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Chapter 4

Metabolic Syndrome

1. Introduction

 Metabolic Syndrome (MS) is a silent epidemic that represents a major public health 
problem worldwide. The syndrome encompasses a set of metabolic disorders such as 
dyslipidemia, systemic arterial hypertension (SAH) and insulin resistance (IR) which, 
commonly associated with the accumulation of central fat, make up a predictive set of risk 
factors for the development of cardiovascular disease (CVD) [1]. 

 MS confers a 5-fold increase in risk of type 2 diabetes mellitus (T2DM), 2-fold increased 
risk of developing CVD over the next 5 to 10 years, 2-fold to 4-fold increased risk of stroke, 
3- to 4-fold increase times the risk of acute myocardial infarct and 2 times the risk of death 
from another event compared to those without the syndrome [2].

       The called “deadly quartet” composed  of  obesity, glucose intolerance, hypertriglyceridemia 
and SAH has a multifactorial origin that is not fully understood. However, genetic predisposition 
and environmental factors assumed leading roles in the establishment and development of MS.

	 Furthermore,	 unhealthy	 diet	 and	 sedentary	 lifestyle	 can	 also	 play	 a	 significant	 role	
in the development of metabolic disorders and diseases. In particular, the globalization of 
dietary patterns and increasing levels of sedentary lifestyle play a central role in this context. 
Establishing healthy eating patterns is a global priority to reduce disease outbreaks [3]. There 
are many studies that demonstrate the importance of establishing healthy eating patterns for 
disease prevention [4]. However, knowledge of how these nutrients enhance or promote health 
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per se is still lacking. First, because there is a range of nutrients and, second, because each one 
of	them	can	trigger	a	infinity	of	effects,	at	the	level	of	an	organ,	tissue,	cell	and	even	a	specific	
molecule. However, a universal fact is that they all need to be processed into small subunits 
and metabolized by the mitochondria for energy.

 Mitochondria are unique structures in the cell, and proper mitochondrial activity is 
critical for eukaryotic cell survival. In fact, mitochondrial dysregulation has been described 
as a trademark underlying many complex diseases, as mitochondrial dysfunction can itself 
trigger	oxidative	 stress	 (OS),	bioenergetic	 failure,	 inflammation,	protein	accumulation,	 and	
cell death [5], common features in metabolic disorders such as MS.

	 Thus,	mitochondrial	function	is	the	key	for	understanding	dietary	effects	on	our	body	
and,	at	the	same	time,	understanding	how	dietary	patterns	and	nutrients	influence	mitochondrial	
function.

	 In	the	course	of	the	chapter,	we	will	present	recent	findings	in	relation	to	MS,	focusing	
on its pathophysiology and its relationship with dietary components, mainly in mitochondrial 
function.

History of Metabolic Syndrome

 In 1988, Reaven described Syndrome X as one in which IR and its associated factors 
(hyperinsulinemia, impaired glucose tolerance, increased triglycerides and decreased high-
density lipoprotein [HDL]) were involved in the etiology of T2DM, SAH and disease coronary 
artery. A few years later, in 1992, central obesity was included as a major component, and 
the syndrome was renamed Insulin Resistance Syndrome [6]. In 1996, Kaplan named the 
combination of obesity, T2DM, SAH and dyslipidemia “the deadly quartet” [7]. However, 
these concepts were expanding, as other abnormalities started to be associated, culminating in 
the denomination of MS. This term had already been suggested by Chan et al (1996) and, in 
1998, its use came to be recommended by the World Health Organization (WHO).

 Therefore, this accumulation of multiple cardiovascular risk factors, currently known as 
MS, was proposed to describe the connection between obesity, IR, SAH, dyslipidemia, T2DM 
and cardiovascular disease (CVD).

 MS then started to represent a complex of factors such as hyperglycemia, SAH, high 
triglycerides, low serum concentrations of HDL and obesity (particularly central adiposity) 
related mainly to cardiovascular risk factors. The presence of MS was seen to represent an 
increase in overall mortality of about 1.5 times and cardiovascular mortality by about 2.5 times 
[8].

Pathophysiology of Metabolic Syndrome
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 The pathophysiology proposed for MS is multifactorial and complex, and its mechanisms 
are still not fully understood. It is believed to involve primarily the dysregulation of metabolic 
homeostasis. The various proposed mechanisms are related to IR, adipose tissue dysfunction, 
neurohormonal activation, lifestyle, circadian disruption, microbiota, genetic factors and 
maternal programming [9,10]. Recently, endothelial dysfunction, chronic OS, systemic 
inflammation,	and	atherothrombotic	events	have	also	been	included	as	key	pathogenic	factors	
[11]. These “current” clinical factors combine with susceptibility to genetic factors and classical 
pathogenic factors to construct the complex and multifaceted pathophysiology of MS [12].

 Visceral adiposity, together with IR prove to be two of the main triggers for most pathways 
involved in MS. Both of them together seem to be primarily responsible for the beginning, 
progression and transition from MS to CVD and T2DM. In addition, OS also appears to make 
an important contribution to CVD progression.

 The contribution of visceral adipose tissue (VAT) in the pathogenesis of the syndrome 
is	controversial	due	to	metabolic	specificities	related	to	its	distribution.	A	significant	body	of	
evidence	suggests	that	IR	appears	to	precede	obesity	and	specifically	TAV	accumulation,	once	
not all individuals with obesity develop IR [13]. Likewise, although obesity and central fat 
accumulation are the main risk factors, individuals with a normal or slightly above normal 
weight in relation to body mass index (BMI) may also have IR. On the other hand, central fat 
deposition has been recognized as highly metabolically harmful and continuously associated 
with IR and CVD [14].

 Furthermore, visceral adiposity appears to be the main source of free fatty acids (FFA), 
first	 for	 the	 liver	 (via	 the	 splanchnic	 circulation)	 and	 then	 for	 the	 circulatory	 system.	TAV	
is also a crucial source of cytokines that actively participate in the induction of metabolic 
diseases related to the syndrome [15].

 Dysfunctional adipose tissue associated with increased TAV results in increased plasma 
FFA	levels	and	fluxes,	which	in	turn	leads	to	ectopic	lipid	deposition	and	lipidic	toxicity.	Chronic	
exposure to high circulating levels of FFA plays a crucial role in overall cell dysfunction of the 
liver, pancreas, and skeletal muscle [16,17].

 There is strong evidence that elevated plasma FFA leads to IR by inhibition of glucose 
transport and/or phosphorylation with a subsequent reduction in rates of glucose oxidation and 
muscle glycogen synthesis [18,19].

 An important point in the pathophysiology of MS is that abdominal obesity correlates 
with systemic levels of OS biomarkers [20] and defective mitochondrial biogenesis, manifested 
by impaired mitochondrial dysfunction, which includes alterations in oxidative metabolism, 
low expression of the mitochondrial gene and reduction of ATP generation. Likewise, 
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mitochondrial	alterations,	increased	OS	and	chronic	low-grade	inflammation	contribute	to	the	
etiology of SAH [21,22]. Finally, OS is also one of the main triggers for the formation and 
progression of the atheromatous plaque responsible for cardiovascular events included in MS.

Metabolic Syndrome Classification Criteria

	 Although	the	scientific	community	agrees	that	obesity	and	its	implications	deserve	extra	
attention, there is currently a great deal of discussion about the use of the term MS. Among 
the controversies are: its diagnostic criteria, whether it represents a syndrome, its importance 
in clinical practice and whether it actually represents a greater increase in cardiovascular risk 
factors when compared to its factors alone.

	 First,	there	are	several	definition	criteria	for	MS	and	there	is	still	no	consensus	on	the	
best criterion to be used, which even compromises the comparison of studies on the subject. In 
1999,	the	WHO	was	the	first	to	propose	a	diagnosis	for	MS	based	on	laboratory	assessments	
of	 IR,	bringing	difficulties	 to	clinical	practice	 [23].	The	following	year,	 in	1999,	 the	WHO	
definition	was	modified	by	the	European	Group	for	the	Study	of	Insulin	Resistance	(EGSIR),	
but remained focused on IR [24]. In 2001, the National Cholesterol Education Program/Adult 
Treatment Panel III (NCEP/ATPIII) published its proposal, with more reproducible clinical 
measures. The proposal aimed to guide therapy for low-density lipoprotein (LDL) to reduce 
coronary heart disease. In addition to reducing LDL, MS was seen as an additional goal, 
which could result in a reduction in the risk of heart disease [25]. In 2003, the American 
Association	of	Clinical	Endocrinologists	(AACE)	proposed	its	definition,	which	was	focused	
on	IR,	as	well	as	those	of	WHO	and	EGSIR	[26].	An	update	to	the	NCEP/ATPIII	occurred	
in 2005, provided by the American Heart Association (AHA) and National Heart Lung and 
Blood Institute (NHLBI), lowering the fasting blood glucose threshold as recommended by the 
American Diabetes Association (ADA), and including patients already undergoing treatment 
for dyslipidemia or SAH [27]. In 2006, it was the turn of the International Diabetes Federation 
(IDF),	which	 reduced	 the	 cutoff	points	 for	waist	 circumference	 (WC),	with	 specific	 ethnic	
values, and promoted it as a mandatory criterion [28].

	 The	 different	 definitions	 have	 some	 similarities,	 such	 as	 the	 recognition	 of	 obesity,	
abdominal adiposity, IR, impaired glucose metabolism, SAH and dyslipidemia as components 
of MS. On the other hand, there are disagreements as to how the components are clinically 
detected.	Furthermore,	in	some	cases,	the	presence	of	a	specific	component	is	mandatory	to	
meet	the	definition	[29].	In	this	way,	efforts	have	been	made	to	unify	the	definition	of	SM.

 In 2009, representatives from the IDF, AHA, National Institutes of Health, International 
Atherosclerosis Society, World Heart Federation and International Association for the Study 
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of Obesity came up with a proposal called “Metabolic Harmonization Syndrome”, containing 
five	components.	None	of	them	should	be	mandatory,	while	three	abnormal	findings	out	of	five	
of	them	qualify	a	person	for	SM.	All	components	have	defined	cutoff	points,	except	for	CC,	
where	national	or	regional	cutoff	points	can	be	adopted	[30].

 Among the most used diagnostic criteria are the NCEP/ATPIII and the IDF. What can be 
extracted from the two criteria is that they are in agreement in relation to risk factors for MS, 
as they include changes in glucose metabolism, obesity, dyslipidemia and SAH. However, the 
cut points adopted for some components are not the same recommended by the most recent 
specific	Guidelines.

Metabolic Syndrome: Risk Factors

 Several risk factors seem to be involved with the development of MS, such as a 
positive family history; smoking; increasing age; obesity; low socioeconomic status; 
ethnicity; postmenopausal status; physical inactivity; dietary patterns (mostly Western); 
excessive	alcohol	consumption;	 low	cardiorespiratory	fitness;	and	use	of	some	medications	
(antiretrovirals, antipsychotic drugs, among others) [31]. Thus, some guidelines draw attention 
to the contribution of genetic predisposition, inadequate nutrition, and physical inactivity 
[32,33].

 Physical inactivity seems to be related to the Western lifestyle, with increased use of 
cars, decreased daily steps and longer screen time (television, video games, cell phones, among 
others), associated with low physical exercise. This sedentary lifestyle, low cardiorespiratory 
fitness	and	low	muscle	strength	are	related	to	the	increased	prevalence	of	MS	[32,34].

 With regard to diet, a Western dietary pattern, characterized by high intake of red and 
processed	meat,	eggs,	refined	grains,	sugars	and	sweets,	processed	foods	and	saturated	fatty	
acids,	is	associated	with	an	increased	risk	of	MS	[35,	36].	These	foods	have	pro-inflammatory	
characteristics,	increasing	the	release	of	inflammatory	cytokines	that	can	contribute	to	IR	and	
lipid changes, conditions often observed in individuals with MS.

Metabolic Syndrome and its relationship with physical exercises

 Physical activity and physical exercise contribute to negative energy balance and, 
consequently, to weight loss, which is usually the therapeutic target in the prevention and 
treatment of MS. However, the role of physical activity, mainly physical exercise, goes far 
beyond	increasing	energy	expenditure.	With	its	constant	practice,	the	chronic	effect	leads	to	
muscle structural changes, stimulates mitochondrial biogenesis, angiogenesis, increases vagal 
tone	and	stimulates	the	secretion	of	metabolically	beneficial	hormones	and	myokines,	such	as	
irisin, which contributes to the decrease of muscular IR and reduction of postprandial hepatic 
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lipogenesis	 [37].	 Furthermore,	 these	modifications	 lead	 to	 an	 increase	 in	 cardiorespiratory	
fitness,	which	is	associated	with	an	increase	in	the	function	of	pancreatic	β-cells	in	individuals	
with MS, and is also a protective factor against CVD ([38]. Thus, improving cardiorespiratory 
fitness	can	be	a	strategy	to	control	MS.

 In general, physical activity and exercise should be individualized based on the 
individual’s	physical	fitness	and	comorbidities.	A	minimum	daily	duration	of	30	minutes	is	
recommended, ranging from 30 to 60 minutes, including aerobic exercise or work-related 
aerobic activities and muscle strengthening. In addition, there must be an improvement in 
lifestyle habits, including the reduction of passive leisure time, such as watching television, 
playing video games, using cell phones and computers, among others.

Metabolic Syndrome and its relationship to dietary components

 The impact of diet on mitochondrial function has been widely studied due to its role 
as a cell powerhouse and its involvement in nutrient metabolism. In fact, mitochondria are 
essential	in	a	maintenance	metabolic	flexibility,	in	efficient	changes	in	metabolism	depending	
on environmental demand (feeding/fasting cycles) [39]. In addition, the amount of intake of 
certain	nutrients,	such	as	high	fat	and/or	sugars	in	the	diet,	affects	mitochondrial	function	[40].	
Vitamins, minerals, fatty acids and amino acids, in addition to bioactive compounds, must be 
considered in a balanced way in the diet to obtain an optimal function of the cell-mitochondria-
metabolism axis.

 Furthermore, redox reactions generate reactive oxygen species (ROS). And when there 
is a reduction in ROS production there can be healthy physiological responses, activating 
complex	transcriptional	cascades	of	stress	resistance,	cell	proliferation	and	cell	differentiation	
pathways [41]. However, when cells produce excessive ROS they can trigger pathological 
consequences, promoting cellular compound damage, thus impairing cell proliferation, 
differentiation	and	apoptosis,	 among	others	 [42].	Furthermore,	mitochondria	 can	 trigger	or	
amplify by their own cell death signals triggered by an alternative source of damage. All these 
effects	can	have	a	profound	impact	on	mitochondrial	dysregulation	and	related	diseases	such	
as MS.

 Therefore, one of the best options to avoid, delay or minimize the risk factors that 
contribute to MS is to change lifestyle routines, including a balanced and nutrient-rich diet. 
Next, we present the nutrients that act positively in minimizing risk factors in the development 
of MS.

1. Vitamins

 Vitamins are essential micronutrients for the proper functioning of metabolism. However, 
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there	are	vitamins	that	cannot	be	synthesized	by	the	body,	or	not	in	sufficient	quantities,	so	they	
must	be	obtained	through	the	diet.	Vitamins	can	be	classified	into	water-soluble	(vitamins	B	
and C) and fat-soluble (vitamins A, D, E and K). And its biological properties will be discussed 
below in the context of SM.

1.1. Complex B vitamins

 B-complex vitamins comprise a set of molecules found in a wide variety of food groups, 
such	as	dairy	(B2,	B3,	B5),	eggs	(B1,	B3,	B7,	B12),	fish	and	meat	(B1,	B3,	B5,	B6,	B12)	or	herbal	
foods	(B1,	B5,	B6,	B9).	B-complex	vitamins	are	essential	in	the	Krebs	cycle,	so	deficiencies	
in some of these vitamins will lead to impaired mitochondrial metabolism, increased levels of 
mitochondrial ROS production, and decreased total energy production [43].

•	 Vitamin B1 (thiamine) is a cofactor of several enzymes, such as cytosolic pyruvate 
dehydrogenase or mitochondrial ketoglutarate dehydrogenase; in vitro models demonstrate 
that	its	deficiency	is	linked	to	increased	ROS	formation	[44].

•	 Vitamin	 B2	 (riboflavin)	 is	 essential	 as	 a	 prosthetic	 group	 for	 several	 enzymes	 that	
catalyze	redox	reactions;	different	studies	have	shown	that	 its	deficiency	 is	associated	with	
loss of mitochondrial complex IV and induced OS [45].

•	 Vitamin B3 (niacin) is an important cofactor involved in mitochondrial respiration, 
glycolysis, or lipid oxidation reactions; B3 has also been shown to have important antioxidant 
activity.

•	 Vitamin B5 (pantothenic acid) is an important prosthetic group involved in the Krebs 
Cycle and lipid metabolism; Cell models have also shown an important role in enzymatic 
activity and in the antioxidant defense system that promotes catalase (CAT), glutathione 
reductase	(GR)	and	glutathione	peroxidase	(GPx).

•	 Vitamin	 B6	 (pyridoxal)	 has	 several	 functions	 in	 different	metabolic	 pathways,	 such	
as one-carbon reactions, gluconeogenesis or lipid metabolism, among others; it also has an 
important antioxidant role through its activity in the glutathione pathways.

•	 Vitamin B7 (biotin) is an important cofactor for some carboxylase enzymes involved in 
lipid metabolism; reduced levels of B7 have been associated with increased ROS formation 
and impaired mitochondrial respiration [46].

•	 Vitamin	B9	(folic	acid)	exerts	different	effects	on	biological	functions	such	as	nucleotide	
synthesis	 or	 modification	 of	 mitochondrial	 transfer	 RNA	 (tRNA),	 among	 others;	 folate	
contributes to cellular redox states by indirectly preventing EO [47].

•	 Vitamin B12 (cobalamin) is essential for nucleotide synthesis or succinyl-CoA 
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generation;	its	deficiency	is	related	to	an	indirect	increase	in	ROS	levels	due	to	glutathione	
dysregulation [48].

1.2. Vitamin C 

 Vitamin C, or ascorbic acid, is found primarily in pepper (and other vegetables) and 
fruits (mostly in kiwi, guava, and citrus fruits). This molecule is a potent antioxidant that 
activates sirtuin 1(Sirt1), triggering a signaling cascade that decreases ROS and apoptosis and 
also acts as an ROS inhibitor. Furthermore, it is also involved in the biosynthesis of carnitine, 
the	key	factor	in	β-oxidation.	Thus,	vitamin	C	deficiency	can	lead	to	impaired	ATP	production,	
oxidation	deficiency	and	ROS	formation	[49]	and	therefore	mitochondrial	dysfunction.

1.3. Vitamin A

 Vitamin A or retinol is found mainly in carrots, sweet potatoes or spinach, as well as in 
beef	liver,	which	concentrates	the	greatest	amounts.	This	vitamin	affects	mitochondrial	function	
as it increases levels of mitochondrial transcription factor A (mtTFA), a key transcription factor 
for mitochondrial function, and plays a key role in glycolytic energy generation. Thus, vitamin 
A	deficiency	has	been	associated	with	decreased	respiration	and	ATP	synthesis	[50].

1.4. Vitamin D

 The main source of vitamin D is through cutaneous synthesis under the incidence of 
ultraviolet	B	 sunlight.	And	 the	 food	 sources	 are	 salmon,	 sardines	 and	 shellfish,	 egg	yolks,	
milk, liver, cheese and mushrooms.

 Many biological functions of vitamin D are mediated by the control of the vitamin D 
receptor (VDR) in nuclear transcription. The main function of the VDR is to regulate Ca2+ 
homeostasis through the upregulation of calcium transporters. Furthermore, VDR protects from 
excessive respiratory activity and limits the production of ROS, controlling the mitochondrial 
and nuclear transcription of proteins involved in ATP synthesis and in the mitochondrial 
respiratory chain [51].

1.5. Vitamin E

 Vitamin E is found primarily in avocados, leafy vegetables like spinach and broccoli, 
sunflower	seeds,	walnuts	and	olive	oil.	Vitamin	E	 is	 the	most	 important	antioxidant	 in	cell	
membranes. It protects the mitochondrial structure and function, maintaining the integrity of 
the mitochondrial membrane, allowing the recovery of the respiratory function and reducing 
the oxidation of lipids and proteins. This protective function would be, in part, explained by 
the	inhibition	of	lipid	peroxidation	and	the	increase	in	CAT,	superoxide	dismutase	(SOD),	GR	
and	GPx	activity	demonstrated	in	experimental	studies	with	rats	that	had	T2DM.



9

Metabolic Syndrome

Action of Vitamins Against MS

 The role of vitamins in mitochondrial metabolism and their antioxidant properties 
suggest that they may play a role in the prevention of MS. In a case-control study it was shown 
that	plasma	levels	of	vitamins	A,	C,	E	and	D	were	significantly	lower	in	individuals	with	MS	
compared to healthy individuals [52].

	 Different	 animal	 studies	 have	 suggested	 that	 vitamin	 A	 supplementation	 improves	
obesity through uncoupling protein 1 (UPC1) mediated thermogenesis and delays the onset 
of	T2DM	by	increasing	mtTFA.	Biotin	deficiency	has	been	associated	with	impaired	glucose	
tolerance, hyperglycemia, and decreased glucose oxidation in animal studies [53] and a cross-
sectional study showed that high levels of vitamin B12 are protective against MS [54].

	 Regarding	vitamin	C,	different	studies	have	suggested	that	ingestion	or	supplementation	
decreases the risk of MS and improves the quality of life of individuals with MS [55], especially 
when combined with regular physical exercise [55,56]. In addition, a cross-sectional study of 
more	than	2,000	individuals	demonstrated	that	vitamin	C	deficiency	was	associated	with	an	
increased likelihood of MS.

 Several epidemiological studies have established a strong association between vitamin 
D	deficiency	and	SAH,	abdominal	obesity	and	dyslipidemia,	criteria	related	to	MS	[57,58].	In	
a	randomized	clinical	trial	with	patients	with	MS,	vitamin	E	had	beneficial	effects	on	cytokines	
and	lipid	profile	[59].	Furthermore,	different	studies	have	found	that	vitamin	E	can	improve	
pathological conditions associated with MS, such as hyperglycemia or obesity [59,60].

 However, when it comes to vitamins, over-consumption can be just as bad as scarcity. 
For example, an excess intake of vitamin A (with a tolerable upper intake level for adults of 
3000 g/day) promotes OS and mitochondrial death [61] and is associated with an increased 
likelihood of MS. A high intake of vitamin B3 (niacin) can result in niacin-induced IR, and 
when vitamins C and E are consumed in excess, they promote pro-oxidant activity rather than 
antioxidant function [44].

2. Monounsaturated Fatty Acids (MUFAs) 

 MUFAs are fats with an unsaturation in their carbon chain. Dietary MUFAs can have 
different	origins,	therefore,	in	Western	diets,	the	contribution	is	made	through	foods	of	animal	
origin, and the main sources of MUFAs are extra virgin olive oil containing oleic acid [62]. 
Other sources of MUFAs are other vegetable oils and nuts, such as macadamia nuts, hazelnuts 
or walnuts [63].
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2.1. Oleic acid

 Some cell model studies have reported that oleic acid may have a positive role in 
mitochondrial function. An in vitro modeling study of pancreatic cells showed that oleic acid 
increased antioxidant defense [64]. Furthermore, alternative studies have shown that oleic 
acid supplementation reduced the generation of ROS and protected mitochondria from OS 
or	apoptosis	[65,	66].	Oleic	acid	has	also	been	reported	as	an	anti-inflammatory	modulator	
through the activation of AMP-activated protein kinase (AMPK) and its activity between 
different	 targets	such	as	 the	 inhibition	of	nuclear	factor	kB	(NF-kB)	and,	consequently,	 the	
decrease	in	secretion	of	cytokines	such	as	tumor	necrosis	factor	alpha	(TNF-α)	[67,68].

 In turn, oleic acid also increases fatty acid oxidation through the AMPK response and 
the interaction with Sirt1 and the peroxisome proliferator-activated receptor gamma 1-alpha 
PGC-1	coactivator	[69],	the	master	gene	regulator	of	mitochondrial	remodeling	and	biogenesis.	
Finally, oleic acid has been shown to increase the level of carnitine palmitoyl transferase 1 
(CPT-1),	promoting	acid	transport	to	the	mitochondria	for	β-oxidation	[70].

 Therefore, consumption of oleic acid seems to reduce MS risk factors, such as SAH and 
LDL-c.	It	also	plays	a	role	in	improving	insulin	sensitivity	and	the	inflammatory	response.	In	
addition, it can reduce central obesity and abdominal fat [71]. Other components of olive oil 
may	also	play	a	beneficial	role	in	MS.	This	is	the	case	of	olive	pomace,	rich	in	triterpenes,	
which can reduce postprandial triglyceride-rich lipoproteins [72].

Action of MUFAs against SM

	 Systematic	review	and	meta-analysis	of	cohort	studies	demonstrated	the	positive	effects	
of oleic acid in decreasing mortality risk (11%) and cardiovascular risk (12%) [73]. Focusing 
on the main theme of this chapter, MS, dietary MUFAs have shown similar results. In fact, 
clinical trials have shown a reduction in MS risk factors such as blood pressure or total LDL-c. 
Furthermore,	also	an	improvement	in	insulin	sensitivity	and	inflammatory	response	has	been	
demonstrated using oleic acid in cell models [74] and randomized clinical trials. Finally, a recent 
systematic review of human intervention studies with oleic acid-enriched diets demonstrated 
that this intervention can reduce central obesity and abdominal fat [75].

3. Polyunsaturated Fatty Acids (PUFAs)

 PUFAs are fats with more than two unsaturations in their carbon chain that can be 
divided into two main groups. Omega-3 fatty acids (linoleic acid, eicosapentaenoic acid, and 
docosahexaenoic	acid)	found	primarily	in	salmon,	herring,	sardines,	tuna,	flaxseed,	chia	seed,	
and walnuts. In turn, the omega-6 group (linoleic acid, arachidonic acid and docosapentaenoic 
acid)	are	found	mainly	in	vegetable	oils	such	as	sunflower,	soybean,	corn	and	canola.
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3.1. Omega-3 vs. Omega 6

 Omega-3 PUFAs have been reported to act as mitochondrial protectors as they reduce 
ROS	 production	 and	 inflammation	 through	 AMPK	 activation.	 PGC-1	 triggers	 different	
signaling	pathways	 that	promote	mitochondrial	biogenesis,	β-oxidation,	glucose	utilization,	
antioxidant	detoxification,	and	activation	of	uncoupling	proteins,	which	lead	to	a	decrease	in	
lipid accumulation and a reduction in ROS [76]. All of these actions decrease the expression of 
pro-inflammatory	cytokines	and	attenuate	the	inflammasome,	which	is	an	oligomeric	protein	
complex implicated in the innate immune system, which improves insulin sensitivity [77]. 
Decreasing the omega-6 / omega-3 balance and the incorporation of omega-3 into mitochondrial 
membranes increases their viscosity. This situation improves mitochondrial function and 
prevents cell dysfunction and cell death [78]. However, the unbalanced omega-3/omega-6 
ratio at the expense of omega-6 can also lead to adverse consequences, since excess omega-3 
can	eventually	trigger	pro-oxidant	and	pro-inflammatory	environments.	Thus,	maintaining	the	
balance	of	the	omega-3/omega-6	ratio	is	essential	to	avoid	harmful	effects.

Action of PUFAs against SM

	 It	is	still	controversial	whether	omega-6	PUFAs	have	pro-inflammatory	action	or	anti-
inflammatory	effects,	per	se	[79].	However,	an	unbalanced	omega-6/omega-3	ratio	in	favor	
of	omega-6	PUFAs	 is	 known	 to	be	highly	pro-thrombotic	 and	pro-inflammatory.	The	high	
amounts of omega-6 PUFAs present in Western diets, along with the very low amounts of 
omega-3 PUFAs, lead to a harmful omega-6/omega-3 ratio that can reach a ratio of 20:1 (rather 
than of expected 1:1) [80], contributing to atherosclerosis, obesity and T2DM. Furthermore, 
animal studies have shown that omega-3 improves insulin sensitivity and reduces visceral fat 
storage	[81].	Different	randomized	clinical	trials	have	proven	that	omega-3	supplementation	
produces	favorable	lipid-lowering	effects,	reduced	pro-inflammatory	cytokine	production	and	
improved blood glucose [82].

4. Trace Elements

 Trace elements are minerals present in small amounts in living tissue. Some of them are 
nutritionally essential and therefore need to be incorporated through the diet, such as selenium 
or zinc, and others are considered non-essential (or there is no consistent evidence to consider 
them essential).

4.1. Selenium and Zinc

 Selenium	 and	 zinc	 are	 mainly	 present	 in	 nuts,	 mushrooms,	 fish	 and	 meat,	 with	
antioxidant and mitochondrial properties. Selenium promotes mitochondrial biogenesis 
through	the	stimulation	of	PGC-1a,	while	the	generation	of	nuclear	redox	factor	1	(NRF-1)	
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plays	its	antioxidant	role	by	activating	the	enzymes	GPx	and	GR.	Some	of	these	positive	effects	
would	be	modulated	by	the	impact	of	selenium	on	the	microRNA	(miRNA)	profile	preventing	
OS	and	inflammation	[83].	On	the	other	hand,	zinc	exerts	its	antioxidant	power,	promoting	
the activation of SOD and CAT, inhibiting important pro-oxidant enzymes such as NADPH 
oxidase and competing with redox-active transition metals such as iron and copper for certain 
binding sites (cell membranes, proteins), prohibiting them from catalyzing the formation of 
ROS and initiating lipid peroxidation [84].

Action of trace elements against SM

 Some studies have shown that adequate intake of these trace elements is associated with 
an attenuation of MS risk factors. In vivo and human studies have found that the recommended 
doses of selenium (1-2 g/kg/day) act as an insulin mimetic, alleviating diabetes [85, 86] and 
have	 cardio	 protective	 effects	 (increase	 antioxidant	 capacity	 in	 plasma	 and	 decrease	 lipid	
peroxidation and LDL-c. Furthermore, a cross-sectional study including more than 2.600 
patients showed that dietary selenium intake was negatively associated with MS.

	 Regarding	 zinc,	 this	 trace	 element	 is	 involved	 in	 different	 protection	 mechanisms	
against obesity, IR, SAH and dyslipidemia, which suggests a potential role in the prevention 
and	treatment	of	MS.	However,	current	scientific	evidence	in	humans	regarding	associations	
between zinc status and the occurrence of MS is still inconsistent [87].

 Despite these health and wellness properties of minerals, as with vitamins, an excess 
of	 these	elements	 is	as	bad	as	a	deficiency.	Fortunately,	 the	 severe	 impact	of	vitamins	and	
minerals on human health is only achieved at very high concentrations. For example, doses 
of	 selenium	100	 times	higher	 than	 expected	had	 adverse	 effects	 than	 recommended	doses,	
increasing the risk of T2DM and promoting cardiovascular disease [88].

5. Polyphenols

 Polyphenols are bioactive compounds with antioxidant properties found mainly in plant 
foods. According to their molecular structure, polyphenols can be categorized into two main 
groups:	 flavonoids	 (such	 as	 catechins)	 and	 non-flavonoids,	 including	 phenolic	 acids	 (such	
as elegiac acids), stilbenes (such as resveratrol), lignans (such as pinoresinol) and others (in 
which	we	find	oleuropein	and	hydroxytyrosol).	Many	of	them	show	mitochondrial	effects	and	
have been reported to modulate MS [89].

5.1. Catechins

 Within	the	flavonoid	family,	we	find	catechin	molecules,	present	mainly	in	green	tea	
(with a minimum total catechin content of 8%), but also in a wide variety of fruits such as 
blackberries, apricots, black grapes and strawberries. It has been shown that catechins can work 
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directly as ROS scavengers and metal ion chelators and activate some antioxidant enzymes 
such as CAT and SOD. In addition, they can also inhibit some pro-oxidant enzymes such as 
NADPH oxidase and suppress stress-related signaling pathways.

	 Some	in	vitro	studies	have	also	demonstrated	an	anti-inflammatory	effect	of	catechins	by	
altering	the	miRNA	profile.	Together,	these	effects	contribute	to	decreased	OS	and	improved	
mitochondrial function [90].

5.2. Resveratrol

 Resveratrol is another antioxidant, found mainly in black grapes. Resveratrol is a 
mitochondrial	protective	agent.	Activates	Sirt1,	which	triggers	different	signaling	pathways	that	
promote	antioxidant	and	anti-inflammatory	effects,	and	in	parallel	activates	PGC-1,	the	master	
regulator	of	mitochondrial	biogenesis.	Activation	of	Sirt1	increases	β-oxidation	and	glucose	
utilization,	promotes	mitochondrial	biogenesis,	antioxidant	detoxification	and	expression	of	
uncoupling	proteins	[91].	Furthermore,	some	of	the	anti-inflammatory	effects	of	resveratrol	
are	triggered	by	changing	miRNA	profiles,	as	demonstrated	in	cell	models	and	human	clinical	
trials [92].

5.3. Oleuropein, Hydroxytyrosol and Pinoresinol

 Olive oil has a high content of polyphenols, such as oleuropein (OL), hydroxytyrosol 
(HT) and pinoresinol. Olive oil polyphenols are mitochondrial protective agents due to their 
antioxidant property. Recently, it was discovered that olive oil polyphenols, particularly HT, 
are able to induce Sirt1 expression.

 Furthermore, Sirt1 interaction with nuclear redox factor 2 (NRF2) signaling, responsible 
for	the	transcriptional	activation	of	anti-stress	target	genes,	exerts	a	protective	effect	against	
OS. Furthermore, OL and HT can also eliminate ROS and olive oil polyphenols have been 
shown	to	activate	antioxidant	enzymes	such	as	GPx	and	CAT.

Action of polyphenols against MS

	 Several	studies	have	proven	the	beneficial	effects	of	polyphenols	in	the	prevention	of	
MS. Animal studies have shown that green tea catechins lower blood pressure, reduce ROS 
and have lipid-lowering activities. In addition, catechins have been shown to improve glucose 
tolerance and decrease IR-related events in animal and human studies [93].

 The cardio protective functions have been attributed to resveratrol, thanks to their ability 
to	neutralize	inflammation	and	reduce	LDL-c	oxidation	[93,94].

 In humans, a meta-analysis of 20 randomized controlled trials, with a total of 1536 
participants who received green tea regularly, showed a slight decrease in systolic blood pressure 
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and a moderate decrease in LDL-c [95]. Another study of 48 patients with MS demonstrated 
that	dietary	doses	of	blueberries	significantly	lowered	blood	pressure.

 Regarding resveratrol, a meta-analysis including 16 studies, 10 human-based and 
6	 in	 vivo	 studies,	 showed	 that	 resveratrol	 intake	 significantly	 reduced	 body	weight,	 waist	
circumference, triglycerides and glucose level [96]. In addition, a meta-analysis including 
28 randomized controlled trials also documented an improvement in obesity measures with 
resveratrol supplementation [97].

6. Lycopene with Oleic Acid

 Lycopene is a carotenoid found primarily in tomatoes, but also found in other fruits such 
as	watermelon,	papaya	or	red	grapefruit.	The	lycopene	content	increases	during	the	different	
stages of fruit ripening, therefore, the highest lycopene content is found in ripe tomatoes [98].

 However, lycopene undergoes photo-oxidation and degradation with light, which 
produces a decrease in bioavailability. Incorporating lycopene into an oil phase overcomes 
photo-oxidation. An interesting option is the association of lycopene with olive oil, which 
prevents the degradation of lycopene and enriches its healthy properties with oleic acid, a 
monounsaturated fatty acid with antioxidant properties, as mentioned earlier [99].

Action of lycopene action against MS

	 Based	 on	 the	 potent	 antioxidant	 and	 lipid-lowering	 properties	 of	 lycopene,	 different	
studies	have	evaluated	it	as	a	beneficial	nutrient	for	the	prevention	and	treatment	of	MS.	As	
lycopene	 is	 a	 powerful	 antioxidant	 and	 anti-inflammatory	molecule,	 it	 acts	 as	 a	 scavenger	
of	ROS	and	nitrogen	species	[100],	decreases	DNA	damage,	and	modulates	SOD	and	GPx	
production	[101,102].	Regarding	its	anti-inflammatory	effects,	lycopene	also	reduces	apoptosis	
as	 the	 expression	 of	 inflammatory	 cytokines,	 exerts	 lipid-lowering	 properties	 through	 the	
induction of Sirt1 activity.

 Based on experimental and human studies it has been shown that lycopene reduces 
blood pressure [103], atherosclerotic burden [104] and improves the antioxidant capacity of 
the blood, in addition to playing a role anti-obesity [105], improves insulin sensitivity, reduces 
hyperglycemia	[106]	and	lipid	profile	[107].	In	addition,	a	retrospective	study	of	2.500	patients	
with MS showed that higher serum levels of lycopene are associated with a reduced risk of 
death [108].

Final Considerations

 The prevention and treatment of MS should focus on changing the individual’s lifestyle. 
The early adoption of a lifestyle related to health maintenance, including physical activity 
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and adequate nutrition, is a basic component for the prevention of MS. And, although there 
are pharmacological and surgical treatments for MS components, such as SAH, T2DM, 
dyslipidemia and obesity, these do not modify the underlying causes. Thus, some authors 
claim	that	the	most	effective	treatments	are	the	adoption	of	physical	exercise	and	diet	changes	
[109].

	 Different	 types,	 volumes	 and	 intensities	 of	 physical	 exercises	 can	 be	 used	 in	 these	
cases.	As	well	as	different	dietary	patterns,	 foods	and	nutrients	can	have	positive	effects	 in	
the prevention and treatment of MS. Another important factor is the control of body weight, 
related to both MS and obesity.

 The nutrients and bioactive compounds reviewed above are just one example of the 
benefits	 and	 impact	 of	 some	dietary	patterns	 to	prevent	 the	onset	 and	development	of	MS	
and its associated complications. They exert a huge healthy actions, some of them through 
the	modulation	of	mitochondrial	 functions.	All	 this	 evidence	 confirms	 that	 a	 balanced	diet	
represents a valuable therapeutic strategy to improve overall metabolic status.

 For this, eating habits must focus on the quality and quantity of what you eat. It is not 
the ingestion of any of these isolated compounds on their own, such as dietary supplements, 
but	the	synergistic	action	of	all	of	 them	in	foods	and	meals	that	makes	the	difference.	This	
means	a	predominance	of	vegetables,	fruits	and	fish,	typical	of	the	Mediterranean	diet.	Studies	
increasingly prove that a healthy eating pattern is a protective factor for MS [110].

 Likewise, the excess of most of them on a diet is as bad as their absence. This is the case 
with the antioxidant paradox, since most antioxidants, at the threshold, become pro-oxidant 
compounds.	Balance	is	truly	the	key	to	getting	healthy	effects	within	a	diet.

 However, several additional factors must be considered to achieve a healthy lifestyle in 
order	to	minimize	elements	that	have	a	negative	effect	on	health,	and	particularly	on	MS,	such	
as tobacco, alcohol consumption or physical inactivity [111].
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