.org/10.2174/1573403X14666180123165542
https://doi.org/10.1007/s11886-013-0418-7
https://doi.org/10.5114/aoms.2017.69326
https://doi.org/10.5114/aoms.2017.68717
https://doi.org/10.1016/j.jnutbio.2018.10.012
https://doi.org/10.1515/jpem-2018-0409
https://doi.org/10.1186/s12944-019-0967-x
https://doi.org/10.1038/s41387-017-0007-8
https://doi.org/10.20944/preprints201807.0240.v1
https://doi.org/10.1007/s00213-018-5136-9
https://doi.org/10.4103/1319-2442.261337
https://doi.org/10.1186/s12970-018-0222-2
https://doi.org/10.1186/s12937-017-0259-0
https://doi.org/10.1186/s12944-018-0706-8
https://doi.org/10.1016/j.clnu.2015.11.003
https://doi.org/10.1007/s00394-018-1706-1
https://doi.org/10.1016/j.bbalip.2016.08.005
https://doi.org/10.1016/j.jacl.2016.09.005
https://doi.org/10.1016/j.nut.2016.08.010
https://doi.org/10.1186/s12944-016-0177-8
https://doi.org/10.3945/ajcn.116.131896
https://doi.org/10.1159/000484089
https://doi.org/10.1200/JCO.2014.59.5595
https://doi.org/10.1016/j.jnutbio.2017.02.002
https://doi.org/10.1186/s12944-016-0207-6
https://doi.org/10.1053/j.jrn.2015.01.021
https://doi.org/10.3748/wjg.v21.i22.7008
https://doi.org/10.1016/j.jacl.2016.02.013
https://doi.org/10.1016/j.numecd.2015.04.003
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Schiano et al. Bioactive Compounds and Hypertriglyceridemia

double-blind, placebo-controlled clinical trial. J Clin Lipidol. (2015) 9:770–
7. doi: 10.1016/j.jacl.2015.08.007

33. Tremblay AJ, Lamarche B, Hogue JC, Couture P. N-3 polyunsaturated
fatty acid supplementation has no effect on postprandial triglyceride-rich
lipoprotein kinetics in men with type 2 diabetes. J Diabetes Res. (2016)
2016:2909210. doi: 10.1155/2016/2909210

34. Kalil RS, Wang JH, De Boer IH, Mathew RO, Ix JH, Asif A, et al. Effect
of extended-release niacin on cardiovascular events and kidney function in
chronic kidney disease: a post hoc analysis of the AIM-HIGH trial. Kidney
Int. (2015) 87:1250–7. doi: 10.1038/ki.2014.383

35. Croyal M, Ouguerram K, Passard M, Ferchaud-Roucher V, Chétiveaux
M, Billon-Crossouard S, et al. Effects of extended-release nicotinic acid
on apolipoprotein (a) kinetics in hypertriglyceridemic patients. Arterioscler
Thromb Vasc Biol. (2015) 35:2042–7. doi: 10.1161/ATVBAHA.115.305835

36. Geberemeskel GA, Debebe YG, Nguse NA. Antidiabetic effect
of fenugreek seed powder solution (Trigonella Foenum-Graecum

L.) on hyperlipidemia in diabetic patients. J Diabetes Res. (2019)
2019:8507453. doi: 10.1155/2019/8507453

37. ZarvandiM, RakhshandehH, AbazariM, Shafiee-Nick R, Ghorbani A. Safety
and efficacy of a polyherbal formulation for the management of dyslipidemia
and hyperglycemia in patients with advanced-stage of type-2 diabetes.
Biomed Pharmacother. (2017) 89:69–75. doi: 10.1016/j.biopha.2017.02.016

38. Pal S, Ho S, Gahler RJ, Wood S. Effect on insulin, glucose and
lipids in overweight/obese australian adults of 12 months consumption
of two different fibre supplements in a randomised trial. Nutrients.

(2017) 9:91.doi: 10.3390/nu9020091
39. Nicolucci AC, Hume MP, Martínez I, Mayengbam S, Walter J, Reimer

RA. Prebiotics reduce body fat and alter intestinal microbiota in children
who are overweight or with obesity. Gastroenterology. (2017) 153:711–
22. doi: 10.1053/j.gastro.2017.05.055

40. Mohammadi-Sartang M, Bellissimo N, Totosy de Zepetnek JO, Brett NR,
Mazloomi SM, Fararouie M, et al. The effect of daily fortified yogurt
consumption on weight loss in adults with metabolic syndrome: a 10-week
randomized controlled trial. Nutr Metab Cardiovasc Dis. (2018) 28:565–
74. doi: 10.1016/j.numecd.2018.03.001

41. Tessari P, Lante A. A multifunctional bread rich in beta glucans and low
in starch improves metabolic control in type 2 diabetes: a controlled trial.
Nutrients. (2017) 9:297. doi: 10.3390/nu9030297

42. Machado AM, da Silva NBM, Chaves JBP, de Alfenas RCG. Consumption
of yacon flour improves body composition and intestinal function in
overweight adults: a randomized, double-blind, placebo-controlled clinical
trial. Clin Nutr ESPEN. (2019) 29:22–9. doi: 10.1016/j.clnesp.2018.12.082

43. Babiker R, Elmusharaf K, Keogh MB, Saeed AM. Effect of gum arabic
(Acacia Senegal) supplementation on visceral adiposity index (VAI) and
blood pressure in patients with type 2 diabetes mellitus as indicators of
cardiovascular disease (CVD): a randomized and placebo-controlled clinical
trial. Lipids Health Dis. (2018) 17:56. doi: 10.1186/s12944-018-0711-y

44. Gholizadeh Shamasbi S, Dehgan P, Mohammad-Alizadeh Charandabi
S, Aliasgarzadeh A, Mirghafourvand M. The effect of resistant dextrin
as a prebiotic on metabolic parameters and androgen level in women
with polycystic ovarian syndrome: a randomized, triple-blind, controlled,
clinical trial. Eur J Nutr. (2019) 58:629–40. doi: 10.1007/s00394-018-
1648-7

45. Gargari BP, Namazi N, Khalili M, Sarmadi B, Jafarabadi MA, Dehghan
P. Is there any place for resistant starch, as alimentary prebiotic, for
patients with type 2 diabetes? Complement Ther Med. (2015) 23:810–
5. doi: 10.1016/j.ctim.2015.09.005

46. Izadi A, Shirazi S, Taghizadeh S, Gargari BP. Independent and additive effects
of coenzyme q10 and vitamin E on cardiometabolic outcomes and visceral
adiposity in women with polycystic ovary syndrome. Arch Med Res. (2019)
50:1–10. doi: 10.1016/j.arcmed.2019.04.004

47. Eljaoudi R, Elkabbaj D, Bahadi A, Ibrahimi A, Benyahia M, Errasfa
M. Consumption of argan oil improves anti-oxidant and lipid status in
hemodialysis patients. Phyther Res. (2015) 29:1595–9. doi: 10.1002/ptr.5405

48. Patti AM, Al-Rasadi K, Katsiki N, Banerjee Y, Nikolic D, Vanella L, et al.
Effect of a natural supplement containing curcuma longa, guggul, and
chlorogenic acid in patients with metabolic syndrome. Angiology. (2015)
66:856–61. doi: 10.1177/0003319714568792

49. Capomolla AS, Janda E, Paone S, Parafati M, Sawicki T, Mollace R, et al.
Atherogenic index reduction and weight loss in metabolic syndrome patients
treated with a novel pectin-enriched formulation of bergamot polyphenols.
Nutrients. (2019) 11:1271. doi: 10.3390/nu11061271

50. Lockyer S, Rowland I, Spencer JPE, Yaqoob P, Stonehouse W. Impact
of phenolic-rich olive leaf extract on blood pressure, plasma lipids and
inflammatory markers: a randomised controlled trial. Eur J Nutr. (2017)
56:1421–32. doi: 10.1007/s00394-016-1188-y

51. Rahmani S, Asgary S, Askari G, Keshvari M, Hatamipour M, Feizi
A, et al. Treatment of non-alcoholic fatty liver disease with curcumin:
a randomized placebo-controlled trial. Phyther Res. (2016) 30:1540–
8. doi: 10.1002/ptr.5659

52. Ortiz BOM, Preciado ARF, Emiliano JR, Garza SM, Rodríguez ER, de Alba
Macías LA. Recovery of bone and muscle mass in patients with chronic
kidney disease and iron overload on hemodialysis and taking combined
supplementation with curcumin and resveratrol. Clin Interv Aging. (2019)
14:2055–62. doi: 10.2147/CIA.S223805

53. Upadya H, Prabhu S, Prasad A, Subramanian D, Gupta S, Goel A. A
randomized, double blind, placebo controlled, multicenter clinical trial to
assess the efficacy and safety of Emblica officinalis extract in patients with
dyslipidemia 11 medical and health sciences 1103 clinical sciences. BMC

Complement Altern Med. (2019) 19:27. doi: 10.1186/s12906-019-2430-y
54. Adibian M, Hodaei H, Nikpayam O, Sohrab G, Hekmatdoost A, Hedayati

M. The effects of curcumin supplementation on high-sensitivity C-reactive
protein, serum adiponectin, and lipid profile in patients with type 2 diabetes:
a randomized, double-blind, placebo-controlled trial. Phyther Res. (2019)
33:1374–83. doi: 10.1002/ptr.6328

55. Quezada-Fernández P, Trujillo-Quiros J, Pascoe-González S, Trujillo-Rangel
WA, Cardona-Müller D, Ramos-Becerra CG, et al. Effect of green tea extract
on arterial stiffness, lipid profile and sRAGE in patients with type 2 diabetes
mellitus: a randomised, double-blind, placebo-controlled trial. Int J Food Sci
Nutr. (2019) 70:977–85. doi: 10.1080/09637486.2019.1589430

56. Novotny JA, Baer DJ, Khoo C, Gebauer SK, Charron CS.
Cranberry juice consumption lowers markers of cardiometabolic
risk, including blood pressure and circulating c-reactive protein,
triglyceride, and glucose concentrations in adults. J Nutr. (2015)
145:1185–93. doi: 10.3945/jn.114.203190

57. Zare Javid A, Hormoznejad R, Yousefimanesh H allah, Zakerkish M,
Haghighi-zadeh MH, Dehghan P, et al. The impact of resveratrol
supplementation on blood glucose, insulin, insulin resistance, triglyceride,
and periodontal markers in type 2 diabetic patients with chronic
periodontitis. Phyther Res. (2017) 31:108–14. doi: 10.1002/ptr.5737

58. Zortea K, Franco VC, Francesconi LP, Cereser KMM, Lobato MIR,
Belmonte-De-Abreu PS. Resveratrol supplementation in schizophrenia
patients: a randomized clinical trial evaluating serum glucose and
cardiovascular risk factors. Nutrients. (2016) 8:73. doi: 10.3390/nu8020073

59. Faghihzadeh F, Adibi P, Hekmatdoost A. The effects of resveratrol
supplementation on cardiovascular risk factors in patients with non-
alcoholic fatty liver disease: a randomised, double-blind, placebo-controlled
study. Br J Nutr. (2015) 114:796–803. doi: 10.1017/S0007114515002433

60. Toth PP, Patti AM, Nikolic D, Giglio RV, Castellino G, Biancucci
T, et al. Bergamot reduces plasma lipids, atherogenic small dense
LDL, and subclinical atherosclerosis in subjects with moderate
hypercholesterolemia: a 6 months prospective study. Front Pharmacol.

(2016) 6:299. doi: 10.3389/fphar.2015.00299
61. Li D, Zhang Y, Liu Y, Sun R, Xia M. Purified anthocyanin

supplementation reduces dyslipidemia, enhances antioxidant capacity,
and prevents insulin resistance in diabetic patients. J Nutr. (2015)
145:742–8. doi: 10.3945/jn.114.205674

62. Houten SM, Wanders RJA. A general introduction to the biochemistry of
mitochondrial fatty acid β-oxidation. J Inherit Metab Dis. (2010) 33:469–
77. doi: 10.1007/s10545-010-9061-2

63. Julius U. Influence of plasma free fatty acids on lipoprotein synthesis
and diabetic dyslipidemia. Exp Clin Endocrinol Diabetes. (2003) 111:246–
50. doi: 10.1055/s-2003-41284

64. Vega GL, Dunn FL, Grundy SM. Impaired hepatic ketogenesis in moderately
obese men with hypertriglyceridemia. J Investig Med. (2009) 57:590–
4. doi: 10.2310/JIM.0b013e31819e2f61

Frontiers in Nutrition | www.frontiersin.org 14 November 2020 | Volume 7 | Article 586178

https://doi.org/10.1016/j.jacl.2015.08.007
https://doi.org/10.1155/2016/2909210
https://doi.org/10.1038/ki.2014.383
https://doi.org/10.1161/ATVBAHA.115.305835
https://doi.org/10.1155/2019/8507453
https://doi.org/10.1016/j.biopha.2017.02.016
https://doi.org/10.3390/nu9020091
https://doi.org/10.1053/j.gastro.2017.05.055
https://doi.org/10.1016/j.numecd.2018.03.001
https://doi.org/10.3390/nu9030297
https://doi.org/10.1016/j.clnesp.2018.12.082
https://doi.org/10.1186/s12944-018-0711-y
https://doi.org/10.1007/s00394-018-1648-7
https://doi.org/10.1016/j.ctim.2015.09.005
https://doi.org/10.1016/j.arcmed.2019.04.004
https://doi.org/10.1002/ptr.5405
https://doi.org/10.1177/0003319714568792
https://doi.org/10.3390/nu11061271
https://doi.org/10.1007/s00394-016-1188-y
https://doi.org/10.1002/ptr.5659
https://doi.org/10.2147/CIA.S223805
https://doi.org/10.1186/s12906-019-2430-y
https://doi.org/10.1002/ptr.6328
https://doi.org/10.1080/09637486.2019.1589430
https://doi.org/10.3945/jn.114.203190
https://doi.org/10.1002/ptr.5737
https://doi.org/10.3390/nu8020073
https://doi.org/10.1017/S0007114515002433
https://doi.org/10.3389/fphar.2015.00299
https://doi.org/10.3945/jn.114.205674
https://doi.org/10.1007/s10545-010-9061-2
https://doi.org/10.1055/s-2003-41284
https://doi.org/10.2310/JIM.0b013e31819e2f61
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Schiano et al. Bioactive Compounds and Hypertriglyceridemia

65. Lemberger T, Desvergne B, Wahli W. Peroxisome proliferator-activated
receptors: a nuclear receptor signaling pathway in lipid physiology. Annu
Rev Cell Dev Biol. (1996) 12:335–63. doi: 10.1146/annurev.cellbio.12.1.335

66. Bougarne N, Weyers B, Desmet SJ, Deckers J, Ray DW, Staels B, et al.
Molecular actions of PPARα in lipid metabolism and inflammation. Endocr
Rev. (2018) 39:760–802. doi: 10.1210/er.2018-00064

67. Kersten S, Rakhshandehroo M, Knoch B, Müller M. Peroxisome
proliferator-activated receptor alpha target genes. PPAR Res. (2010)
2010:612089. doi: 10.1155/2010/612089

68. Staels B, Schoonjans K, Fruchart JC, Auwerx J. The effects of fibrates
and thiazolidinediones on plasma triglyceride metabolism are mediated
by distinct peroxisome proliferator activated receptors (PPARs). Biochimie.

(1997) 79:95–9. doi: 10.1016/S0300-9084(97)81497-6
69. Shahidi F, Ambigaipalan P. Omega-3 polyunsaturated fatty acids and

their health benefits. Annu Rev Food Sci Technol. (2018) 9:345–
81. doi: 10.1146/annurev-food-111317-095850

70. JumpDB, Botolin D,Wang Y, Xu J, Christian B, Demeure O. Recent advances
in nutritional sciences fatty acid regulation of hepatic gene transcription. J
Nutr. (2005) 135:2503–6. doi: 10.1093/jn/135.11.2503

71. Takahashi H, Kamakari K, Goto T, Hara H, Mohri S, Suzuki H,
et al. 9-Oxo-10:12:15(Z)-Octadecatrienoic Acid Activates Peroxisome
Proliferator-Activated Receptor α in Hepatocytes. Lipids. (2015) 50:1083–
91. doi: 10.1007/s11745-015-4071-3

72. Meuronen T, Lankinen MA, Fauland A, Shimizu B ichi, de Mello VD,
Laaksonen DE, et al. Intake of camelina sativa oil and fatty fish alter the
plasma lipid mediator profile in subjects with impaired glucose metabolism –
a randomized controlled trial. Prostaglandins Leukot Essent Fat Acids. (2020)
159:102143 doi: 10.1016/j.plefa.2020.102143

73. Tenore GC, Caruso D, Buonomo G, D’Avino M, Ciampaglia R, Novellino
E. Plasma lipid lowering effect by a novel chia seed based nutraceutical
formulation. J Funct Foods. (2018) 42:38–46. doi: 10.1016/j.jff.2018.
01.007
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