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Foreword
Cardiovascular diseases (CVDs), including coronary heart disease, cerebrovascular 
disease and peripheral arterial disease, are one of the leading causes of premature 
death in most Western countries. Although the classical risk factors such as smok-
ing and obesity are more and more becoming managed, a continuous increase of a 
cluster of disorders, including dyslipidemia, hypertension, abdominal obesity and 
hyperglycemia, since the beginning of this century, referred to as the metabolic syn-
drome, has become more a primary risk factor for CVDs and diabetes.

Many bioactive compounds in foods and herbal medicinal products provide 
potential health benefits in cardiovascular diseases. Compiling data from experi-
mental, epidemiological and clinical studies shows that these natural products have 
important cardioprotective effects in the primary as well as secondary prevention of 
cardiovascular diseases based on the following two conditions: that the amount con-
sumed is high enough and the bioavailability is guaranteed. These bioactive products 
vary widely in chemical structure and function and are classified accordingly. In 
this book, several of these classes of bioactive natural compounds are discussed in 
nine chapters.

In Chapter 1, the beneficial effects of omega-3-fatty acids and extra virgin olive 
oil are discussed. Omega-3-fatty oils largely contain polyunsaturated fatty acids 
(PUFAs). The types of PUFAs involved in human physiology are alpha-linolenic 
acid (ALA), found in plant oils, and eicosapentaenoic acid (EPA) and docosahexae-
noic acid (DHA), both commonly found in fish oils. It is suggested that supplementa-
tion with PUFAs modestly lowers blood pressure, stimulates blood circulation and 
increases the breakdown of fibrin involved in blood clotting.

Olive oil is the primary source of fat in the Mediterranean diet and is associated 
with a low mortality for CVDs. Besides the classical benefits on the lipid profile pro-
vided by olive oil consumption compared to that of saturated fat, a broad spectrum 
of benefits on cardiovascular risk factors is now emerging that is associated with 
extra virgin olive oil. In Chapter 7, the effects on blood pressure are the main focus.

A systematic review of the efficiency of natural polyketides (statins) for the pre-
vention of coronary events are presented in Chapter 2.

Polyphenols are abundant micronutrients in our diet, and evidence for their role in 
the prevention of degenerative diseases such as CVDs and cancer is emerging daily. 
Polyphenolics such as flavonols, anthocyanins and proanthocyanidins are present 
in many fruits, cereals, legumes, vegetables, tea and red wine. There is some evi-
dence to suggest that these bioactive compounds are effective in reducing CVD risk 
factors with respect to anti-hypertensive effects, inhibition of platelet aggregation 
and increasing endothelial-dependent vasodilatation. It is believed that the potential 
health benefits arise mainly from their antioxidant activity, namely, free radical scav-
enging activity, chelation of transition metals and inhibition of enzymes.

Chapters 3, 5, 6 and 8 deal with the protective effects of polyphenolics on cardio-
vascular health.
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Chapter 9 is devoted to the study of the binding capability of serum albumin to 
different ligands, which may interfere with specific molecular mechanisms modify-
ing the pharmacological profile of these chemicals. This is relevant to those study-
ing natural products for their capacity to interact with molecular targets involved 
in CVDs, since serum albumins are present in all mammals and are used in a wide 
array of cellular and biochemical assays in drug discovery programs.

This book has been written by authors who are all experts in their fields and who 
give a concise and comprehensive overview of the current knowledge of bioactive 
natural products and their benefits in the prevention of cardiovascular diseases. It has 
been designed as a reference and resource for all who are interested in this discipline. 
It is our hope that the future of science and product development in this area will be 
an exciting adventure for years to come.

Professor Dr. Emeritus Arnold J. Vlietinck
University of Antwerp, Belgium
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Preface
It is a fact that there has been since time immemorial and there still continues to 
be a popular predilection for using herbal medicines to treat many diseases, from 
a simple cold to the most complex ailment. Patients trust these medicines because 
they have been used for centuries, and all the knowledge acquired from their exis-
tence and medicinal properties have been passed on from generation to generation. 
However, in spite of the presumption that anything natural is safe, the use of herbal 
medicines has drawbacks that call into question the correct identification and manip-
ulation of the plant material. Misidentification of the plant and the use of adulterants 
in commercially available products have resulted in deaths and raised awareness of 
the importance of having a complete understanding of the botany, chemical compo-
sition, pharmacology and toxicology of medicinal plants.

Nowadays, the number of patients with cardiovascular diseases who prefer herbal 
medicines over conventional drugs is increasing. Therefore, the search for new and 
more effective treatments that integrate natural products as phytomedicines or func-
tional foods are a contemporary trend in treating these patients

This book provides updated information on secondary metabolites obtained from 
selected organisms (plants or microorganisms) with beneficial effects in the treat-
ment of cardiovascular diseases or in the prevention of their progression. The aim of 
this book is also to provide, whenever possible, a detailed description of the source, 
chemistry, mechanism of action and clinical studies relating to such metabolites.

In order to use natural products to efficiently treat any disease, a clear connection 
should be made between chemical structures, pre-clinical studies and their clinical 
significance. 

Even though the subject is extensive, the important topics discussed in this book 
will be useful to students and professionals in the area of natural product research, 
pharmacognosy, analytical chemistry, pharmacology, pharmacy, biochemistry, 
molecular biology, alternative medicine and integrative health programs and food 
science, as a guide for a better understanding of the cardio- and vasculoprotective 
potential of different groups of secondary metabolites.

Dr. Catherina Caballero-George
Institute of Scientific Research and High Technology Services (INDICASAT AIP) 

July 2018
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1 Beneficial Effects of 
Omega-3 Fatty Acids on 
Cardiovascular Disease

Estela Guerrero De León, Mahabir Prashad Gupta 
and Juan Antonio Morán-Pinzón

1.1 � INTRODUCTION

Cardiovascular diseases (CVDs) are the principal cause of mortality in many eco-
nomically developed countries, and its incidence is increasing rapidly in emerging 
economies. Since an appropriate diet ensures the supply of essential nutrients for 
the regulation of diverse physiological functions, a nutritional imbalance increases 
the risk of cardiovascular and metabolic diseases. Despite some countries having 
established healthy lifestyle policies, implementation is not always easy, as people 
are not always sufficiently motivated to make recommended modifications. Parallel 
strategies are directed to exploration of the use of nutraceuticals to promote cardio-
vascular health, as some specific components of diet have been described as pos-
sessing therapeutic roles in human health. Specifically, a higher consumption of fish 
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as source of essential fatty acids (EFAs) is promoted because they could prevent the 
development of CVDs such as dyslipidemias, arrhythmias, arterial hypertension and 
atherosclerosis.

1.1.1 � Chemistry and Metabolism of Essential Fatty Acids

EFAs are a group of organic compounds that have a carboxylic group (-COOH) at 
one end, and methyl (H3C-) at another end. The nature of the rest of the molecule, a 
chain of hydrocarbons, determines the chemical and biological characteristics of the 
different fatty acids. Structural differences in the hydrocarbon chain are fundamen-
tally based on the number of carbon atoms, absence or presence of double bonds in 
saturated and unsaturated fatty acids and location of these bonds cis or trans in their 
configuration. Fatty acids are classified by the length of the carbon chain (long chain, 
n-20 to 22; intermediate chain, n-18) and the number of double bonds (saturated, 
monounsaturated, polyunsaturated) (DeFilippis and Sperling, 2006).

Long-chain polyunsaturated fatty acids, known as PUFAs, are present in all 
mammalian tissues. However, mammals cannot directly synthesize these fatty acids 
because they lack the enzymes to make double bonds at some position in the fatty 
acid chain. Therefore, long-chain PUFAs should be consumed with diet and are, 
therefore, “essential” fatty acids (EFAs) (Dimitrow and Jawien, 2009).

PUFAs comprise two main classes: ω-6 PUFA and ω-3 PUFA, also known as ω-6 
and ω-3, respectively. These two families of PUFAs distinguish themselves in the posi-
tion of the first double bond, counted from the end methyl group of the molecule. 
Major sources of ω-6 PUFAs are vegetable oils such as corn, safflower and soybean 
oil, and they are derived from linoleic acid (LA; C18:2 ω-6), while ω-3 PUFAs are 
derived from α-linolenic acid (ALA; C18:3 ω-3), and their main sources are fish such as 
salmon, trout and tuna (De Caterina et al., 2003). Unsaturated fatty acids also include 
the ω-9 series, derived from oleic acid (OA, C18:1 ω-9) and the ω-7 series, derived from 
palmitoleic acid (C16:1 ω-7), which are not essential (Das, 2006; Wallis et al., 2002).

Once consumed, these EFAs are further metabolized within mammalian cells 
by the same set of enzymes to their respective long-chain metabolites (Figure 1.1). 
The main limiting step in the biosynthesis of ω-6 and ω-3 PUFAs is the microsomal 
Δ6-desaturation of LA and ALA (Bernert and Sprecher, 1975; Sprecher et al., 1999). 
As a result of this metabolic reaction, the λ-linolenic (GLA; 18:3n-6) and steari-
donic (SDA; 18:4n-3) acids are obtained, which are elongated, respectively, to 
dihomo-λ-linolenic (DGLA; 20:3n-6) and eicosatetraenoic (ETA; 20:4n-3) acids. 
Both PUFAs, Δ5-desaturase substrates, generate arachidonic (AA; 20:4n-6) and 
eicosapentaenoic acids (EPA; 20:5n-3), which undergo two consecutive elongation 
processes to their respective products 24:4n-6 and 24:5n-3. A second microsomic Δ6-
desaturation takes place again in the biosynthesis of PUFAs (Baker et al., 2016). The 
products of this desaturation, 24:5n-6 and 24:6n-3, are then converted by enzymatic 
β-oxidation to 22:5n-6 and docosahexaenoic acid (DHA; 22:6n-3), respectively.

As can be seen, both EPA and DHA, the two ω-3 PUFAs with greater biological 
activity, are obtained from the same precursor, ALA (Robinson and Stone, 2006). 
However, the effectiveness of conversion of ALA into EPA and DHA is limited 
in humans. Thus, in humans ALA can be converted in EPA up to 8%, while the 
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ALA-to-DHA conversion rate is estimated to be less than 4% (Burdge et al., 2002; 
DeFilippis and Sperling, 2006). Although the regulation of this process is poorly 
understood, EPA and DHA have been reported to play a vital role in brain develop-
ment and cardiovascular health, and have anti-inflammatory and other effects (Das, 
2006; Wang et al., 2006).

The biochemical processes described above regulate a delicate balance between 
ω-6 and ω-3 fatty acids. These PUFAs are powerful regulators of cellular functions 
and constitute the main lipid mediators with biological activity. It should be noted 
that these two types of PUFAs are not interconvertible, metabolic and functionally 

FIGURE 1.1  Biosynthesis of the principal polyunsaturated fatty acids and their 
metabolism.
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distinct, and often have opposite physiological functions (Simopoulos, 1991). Thus, 
the pathways described for ω-3 PUFAs and the biosynthesis of LA-derived metab-
olites are obtained through the concerted action of elongases and desaturases. 
Evidence from several in vivo and in vitro studies indicates that these two PUFAs 
families not only share these enzymes but also establish a system of competition. It 
is known that the affinity of LA and ALA for Δ6-desaturase is different; in fact, in 
order to inhibit up to 50% of GLA formation, a concentration of ALA approximately 
10 times greater than LA is required (Mohrhauer et al., 1967). These findings sug-
gest that in the presence of higher LA concentration, as occurs in a living system, the 
pathway leading to the synthesis of AA is preferred. For this reason, the LA/ALA 
ratio of dietary components is important, because mammalian cells lack the ω-3 
enzyme desaturase and are unable to convert ω-6 into ω-3 fatty acids.

Unhealthy eating is one of the factors that can be attributed to the pandemic of 
CVDs affecting most countries in the world. Compared to our Paleolithic ancestors, 
for whom consumption of products rich in ω-3 was higher, the modern Western diet 
is considered to be up to 20 times richer in ω-6. In relation to the consumption rate, 
excessive amounts of ω-6 PUFAs and a very low proportion of ω-3/ω-6 has been 
described as promoting the pathogenesis of many diseases, including CVDs, cancer 
and inflammatory and autoimmune diseases.

1.1.2 �B eneficial Effects of ω–3 PUFAs

The beneficial effects that the ω–3 PUFAs, in particular EPA and DHA, 
provide—protection against CVDs—have been supported by an important number 
of clinical, experimental and epidemiological studies (Mozaffarian and Wu, 2011). 
A universally known fact is that, in the primary prevention of CVD, a ratio of 4/1 
(ω–3/ω–6) is associated with a 70% reduction in total mortality (de Lorgeril et al., 
1994; Simopoulos, 2006). It is important to consider that this relationship may vary 
when the objective is to prevent other diseases.

In general, ω–6 fatty acids are described as proinflammatory and capable of 
triggering thrombosis and contributing to the formation of atherosclerotic plaque, 
whereas ω–3 fatty acids are described to have anti-inflammatory and cardioprotec-
tive effects. Although this is generally accepted, the scientific community continues 
to generate data to establish the variables associated with the biological potential of 
PUFAs (Szostak-Wegierek et al., 2013).

In 2002, the American Heart Association (AHA) published a scientific statement 
“Fish Consumption, Fish Oil, Omega-3 Fatty Acids, and Cardiovascular Disease” 
(Kris-Etherton et al., 2003). The main observation is summarized as the capacity 
of EPA and DHA to reduce fatal cardiac events. Further studies are suggested to 
confirm these findings and to define the health benefits of ω–3 PUFAs supplemen-
tation in primary and secondary prevention of CVDs. Since then, there have been 
numerous studies in humans and experimental models to define the impact of ω–3 
PUFAs on reducing cardiovascular risk. Some studies have focused on understand-
ing their effects and possible mechanisms of action. The aim of this chapter is to 
review the evidence for the beneficial effects of fatty acids, particularly the effects of 
ω–3 PUFAs on cardiovascular risk factors.
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1.2 � EFFECTS ON PLASMA LIPIDS AND LIPOPROTEINS

Even though risk management of coronary heart disease (CHD) has historically 
focused primarily on low-density lipoproteins (LDL) targets, greater emphasis 
recently has been placed on non-high-density lipoproteins (HDL) and apolipopro-
tein B (apo B) as more robust predictors of CHD death. Also, high plasma triglycer-
ide (TG) levels represent a risk factor for atherosclerosis and related cardiovascular 
disease (Labreuche et al., 2009), and treatment with ω–3 PUFAs is an established 
intervention to reduce TGs (Harris, 2013; Mori, 2014). The role of TGs in the devel-
opment of CHD is a function of several pathophysiological factors such as: (1) In 
normal conditions, TGs are transported mainly by TG-rich lipoproteins, such as 
very low-density lipoproteins (VLDL) derived from the liver and chylomicrons 
(CMs) derived from the intestine. After lipoprotein lipase (LPL) mediated triglycer-
ide hydrolysis to free fatty acids (FFAs), the remaining lipoproteins, including LDL, 
are formed. Thus, it is considered that hypertriglyceridemia can generate an exces-
sive amount of highly atherogenic LDL (Goldberg et al., 2011; Schwartz and Reaven, 
2012) (2). In hypertriglyceridemic conditions, the metabolism of VLDL shifts from a 
system dominated by apolipoprotein E (apo E), and characterized by its rapid elimi-
nation from vascular circulation, to a system dominated by apolipoprotein C III (apo 
C III), which is characterized by a preferential conversion of TG-rich lipoproteins 
into small amounts of highly dense atherogenic LDL.

Oral administration of ω-3 PUFAs from both marine and plant sources have been 
shown to reduce the risk of death from CHD. It is believed that this beneficial cardio-
vascular effect is due in part to its anti-atherosclerotic properties, which are associ-
ated with a reduction in TG levels. It has been proposed that ω-3 PUFAs exert these 
TG-lowering effects via a number of mechanisms (Backes et al., 2016): (1) by sup-
pression of the expression of protein-1c, and thus a reduction of liver lipolysis, (2) by 
inhibition of phosphatidic acid phosphatase (PAP) and diacylglycerol acyltransferase 
(DGAT), key enzymes in the hepatic synthesis of TGs, (3) by an increase in the oxi-
dation of fatty acids, resulting in a reduction of the available substrate required for 
TG and VLDL synthesis, (4) by increments in LPL expression, a key component of 
the TG-rich lipoproteins’ biosynthetic pathways, leading to greater removal of TG 
from circulating VLDL and CM particles.

Many of the mechanisms involved in PUFAs-mediated reduction of TGs consist 
in regulating the gene expression of key proteins in lipid metabolism (Figure 1.2). 
PUFAs suppress the nuclear abundance of several transcription factors involved in 
lipid and carbohydrate metabolism, including sterol regulatory element binding pro-
teins (SREBPs) (Horton et al., 2002) and carbohydrate responsive element binding 
protein (ChREBP) (Postic et al., 2007).

There are three isoforms of SREBPs: SREBP-1a and -1c, which originate from 
the same gene, and SREBP-2. All of them are activated in response to a decrease 
in free cholesterol content in the endoplasmic reticulum (ER). SREBP-2 stimulates 
primarily transcription of genes related to cholesterol biosynthesis and LDL receptor 
(rLDL). SREBP-1c is the predominant form of SREBP-1 in most tissues, and together 
with SREBP-1a, regulates the synthesis of FAs, TGs and phospholipids. Most of the 
lipogenic effects of insulin depend upon the induced expression of SREBP-1c and 
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FIGURE 1.2  Mechanisms involved in the regulation of genes by non-esterified fatty acids 
(ω-3 PUFAs) (1). PUFAs in hepatocytes inhibit the binding of LXR-RXR to LXRE, thus 
suppressing the gene expression of SREBP-1c, which is a transcription factor that activates 
genes that encode enzymes involved in the synthesis of fatty acids that lead to the formation 
of triglycerides and phospholipids (2). In adipocytes, through the activation of PPARα-RXR 
binding, ω-3 PUFAs regulate the expression of crucial genes in lipid degradation, such as 
LPL and apo C III. (3) Greater catabolism of VLDLs increases LDL levels; however, the 
characteristics of less dense lipoproteins, resulting in reduced atherogenic capacity. LDL, 
low-density lipoprotein; LPL, lipoprotein lipase; PPAR, peroxisome proliferator-activated 
receptor; PPRE, peroxisome proliferator hormone response element; RXR, retinoid X recep-
tor; SREBP, sterol regulatory element binding proteins; VLDL, very low-density lipoprotein.
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the subsequent stimulation of the FA synthesis pathway. The expression of SREBP-1c 
is also stimulated by the liver X receptor (LXR), through two LXR binding sites 
(LXRE) present in the SREBP-1c promoter (Desvergne et al., 2006) (Figure 1.2). In 
contrast to these signaling events, high levels of PUFAs suppress the expression of 
SREBP-1c and ChREBP, the latter being a sensitive factor for glucose concentration 
that promotes lipogenesis from carbohydrates. However, these transcription factors 
are not regulated by the direct binding of fatty acids but rather respond to changes 
in gene transcription. For example, PUFAs decrease the transcription of SREBP-1c 
and ChREBP secondary to competition with oxysterols, a positive regulator of the 
SREBP-1 and ChREBP genes, which bind to the LXR (Ou et al., 2001).

In addition to the LXR, PUFAs bind to the ligand binding domain of several 
nuclear receptors expressed in the liver, including peroxisome proliferator-activated 
receptors (PPAR α, β, γ1 y γ2) (Xu et al., 1999), farnesoid X receptor (FXR) (de 
Urquiza et al., 2000), and hepatic nuclear factor-4α (HNF4α) (Wisely et al., 2002; 
Yuan et al., 2009). All receptors, except HNF4α, form heterodimers with the nuclear 
retinoid X receptor (RXR) to regulate gene expression. Fatty acids are hydrophobics, 
which function as hormones (steroids and thyroid) to control nuclear receptor func-
tion (Davidson, 2006).

As mentioned above, the expression of the SREBP-1c gene is partly regulated by 
the LXR/RXR receptor complex. Data suggest that PUFAs inhibit binding of the 
LXR/RXR heterodimer to the LXR response elements (LXREs) in the SREBP-1c 
promoter, a crucial process for the expression of SREBP-1c. The inhibitory mag-
nitude order of each long-chain fatty acid over the expression of SREBP-1c is as 
follows: AA> EPA> DHA> LA> SA = 0 (Yoshikawa et al., 2002). Other mecha-
nisms have been proposed for explaining the SREBP-1c downregulation induced by 
PUFAs. For example, in rat hepatocytes, decay of transcription SREBP-1c can accel-
erate, and PUFAs can also interfere with the maturation process of the SREBP-1c 
protein, decreasing its activity (Yoshikawa et al., 2002).

The lipogenic activity of LXR/RXR is due to the positive regulation it exerts 
on the above-mentioned SREBP-1c and to the direct regulation of several genes in 
the SREBP-1c downstream, including those that encode the synthesis of DGAT, 
fatty acid synthase (FAS) and acetyl CoA carboxylase (Mozaffarian and Wu, 2011). 
Through this pathway, synthesized FAs can be used in the synthesis of TGs, which 
get integrated with cholesterol particles in the VLDLs. This mechanism could 
explain how LXR agonists produce increased plasma concentration of TGs. Thus, 
PUFAs cause their hypotriglyceridemic effects by the coordinated suppression of 
liver lipogenesis through the blockage of LXR activation and suppression in the pro-
cessing of SREBP-1c and other lipogenesis-related proteins.

PUFAs and products derived from these so-called natural ligands for peroxisome 
proliferator-activated receptors (PPARs) are also transcription factors that play a 
crucial role in fatty acid oxidation. Although a possible influence on the concentra-
tion of circulating TGs has been described for all PPARs, it is only with PPARα 
that a hypotriglyceridemic effect is regularly observed. PPARα receptors reduce the 
availability of FAs for TGs synthesis by regulating specific genes, including LPL 
(Michaud and Renier, 2001), and apolipoprotein A I (apo A I) (Vu-Dac et al., 1994), 
a key structural element in HDL. In addition, PPARα has been shown to increase the 
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liver expression of apolipoprotein A V (apo A V), which stimulates LPL-mediated 
lipolysis (Prieur et al., 2003). As a result, ω–3 PUFAs stimulate PPARα pathways 
and increase signaling that lowers TG levels and increases HDL-C levels.

The binding of fatty acid to HNF-4 (α and γ) was documented by X-ray crystal-
lographic analysis of HNF4 binding domains expressed in bacteria (Dhe-Paganon 
et al., 2002). In vitro studies report that fatty acids are irreversibly bound to HNF-4 
(Wisely et al., 2002), while others report that binding of LA to HNF-4α is revers-
ible (Yuan et al., 2009). It has also been observed that, while saturated fatty acids 
stimulate the transcription of HNF-4α, PUFAs inhibit the effects of HNF-4α on 
gene transcription (Clarke, 2001; Pegorier et al., 2004). Proteins involved in lipopro-
tein metabolism, including apo C III, A I, A IV, are encoded by this receptor (Jump 
and Clarke, 1999). However, in contrast to the direct regulation of FAs over other 
nuclear receptors, the occupation of HNF-4α does not appear to significantly affect 
their transcriptional activity, and are considered indirect mechanisms. For example, 
PUFA-activated PPARs compete with HNF-4α for binding to the apo C III promoter.

According to these mechanisms, in samples of fasting subjects showing moderate 
to severe hypertriglyceridemia (TGs of 500 to 2000 mg/dL), a 12-week treatment 
with ω–3 PUFAs revealed a significant reduction in plasma apo C III levels (Morton 
et al., 2016). Another randomized, double-blind, crossover study with eight-week 
treatment periods using high-dose EPA and DHA, demonstrated potential mecha-
nisms by which ω–3 PUFAs may decrease the risk of coronary heart disease by 
reducing atherogenic apolipoproteins in individuals with elevated TGs. Treatment 
with 3.4 g/d of EPA and DHA significantly reduced the concentrations of both apo C 
III and apo B, and tended to a modest reduction of lipoprotein associated phospho-
lipase A2 (Lp-PLA2) (Skulas-Ray et al., 2015). The effect of ω–3 PUFAs on apo B 
48 has also been evaluated in animal and in vitro models where it has been shown to 
suppress its synthesis, with the consequent reduction of CM rich in TGs. It has been 
considered that this inhibition may be due to a decrease in the expression of apo B 
48 and/or increased post-translational degradation (Levy et al., 2006).

Apo C III is believed to contribute to the progression of atherosclerosis and CVD 
through a number of mechanisms, including the activation of proinflammatory path-
ways (Sacks et al., 2011). This apolipoprotein is a key factor in hypertriglyceridemia, 
mainly due to its inhibitory actions on LPL. It also inhibits receptor-mediated uptake 
of VLDL, CM and their remnants, slows down their purification rate and promotes 
the formation of small, dense, highly atherogenic LDL particles.

According to experimental findings, ω–3 PUFAs are associated with reductions 
in plasma TGs levels of approximately 25% to 34% (Harris, 1997), but these find-
ings vary at baseline. Studies in individuals with severe hypertriglyceridemia (TGs 
5.65 mmol /L [500 mg /dL]) reported reductions in TGs from 40% to 79% with EPA 
and DHA intake of 3 g/day (Harris, 1997; Phillipson et al., 1985). When baseline 
TGs levels are ≥2.0 mmol/L (≥177 mg/dL), the reduction rate is approximately 34%, 
while for subjects where baseline TGs levels are below 2.0 mmol/L, the reduction is 
up to 25%. With administration of ω–3 PUFAs in patients with CVD and TGs levels 
≥1.70 mmol/L (150 mg/dL), reduction of up to 30% of TGs has been observed. Two 
of the three studies in patients with dyslipidemia reported a 20% to 33% reduction in 
TGs. With the administration of EPA and DHA in patients with diabetes, reduction 
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of TGs between 25% and 45% has been observed, resulting in a dose-dependent 
effect (Nettleton and Katz, 2005). In middle-aged and elderly subjects, a diet rich 
in marine ω–3 PUFAs has been observed to decrease concentrations of lipoproteins 
rich in TGs (VLDL) by direct catabolism of the apo B 100, and it is reasonable to 
expect an increase in LDL levels (Ooi et al., 2012). In an unfavorable but to some 
extent expected degree, ω–3 PUFAs produce elevations in cLDL levels between 5% 
and 11% (Harris, 1997). However, this increase in cLDL levels from ω–3 PUFAs 
supplementation appears to be due to an increase in LDL particle size rather than to 
the number of LDL molecules. These nutritional supplements modify the composi-
tion of LDL cholesterol by increasing apolipoprotein B and decreasing lipoprotein 
levels, resulting in a less atherogenic molecule (von Schacky, 2000). Small LDL par-
ticles are considered as an important cardiovascular risk factor (Hulthe et al., 2000) 
and correlated with subclinical atherosclerosis as measured by the thickening of the 
middle intima (Lahdenpera et al., 1996).

Other findings in the field of dyslipidemias have shown that ω–3 PUFAs sig-
nificantly reduce liver fat by 18% in women with hepatic steatosis (Cussons et al., 
2009), and in obese dyslipidemic men with insulin resistance, combined ω–3 PUFAs 
and statins therapy provided the optimal change in lipid profile and HDL choles-
terol (Chan et al., 2002). However, the impact of ω–3 PUFAs on HDL is variable. 
Some studies report discrete elevations in HDL cholesterol of approximately 1% to 
3% (Harris, 1997), while other authors report a decrease in HDL of approximately 
8%–14% (Weintraub, 2014).

Considerations for the use of PUFAs in the treatment of dyslipidemias include: 
(1) Long-chain omega-3 fatty acids may be a well-tolerated and effective alterna-
tive to fibrates and niacin, yet further large-scale clinical studies are required to 
evaluate their effects on cardiovascular outcomes and CVD risk reduction in 
patients with hypertriglyceridemia (Davidson et al., 2014). (2) Since they have dif-
ferent mechanisms of action and the efficacy profile against the different lipid com-
ponents varies between ω–3 PUFAs and statins, combined therapy is expected to 
provide complementary benefits over lipid profile when given together. However, 
further long-term studies with clinical end points are needed to confirm the syner-
gistic benefits of statins and omega-3 supplements on cardiovascular incidence and 
mortality (Minihane, 2013). (3) As for accepted therapeutic uses, the 2016 ESC/
EAS Guidelines for the Management of Dyslipidemias, suggest that if TGs are not 
controlled by statins or fibrates, addition of ω–3 PUFAs may be considered, and 
these combinations are safe and well tolerated (Catapano et al., 2016). (4) Despite 
findings that ω–3 PUFAs supplements (fish oil) are highly effective in the treatment 
of hypertriglyceridemia, omega-3 dietary supplements are not approved by the Food 
and Drug Administration (FDA) for this purpose (Jellinger et al., 2017).

1.3 � EFFECTS ON ATHEROSCLEROSIS

Atherosclerosis is an inflammatory disease of the vascular system and is a major 
cause of cardiovascular and cerebrovascular diseases. When considering the patho-
physiological process of atheroma plaque development, it can be inferred that ω-3 
PUFAs have beneficial effects, given their ability to modify both the lipid profile and 
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the inflammatory process. However, variations in methodological designs of both 
experimental and clinical studies show controversial results in relation to the ability 
of ω-3 PUFAs in reversing or preventing atherosclerosis.

It is well known that the principal constituents of an atheroma plaque are LDLc, 
and some studies have demonstrated that, in addition to reducing TGs and VLDL, 
ω-3 PUFAs increase the concentration of floating and large LDL particles while 
reducing the concentration of dense atherogenic particles of LDL. In relation to this 
property, in a study conducted in low-density lipoprotein receptors knockout mice 
(LDLR-/-) subjected to a diet rich in cholesterol, fish oils supplements inhibited the 
development of atherosclerosis after 20 weeks of treatment (Zampolli et al., 2006). 
Using the model of apolipoprotein E knockout mice (apo E -/-), administration of 
1% fish oil for 14 weeks did not modify atherogenesis (Xu et al., 2007). In contrast, 
another study using both models, where LDLR -/- and apo E -/- mice were adminis-
tered a cholesterol-rich diet, treatment for 12 weeks with high concentrations of EPA 
decreased the plaque size (Matsumoto et al., 2008).

Although LDLs play a key role in the development of atheroma plaque, studies 
carried out in other animal models have shown that the development of atherosclero-
sis may be significantly inhibited by diet rich in ω-3 PUFAs, without this effect being 
associated with a reduction in lipids (Davis et al., 1987; Weiner et al., 1986). These 
findings lead us to consider other aspects related to the pathogenesis of plaque for-
mation, which may be involved in the cardioprotective effects described for EPA and 
DHA. This forces us to reconsider the inflammatory nature of this vascular disease 
in which the excess of LDL deposited in the vascular intima layer induces exces-
sive recruitment of monocytes, which are different from macrophages and allows 
elimination of the excess of sub-endothelial cholesterol. This process gives rise to 
the generation of foam cells capable of secreting proinflammatory mediators that 
characterize the pathogenesis of atherosclerosis and, precisely, one of the biological 
effects of ω-3 PUFAs is to alter the course of the inflammatory process.

The anti-inflammatory effects of ω-3 PUFAs are partly related to their attenuat-
ing effects on inflammatory prostanoids and leukotrienes. For example, in intestinal 
microvascular endothelial cells, DHA has been shown to reduce cyclooxygenase-2 
(COX-2) expression and limits the production of PGE2 and leukotriene B4 (LTB4) 
(Ibrahim et al., 2011). Similar effects have been observed in rats with colitis, where 
administration of fish oil rich in EPA and DHA inhibited the production of PGE2 
and LTB4.

Monocyte adhesion to endothelial cells is mediated by adhesion molecules, such 
as intracellular adhesion molecule 1 (ICAM-1) and vascular adhesion molecule 1 
(VCAM-1). In the models described above by Ibrahim et al. (2011), inhibition of 
eicosanoids was accompanied by reduction in VCAM-1 expression. In humans, fish 
oil (EPA and DHA) supplements have been found to lower circulating VCAM-1 
levels in elderly subjects (Miles et al., 2001). In patients with metabolic syndrome 
(Met-S), EPA administration decreased plasma concentrations of soluble ICAM-1 
and VCAM-1 (Yamada et al., 2008). However, more recently, in order to assess the 
effects of ω-3 PUFAs supplements on plasma concentrations of soluble adhesion 
molecules, a meta-analysis of randomized controlled trials was carried out. This 
study revealed that ω-3 PUFAs supplements did not affect plasma concentrations 
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of VCAM-1 but instead, in both healthy and dyslipidemic patients, they did signifi-
cantly reduce ICAM-1 (Yang et al., 2012).

In relation to other components of the atherosclerotic process, high concentra-
tions of EPA and DHA are known to modulate the expression of critical genes asso-
ciated with inflammation, including interleukin-1-alpha (IL-1α), interleukin-1-beta 
(IL-1β) and tumor necrosis factor alpha (TNF-α) (Calder, 2001; Honda et al., 2015; 
Zainal et al., 2009). TNF-α is an inflammatory cytokine that plays an important role 
in the development of atherosclerotic lesions. TNF-α is associated with upregulation 
of monocyte chemotactic protein-1 (MCP-1) and VCAM-1 expression, in addition to 
inducing expression of early growth response protein 1 (Egr-1), which is capable of 
inducing ICAM-1 production (Maltzman et al., 1996). Additionally, the IKK/NF-κB 
pathway (IkB kinases/nuclear factor κB) regulates the genes involved in inflamma-
tion, oxidative stress and endothelial dysfunction through TNF-α activation (Kumar 
et al., 2004; Rimbach et al., 2000).

ω-3 PUFAs regulate TNF-α activity by activating the G-coupled protein receptor 
120 (GPR120). This receptor intervenes in the activation cascade of NF-κB mediated 
by the TNF-α receptor (TNFR). Post-activation signaling pathways of the GPR120 
receptor in adipocytes inhibit the proinflammatory activity of TNF-α (Gregor and 
Hotamisligil, 2011).

Additionally, in macrophages inflammasome activation is inhibited by DHA via 
GPR120 (free fatty acid 4; FFA4), an effect that also appears to be mediated by 
inhibition of NF-κB. Thus, blocking the TNF-α pathway mediated by ω-3 PUFAs-
related receptors is crucial in explaining the regulation of the formation and stability 
of atheroma plaque.

Emerging evidence shows that uncontrolled inflammation is a prominent char-
acteristic of many cardiovascular diseases and that atherosclerosis may be seen as 
a state of failed resolution of inflammation (Serhan et al., 2007). Thus, it is known 
that from essential fatty acids endogenous chemical mediators are biosynthesized in 
different phases of inflammatory response, where resolution is one of them. In this 
sense, the production of a new class of lipid mediators called resolvins (products of 
interaction in the resolution phase) have also been associated with the anti-inflam-
matory effects of ω-3 PUFAs (Figure 1.3).

Resolvins of series E (RvE) and series D (RvD) are obtained from EPA and DHA, 
respectively (Serhan et al., 2002). RvE and RvD-resolvins are believed to have a 
similar function, which is primarily to block the migration and infiltration of neu-
trophils and monocytes, protecting tissues from damage by immune system cells 
(Serhan et al., 2002). Both types of resolvins, like their precursors, can inhibit the 
NF-κB by a receptor-dependent mechanism activated by PPARγ in addition to the 
involvement of membrane receptors (Liao et al., 2012).

It has been shown that RvE1 can act as an agonist of the ChemR23 receptor, also 
known as Chemokine-like receptor 1 (Kaur et al., 2010) (Figure 1.4). Rv-E1-mediated 
signaling on ChemR23 plays a role in mononuclear cellular migration to inflammed 
tissue as well as in resolving inflammation (Serhan et al., 2008b). Actions mediated 
by Rv-E1 through ChemR23 block signaling of NF-κB induced by TNF-α (Arita 
et al., 2005) and increase phagocytosis of apoptotic neutrophils (Ohira et al., 2010). 
In addition to ChemR23, it has been described that RvE1 interacts with leukotriene 
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FIGURE 1.3  Atherosclerotic plaque development and the effects of ω-3 PUFAs and 
Resolvins. The innate and adaptive immunity co-operate in an inflammatory process that 
leads to vessel occlusion (1). Extravasation of LDL trigger inflammation that promotes endo-
thelial cells (ECs) dysfunction (2). ECs expose adhesion molecules (VCAM) and increase 
permeability (3). Leukocyte adhesion and activation (4). Leukocytes infiltrate the intima 
(5). Activated smooth muscle cells produce cytokines and MMPs, which further change the 
microenvironment (6). The infiltrating monocytes transform into macrophages (7) producing 
MMPs, further cytokines and ROS (8). Macrophages and SMCs phagocytize lipid particles 
and become foam cells (9). ω-3 PUFAs and Resolvins reduce PMN recruitment and che-
motaxis, induce a reduction of PMN activation and adhesion molecule expression, increase 
phagocytosis and clearance. DHA, docosahexanoic acid; EPA, eicosapentaenoic acid; IL-1, 
interleukin 1; IL-6, interleukin 6; LDL, low-density lipoprotein; MMPs, metalloproteinases; 
PGI2, prostaglandin I2; PMN, polymorphonuclear neutrophil; ROS, reactive oxygen species; 
TNF-α, tumor necrosis factor α; VCAM-1, vascular adhesion molecule 1.
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B4 receptor type 1 (BLT1), a receptor of LTB4, and serves as a local buffer of BLT1 
signals in leukocytes (Arita et al., 2007).

Meanwhile, the actions of RvD1 are mediated by two G protein-coupled recep-
tors (GPCR), ALX/FPR2 and GPR32, which also regulate specific microRNAs 
(miRNAs) and their target genes in new resolution circuits. Interaction with ALX/
FPR2 signals could control infiltration of polymorphonuclear neutrophils (PMN) 
and stimulate macrophagocytosis of apoptotic PMNs (Chiang et al., 2006), while it 
is suggested that the GPR32 also plays a key role in mediating the effects of RvD1 on 

FIGURE 1.4  Illustration of the anti-inflammatory and pro-resolving effects of ω-3 PUFAs 
and Resolvins act on multiple G protein-coupled receptors to limit activation and recruitment 
of neutrophil, and stimulate nonphlogistic macrophage phagocytosis. Akt, Protein Kinase 
B; ALX/FPR2, lipoxin A4 receptor; BLT-1, leukotriene B4 receptor type 1; ChemR23, 
chemokine-like receptor 1; cAMP, Cyclic adenosine monophosphate; GPR32, G protein-
coupled receptor 32; GPR120, G protein-coupled receptor 120; IL, interleukin; JNK, c-Jun 
N-terminal kinases; NFκB, nuclear factor kappa B; PI3K, phosphatidylinositol 3-kinase; 
PKA; protein kinase A; PMN, polymorphonuclear neutrophil; p38, P38 mitogen-activated 
protein kinases; PPAR, peroxisome proliferator-activated receptors; PPRE, Peroxisome pro-
liferator hormone response element; RXR, retinoid X receptor; TLR4, Toll-like receptor 4; 
TNF-α, tumor necrosis factor.
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human macrophages (Schmid et al., 2016). Despite numerous findings that document 
the molecular actions associated with the anti-inflammatory effects of ω-3 PUFAs, 
crucial aspects of signaling mechanisms and downstream interactions remain to be 
elucidated.

The anti-inflammatory effects of ω-3 PUFAs seem to play an important role in 
both the prevention and stabilization of the plaque. This has been demonstrated in 
patients with symptomatic carotid atherosclerotic disease, where ω-3 PUFAs supple-
ments are associated with less macrophage infiltration into the plaque and a firmer 
fibrous lamina, suggesting a greater plaque stability (Thies et al., 2003). Similarly, 
it has been found that patients with atherosclerotic disease, waiting for a carotid 
endarterectomy, receiving ω-3 PUFAs, specifically EPA, which is incorporated into 
atherosclerotic plaques and is associated with a reduction of foam cells, T cells, 
showed decreased inflammation and increased plaque stability.

It is known that plaque stability is determined by the production of matrix metal-
loproteinases (MMPs), proteases which are capable of degrading extracellular 
matrix proteins. The presence of MMPs generated from foam cells plays a definite 
role in the stability of atheroma plaque, as they are associated with degradation of 
the fibrous layer and rupture of the plaque. ω-3 PUFAs, evaluated in different cel-
lular models, have shown that they are capable of decreasing expression of these 
proinflammatory markers (MMP-7, MMP-9, MMP-12) (Cawood et al., 2010), and 
these findings may represent an important mechanism by which ω-3 PUFAs reduce 
ischemic cardiovascular events by inducing plaque stabilization. However, marine 
ω-3 PUFAs in human studies show no effects on plasma MMP-9 levels, determined 
in patients with myocardial infarction (Aarsetoy et al., 2006) or in subjects at risk of 
coronary heart disease (Furenes et al., 2008), which again highlights inconsistencies 
between experimental observations and clinical findings.

Endothelial dysfunction, through increased inflammatory and thrombogenic 
molecular changes, has also been associated with atherosclerosis. Endothelial dys-
function is characterized by the alteration of the bioavailability of main endothe-
lial derived relaxation factor, which affects endothelial-dependent vasodilation. 
Decreased bioavailability of nitric oxide (NO) has been associated with decreased 
expression of endothelial NO synthase (eNOS), reductions in eNOS activity and fur-
ther degradation of NO by reactive oxygen species (Rossier et al., 2017; Harrison, 
1997; Wilcox et al., 1997).

On the other hand, in certain disease states, endothelial dysfunction can also pro-
duce higher levels of eicosanoids and free radicals, which on the one hand affects 
the bioavailability of NO and on the other promotes abnormal contraction of blood 
vessels (Abeywardena, 2003; Higashi et al., 2009).

ω-3 PUFAs when incorporated into phospholipids, modulate both the composi-
tion and fluidity of the cell membrane. The endothelial cell membrane harbors lipid 
caveolae and lipid rafts where various receptors that regulate cell function are con-
centrated. ω-3 PUFAs modulate the composition of the caveolae, causing an increase 
in NO production and a reduction in proinflammatory mediators. In particular, DHA 
has been shown to improve endothelial-dependent vasorelaxation of aortic rings 
by increasing NO liberation (Lawson et al., 1991) and increasing the production of 
IL-1β-induced NO in vascular smooth muscle cells (Hirafuji et al., 2002). In addition 
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to increasing NO production, ω-3 PUFAs reduce oxidative stress as a result of a 
direct modulatory effect on the sources of ROS. In hypercholesterolemic conditions 
and diabetes, ω-3 fatty acids improve endothelial function and reduce the vasocon-
strictor response of vascular smooth muscle.

Although experimental findings appear to be consistent with the cardioprotective 
properties of ω-3 PUFAs, clinical data are not always convincing. In some studies, 
consumption of ω-3 PUFAs-enriched diet improved various functional biomarkers 
of endothelial activity, such as increased expression of the eNOS gene expression. 
Similarly, in studies carried out in the elderly, the circulatory biomarkers of endo-
thelial dysfunction were also reduced. However, the general evidence of ω-3 PUFAs’ 
effects on endothelial function is inconsistent, showing wide variations in the doses 
administered, characteristics of the mixtures (DHA and EPA) used as supplements, 
treated populations and evaluated parameters. Thus, adhesion molecules were 
affected in a variable manner, as discussed above. In healthy young adults, neither 
EPA nor DHA administered for a short period of time altered endothelin-1 (ET-1) or 
soluble E-selectin, VCAM-1 or ICAM-1 concentrations. Interestingly, a combination 
of EPA and DHA reduced both soluble E-selectin and VCAM-1.

Although there are contradictions between the studies published to date, most 
authors conclude that ω-3 PUFAs are a complement in preventing both the develop-
ment as well as the progression of atherosclerosis.

1.4 � EFFECTS ON METABOLIC SYNDROME, 
DIABETES, AND OBESITY

Metabolic syndrome (Met-S) is a group of coexisting and interrelated risk factors 
that include abdominal obesity, impaired glucose tolerance, hypertriglyceridemia, 
decreased serum HDL cholesterol and/or hypertension. The first observation related 
to this syndrome was insulin resistance, but given the complexity of the syndrome, 
the focus has been on its use as an epidemiological tool related to cardiovascular risk 
(Tune et al., 2017).

Although the definition of Met-S as a disease generates debate, it is considered 
to be a determining pathological stage in the development of diseases such as type 2 
DM and atherosclerotic disease (Tune et al., 2017).

On the other hand, DM is a group of diseases characterized by elevated blood glu-
cose levels due to insufficient production or action of insulin. This elevation of plasma 
glycemic level generates characteristic micro- and macro-vascular complications that 
include retinopathy, neuropathy, nephropathy, acute myocardial infarction (AMI) and 
stroke (Asmat et al., 2016).

Both syndromes are associated with obesity, which besides being a triggering fac-
tor, is characterized by excessive accumulation of adipose tissue particularly in the 
abdomen (Gonzalez-Muniesa et al., 2017). The relationship between these diseases 
is based on epidemiological studies, which have established a parallelism in terms of 
prevalence and increase in last decades (Grundy, 2008).

It is recognized that in all these pathologies, there are genetic factors involved that 
determine their predisposition. However, the environmental factors have great influ-
ence on the pathologies’ development, especially a sedentary lifestyle and excess 
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calories intake, where a positive energy balance leads to an increase in fat deposits 
in the adipose tissue with the consequent development of obesity and alterations in 
adipocyte functions (Rask-Madsen and Kahn, 2012).

Obese individuals present a chronic low-level inflammation, which has been asso-
ciated with a chronic stage of oxidative stress, resulting from an imbalance between 
mechanisms of production and elimination of ROS, which are by-products of the respi-
ratory chain within mitochondria, organelles responsible for energy production, car-
bohydrates, amino acids and lipids metabolism, and apoptosis. Other enzyme systems 
such as NADPH oxidase and peroxisomes can also generate ROS (Carrier, 2017).

In addition to this, the increase in the bioavailability of FFAs increases their cel-
lular uptake inducing mitochondrial β-oxidation, which in turn generates a blockage 
at the substrate binding site, accumulation of toxic lipid intermediates and cellular 
dysfunction. This predominance of lipid metabolism at the expense of glucose uti-
lization reduces the uptake of the last substrate and the synthesis of glycogen in 
the skeletal muscle, resulting in a chronic state of hyperglycemia that decreases the 
sensitivity to insulin (Verma and Hussain, 2017).

This rise in glycaemia, together with compensatory hyperinsulinemia, has been 
associated with insulin resistance, while the intolerance to glucose conduces to the 
glycation of circulating proteins and the formation of so-called advanced glycation 
end products (AGEs). The progression of these events causes a defect in the secretory 
function of beta pancreatic cells and ultimately leads to to apoptosis (Carrier, 2017; 
Verma and Hussain, 2017).

Ravussin and Smith (2002) showed that an increase in dietary fats favors the lipid 
storage within the liver, skeletal muscle and pancreas, unobserved under normal 
conditions (Ravussin and Smith, 2002).

All of the above suggests the importance of the inflammatory process as a basis 
for Met-S, diabetes and obesity in which the production of different proinflamma-
tory cells from the immune system such as monocytes, macrophages, natural killer 
(NK) cells and lymphocytes induce cytokine secretion that perpetuates systemic 
inflammation. A large number of cytokines are related to the inflammatory pro-
cess, but IL-1β, TNF-α, IL-17 and IL-6 are more important in this process (Pirola 
and Ferraz, 2017). Given the relevant role of the accumulation of adipose tissue in 
these conditions and its function as a regulating organ on energetic homeostasis, it is 
described that adipokines are released from the adipose tissue, some of which have 
proinflammatory activity (TNF-α y IL-6), while others generate anti-inflammatory 
actions (adiponectin).

Given the close pathological relationship between the described diseases and 
the elevated cardiovascular risk to patients, it is established that some lifestyle 
modifications such as a healthy diet, weight reduction and increased physical 
activity significantly reduce the development and progression of these diseases 
(Rochlani et al., 2017).

In relation to diets, ω-3 PUFAs have demonstrated their beneficial effects in metabolic 
diseases. Therefore, the utilization of ω-3 PUFAs as a supplement constitutes a strategy 
for treating these pathologies (Carpentier et al., 2006; Tortosa-Caparrós et al., 2017).

As diabetes, Met-S and obesity have common etiological factors (increased FFA, 
hyperglycemia, increased adipose tissue, increased free radicals and inflammation), 



17Beneficial Effects of Omega-3 Fatty Acids on CVD﻿

the mechanisms by which ω-3 PUFAs exert their positive effects can be explained by 
three main factors: (a) lipid metabolism, (b) inflammation and (c) energetic metabolism.

	 a.	Lipid metabolism: These effects have been described above in the section 
about the plasma lipid effect, where emphasis was placed on molecular 
actions leading to the reduction of TGs, a widely recognized effect of ω-3 
PUFAs. These actions are summarized in Figure 1.2.

	 b.	 Inflammation: As previously stated, another relevant aspect in metabolic 
diseases is their interrelation with the inflammatory process, the latter being 
an essential component in the organism’s response to infections or aggres-
sions (Henson, 2005). The beneficial effects of ω-3 PUFAs on obesity and 
metabolic syndrome are due to their direct anti-inflammatory actions con-
firmed by experimental and clinical studies.

		  It is recognized that saturated fatty acids (SFAs) directly stimulate the 
expression of inflammatory mediators such as TNF-α and IL-6 through 
binding to Toll-like receptor 4 (TLR-4) (Lee et al., 2001) and Toll-like 
receptor 2 (TLR-2) (Lee et al., 2004), mainly in adipocytes. The stimu-
lation of these receptors has been associated with the activation of the 
NF-kB pathway, which is involved in diverse inflammatory pathologies 
(Lira et al., 2010). In this sense, the administration of ω-3 PUFAs has been 
shown to exert potent anti-inflammatory actions through the following 
mechanisms (Box 1.1).

	 c.	Energy metabolism: As metabolic diseases such as diabetes and obesity 
have an imbalance between food intake, energy expenditure and fatty tissue 
accumulation, it is understandable that this factor should be improved. In 
this sense, the interest has been focused on adipose tissue, and the GRP120 
receptor is postulated as a fundamental target in the regulation of metabo-
lism in this tissue due to its wide expression. In a diet-induced obesity study 
(high-fat diet; HFD) in mice, activation of the GRP120 receptor by ω-3 
PUFAs or the GW9508 agonist was shown to be associated with insulin 
sensitization and improvement in glucose intolerance. The same authors, 
using cell cultures of 3T3-L1 adipocytes and primary adipose tissue, 
reported a significant increase in activation of PI3K/Akt receptor pathway, 
which triggered the translocation of GLUT4 and an increase in the cellular 
uptake of glucose (Oh et al., 2010). These findings are reinforced by the 
publication of Liu et al. (2012), who report a reduction in the expression 
of GLUT4 and insulin receptor substrate (IRS) in 3T3-L1 cells with low 
expression of GRP120 (Liu et al., 2012). On the other hand, Ichimura et al. 
(2012), in GPR120 double knockout mice and fed with HFD, reported the 
development of hyperglycemia, glucose intolerance and insulin resistance 
as compared with the control group (Ichimura et al., 2012).

		  An important observation in relation to the supply of HFD is the phe-
nomenon of upregulation in the expression of the GPR120 and PPARγ 
receptors, which is suggested to provide a regulatory pathway for energy 
metabolism (Song et al., 2017). This pathway of GPR120-PPARγ also 
appears to intervene in the upregulation of vascular endothelial growth 
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BOX 1.1  MECHANISM OF ANTI-INFLAMMATORY 
ACTIONS OF ω-3 PUFAS

Facilitating the production of mediators known as resolvins

•	 Resolvins, metabolic products of PUFAs, generate potent anti-inflamma-
tory actions at the sites of inflammation (Serhan et al., 2002).

•	 Anti-inflammatory effects include inhibition of NF-κB, blocking neutro-
phil migration, downregulating of adhesion molecules, reduction of respira-
tory burst, and promoting neutrophil apoptosis and clearance of apoptotic 
bodies by macrophages (Fritsche, 2015; Liao et al., 2012; Capo et al., 2018).

Affecting lipid rafts of the plasma membrane of immune system cells.

•	 ω-3 PUFAs induce changes in the size as well as the composition of the cell 
membrane (cholesterol and sphingomyelin) and, therefore, modify its bio-
logical properties, with intracellular signaling being significantly altered.

•	 ω-3 PUFAs suppress T-cell activation in murine models, and have an 
anti-inflammatory effect (Stillwell et al., 2005; Turk and Chapkin, 2013). 
Transduction signals by T cells mediated proinflammatory mechanism, such 
as epidermal growth factor (EGF), Ras activation (Isoform H) and PLCγ.

Stimulation of free fatty acid receptor 120 (FFA4 or GPR120)

•	 GPR120 belongs to the family of GPCR, which is expressed in various 
mammalian tissues, and under physiological conditions it is predominantly 
activated by intermediate and long-chain fatty acids; however, it has greater 
affinity for DHA and EPA (Miyamoto et al., 2016).

•	 GPR120 probably couples mainly with Gq/11 proteins, whose signaling 
mechanism is associated with an increase in intracellular Ca2+ in both 
human and mice cells (Moniri, 2016; Katsuma et al., 2005).

•	 Activation of GPR120 receptor is associated with the reduction of COX-2 
gene expression and production of PGE2, a mechanism involved in inflam-
matory response (Li et al., 2013).

•	 Studies with murine macrophage cell cultures showed that DHA generates 
a significant reduction in inflammatory response. In these cells, receptor 
activation leads to β-arrestine-2 recruitment forming a complex (DHA- 
GPR120-β-arrestine-2) that binds to the TAK-1 binding protein (TAB-1), 
which interferes with the phosphorylation and activation of TAK-1 (kinase 
1 activated by TGF-β) (Oh et al., 2010; Im, 2016; Song et al., 2017). 

Affecting hormones and mediators in adipose tissue

•	 In relation to the effect on leptin, a study in insulin-resistant animal model, 
found that the ω-3 PUFA-treated group showed an increase of 75% in plasma 
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factor-A (VEGF-A) in adipocytes 3T3-L1, an effect that is related to the 
decrease in glucose intolerance and insulin sensitization in mice fed with 
HFD (Sun et al., 2012).

		  The demonstrated increase in GPR120 expression in several studies is 
crucial because of its significant effects on adipogenesis. However, it has 
been reported that obese patients have a reduction of both the receptor and 
its mRNA in visceral fatty tissue as compared with lean subjects, results that 
contradict the rest of the studies (Rodriguez-Pacheco et al., 2014). In addi-
tion, animal models demonstrated that receptor functionality was essential 
for proper adipogenesis. Therefore, obese people may be considered to lack 
functional receptors, and HFD consumption worsens this dysfunction and 
insulin resistance (Ichimura et al., 2014; Rodriguez-Pacheco et al., 2014). 
Unfortunately, at present, there are no tools available to measure the func-
tionality of the receptor in patients, and therefore this assumption should be 
corroborated.

		  As mentioned above, the activation of the GRP120 receptor facilitates 
adipogenesis and lipogenesis within the adipose tissue, assuring metabolic 
homeostasis. In relation to the expression of this receptor in other tissues of 
metabolic relevance, there are studies that indicate its existence in murine 
and human pancreatic islets, in addition to β-cell lines (Fritsche, 2015; 
Taneera et al., 2012). The activation of this receptor by DHA in β-cells 
increases insulin secretion, although the subtype of GPR40 receptor is con-
sidered to be mainly responsible for this action. Taking into account its 
signaling mechanism, the GPR120 receptor implies an increase of intracel-
lular calcium ([Ca2+i]) levels; an insulinotropic effect would be plausible 
(Ozdener et al., 2014).

		  This aspect was considered by Zhang et al. (2017), who in both animal 
models and cell cultures unequivocally demonstrated for the first time the 
expression of these receptors in β-pancreatic cells where their function is 
to modulate the release of insulin through a PLC/Ca2+-dependent signaling 
pathway. In this study, the authors demonstrated that oral administration 
of GPR120 receptor agonists in mice with DM-2 improves postprandial 
hyperglycemia and increases insulin secretion in the oral glucose tolerance 
test (OGT) (Zhang et al., 2017).

leptin levels compared to the control group. ω-3 PUFA treatment increases 
expression of GLUT4 transporters in adipose tissue (Peyron-Caso et al., 2002).

•	 Findings related to animal studies were described by Kondo et al. (2010), 
who developed a study in a small group of non-obese patients, determining 
that administration of PUFAs increases adiponectin levels; this effect being 
more pronounced in women than in men (Kondo et al., 2010).

•	 Incubation of human adipocytes with EPA and DHA increased adiponectin 
levels, an anti-inflammatory cytokine, without modifying leptin secretion. 
Only DHA showed a decrease in TNF-α levels (Romacho et al., 2015).
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		  These findings can be extrapolated to other GPR120 agonist such as ω-3 
PUFAs. In fact, while the administration of DHA increased the insulino-
tropic effect in obese non-diabetic mice (Raimondi et al., 2005), it reduced 
it in those with DM-2. In view of these findings, the authors propose that 
hyperlipidemia in OND and hyperglycemia in DM-2 could affect PPARγ 
expression in β-cells through different pathways, which are responsible for 
modifications in the expression of GPR120 (Liu et al., 2012).

		  The regulatory role in β-cell survival is another effect described for this 
receptor. Activation of the receptor in different cells such as enteroendo-
crines, adipocytes, macrophages and hypothalamic neurons induce Akt/
ERK phosphorylation (Fritsche, 2015; Katsuma et al., 2005); this signaling 
in β-cells is closely related to their functionality and survival (Wijesekara 
et al., 2010). In this sense, Zhang et al. (2017) observed in rodent islets, 
that stimulation of GPR120 protects the cells against glucotoxicity and was 
dependent on the Akt/ERK pathway, which was increased in OND islets 
but reduced in diabetic islets. These results suggest the importance of cell 
survival in pathological conditions and the role that ω-3 PUFAs can provide 
during its utilization (Zhang et al., 2017).

		  Despite the functions already described for this receptor, it is expected 
that new roles will be elucidated which may be associated with the expres-
sion of the receptor in particular tissues as well as the signaling mecha-
nisms underlying its activation.

The evidence for the beneficial effects of ω-3 PUFAs in improving obesity, Met-S 
and diabetes has been provided from studies in experimental animals. This is a lim-
iting factor because there are differences among species in accumulating these fatty 
acids in the cell membranes, which depend directly on the amount ingested. Because 
their positive actions in these pathologies are related to the agonist effect on GRP120, 
very high doses will be required, which are impractical. For this reason long-term 
daily consumption of ω-3 PUFAs is highly recommended (Huang et al., 2016).

1.5 � EFFECTS ON PLATELET FUNCTION AND THROMBOSIS

Both endothelial function and platelet activation determine acute thrombotic events. 
Decades of inflammatory vascular damage progressively increase the likelihood 
of triggering events, platelet adhesion and aggregation, and thrombus formation 
(Strong et al., 1999).

Agonists such as adenosine diphosphate (ADP), serotonin, thrombin, epinephrine 
and AA participate in the platelet activation process (Li et al., 2010). Arachidonic 
acid, the most important of the ω–6 PUFAs physiologically, is required as a con-
stituent of membrane phospholipids and is the precursor of “Series 2” eicosanoids 
(PGD2, PGE2, PGF2, PGI2, or A2 thromboxane (TXA2)). The prostanoid produc-
tion pathway begins with the mobilization of AA from membrane phospholipids 
by cytosolic A2 phospholipase (cPLA2). The next step is the production of PGH2 
prostaglandin endoperoxide from AA, conversion mediated by endoperoxide pros-
taglandin H synthase-1 or -2 (PGHS-1 or -2), also known as cyclooxygenase-1 
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or -2 (COX-1 or -2) (Simmons et al., 2004; Smith, 2005). The process of synthesis 
of eicosanoids culminates in the isomerization of PGH2 into AA-derived “Series 2” 
products. The “3-series” prostanoids, including PGD3, PGE3, PGF3, PGI3 and TxA3, 
are derived from EPA and DHA. Both ω–6 PUFAs and ω–3 PUFAs use the same met-
abolic pathways, which include specific enzymes such as lipoxygenase (LOX) (Brash, 
1999; Kuhn et al., 2005) and cytochrome P450 (CYP450) (Capdevila and Falck, 2002) 
in addition to the COX pathway described above (Figure 1.5). Eicosanoids obtained 
by the metabolic pathway of PUFAs participate in different ways in this platelet 
aggregation process. Thus, while TXA induces amplification of the platelet response, 
prostaglandin I (PGI) acts by inhibiting platelet activation (FitzGerald, 1991).

The influence of the ratio ω–6/ω–3 on arterial thrombosis risk and the progression 
of atherosclerosis has been investigated using animal models (Yamashita et al., 2005). 
These studies demonstrated that, in addition to reducing TGs and LDL levels, the lower 
proportion of ω–6/ω–3 tested was more effective in suppressing thrombotic and athero-
sclerotic parameters.

FIGURE 1.5  Eicosanoids and their biosynthetic origins. The metabolic pathway of 
eicosanoids produces active metabolic agents with vasoactive properties and anti- and 
proinflammatory effects, from arachidonic acid (AA), eicosapentaenoic acid (EPA) and doco-
sahexaenoic acid (DHA). COX, cyclooxygenase; LTB4, leukotriene B4; LTC4, leukotriene C4; 
LOX, lipoxygenase; LXA, lipoxine A; LXB, lipoxine B; PG, prostaglandins; RvD, resolvin 
D; RvE, resolvin E; TXA, thromboxane A.
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The antithrombotic properties observed with ω–3 PUFAs have been attributed to 
the incorporation of EPA and DHA in platelet phospholipids, displacing ω-6 PUFAs 
such as AA (Smith, 2005). EPA has been shown to induce profound changes in the 
biosynthesis of prostanoids and leukotrienes by competing with AA for COX and 
LOX binding sites. The efficiencies of prostanoid production can be significantly 
lower with EPA compared to AA, considering that COX-1 and COX-2 produce EPA 
oxygenation at only 10% and 30% of the rates obtained with AA (Wada et al., 2007).

In relation to the biological properties of prostanoids, it was initially proposed 
that TXA2, originating from the AA pathway, was a potent pro-aggregator; whereas 
TXA3, originating from the EPA-derived Series 3, was inactive. However, more 
recent studies have shown that both TX series have similar binding and stimula-
tion capabilities of the thromboxane receptor (TP) (Wada et al., 2007). This does 
not allow us to sustain the theory of competition between EPA and AA for the pro-
duction of pro-aggregant TXA. Nor does prostaglandins appear to tip the scale in 
favor of one or the other route, since both AA-derived (PGI2) and Series 3 (PGI3) 
prostacyclins generated from EPA have similar ability to inhibit platelet activation. 
The preferable route in favor of EPA's protective effects is the production of leukot-
rienes, while AA is metabolized by 5-LOX to the “4-series” of leukotriene (LTB4), 
which induces inflammation and is a powerful chemoattractant agent of neutrophils. 
The same pathway produces LTB5 from EPA, a metabolite of the “5-series,” which 
is at least 30 times less potent than LTB4 (Terano et al., 1984). This competition 
between AA and EPA for the production of leukotrienes provides an explanation 
for the anti-inflammatory effect of dietary ω-3 PUFAs, which, in turn, could also 
be considered in pro-thrombotic protection. In addition to competing with COX and 
LOX enzymes, ω-3 PUFA derivatives also compete with AA for other enzymatic 
systems involved in the synthesis of lipid derivatives with proinflammatory activity. 
EPA and DHA are also the parental fatty acids of new classes of lipid mediators, 
called resolvins, which have very potent anti-inflammatory properties and can play 
an essential role in protecting against various inflammatory diseases (Serhan et al., 
2008a). Atherosclerosis, which in turn is associated with pro-thrombotic and ath-
erogenic processes, would also be included in this group of inflammatory diseases.

On the other hand, CYP450 enzymes catalyze hydroxylation and epoxidation of 
AA in what was recently established as the “third branch” of the eicosanoid cascade 
(Capdevila and Falck, 2002). These enzymes catalyze the conversion of AA into 
epoxyeicosatrienoic acids (EETs). The CYP450 isoforms that metabolize AA also 
bind efficiently to EPA and DHA to produce epoxyeicosatetraenoic acids (EEQs) 
and epoxydocosapentaenoic acids (EDPs), respectively. These interactions can have 
important physiological implications and can provide a novel insight into the mecha-
nisms of the vascular and cardiovascular protective effects of ω-3 PUFAs. Thus, it 
has been observed that the EET produced by AA epoxidation are inhibitors of throm-
bocyte adhesion to the vascular wall. However, in a ristocetin-induced thrombocyte 
aggregation model, inhibitory potency was found to be five times higher for EPA and 
DHA derivatives than for AA-derived EETs. These results provide new data on the 
very specific role of CYP450-dependent eicosanoids in preventing thromboembolic 
events. In addition, they suggest that the formation of EEQs and EDPs may contrib-
ute to the antithrombotic effects of ω-3 PUFAs (Jung et al., 2012).
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Over the past two decades, several studies have reported the effects of ω-3 PUFAs 
on the composition of platelet lipids and platelet function (Kristensen et al., 1989). 
Dietary ω-3 fatty acids have been shown to inhibit both platelet aggregation and 
release of platelet TXA in response to collagen and ADP (Brox et al., 1983; Hirai 
et al., 1980). Other studies have shown an inhibition of thrombin-induced platelet 
aggregation (Ahmed and Holub, 1984) and adrenaline-induced platelet aggregation 
(Kristensen et al., 1987). In the presence of ω-3 PUFAs, the platelet response has 
also been inhibited by the addition of platelet-activating factor (PAF) (Codde et al., 
1987). However, ω-3 PUFAs do not appear to affect the platelet aggregation induced 
by AA (Knapp et al., 1986).

These findings are complemented by other observations aimed at evaluating the 
activity of ω-3 PUFAs on endothelial activity, as the role of these cells in the pro-
duction of vasoactive substances is recognized. Prostacyclins and NO, mediators 
produced by vascular endothelium, are factors that promote the relaxation of vas-
cular smooth cells and the inhibition of the platelet activation pathways involved in 
the maintenance of homeostasis. In this way, endothelial function plays a protective 
or limiting role in the development of thrombosis, particularly in arterial thrombus 
formation.

In this sense, it is known that in human coronary endothelial cells, DHA regulates 
the function of eNOS and promotes NO synthesis by activating Akt (Stebbins et al., 
2008). Therefore, it could be hypothesized that DHA-induced increases in bioavail-
ability of NO improve endothelial function and blood flow, in addition to counteract-
ing the pro-thrombotic effects of eicosanoids derived from active platelets.

These findings suggest that a reduction in platelet-vascular wall interaction may 
result from a diet rich in ω-3 PUFAs. However, it is clear that the mechanisms are 
complex and encompass more than a simple imbalance between eicosanoid deriva-
tives with pro-aggregant or anti-aggregant properties. In any case, experimental data 
correlate with the effect of a diet rich in EPA and DHA on platelet phospholipid fatty 
acid composition, platelet aggregation and bleeding time.

In accordance with experimental data (one study conducted on healthy subjects), 
the EPA diet prolonged bleeding time (42%) and decreased platelet aggregation 
(Thorngren and Gustafson, 1981). This study also showed a decrease in sensitiv-
ity to ADP that persisted for several weeks after stopping the ω-3 PUFAs-rich diet. 
Similarly, in humans with high cardiovascular risk, it was observed that consumption 
of ω-3 PUFAs at an average dose of 3.65 g/d, is capable of reducing platelet aggre-
gation induced by different agonists such as collagen, PAF and TXB2 (Mori et al., 
1997). There are other studies that support the antiplatelet activity of ω-3 PUFAs. For 
example, a reduction in platelet reactivity after DHA supplements for two weeks was 
reported in healthy male volunteers (Guillot et al., 2009). In addition, other experi-
mental studies conclude that low ω-3 PUFA supplements lead to a state of plate-
let overactivity, increased blood viscosity and a tendency to thrombus development 
(Wan et al., 2010). Similarly, another study was conducted on healthy volunteers who 
received 3.4 g/d of EPA+DHA where clinical hematological parameters were mea-
sured along with collagen-stimulated platelet activation and protein phosphorylation. 
Treatment with ω-3 PUFAs produced a significant attenuation of collagen-mediated 
platelet signaling events and α-granule secretion (Larson et al., 2011).
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These results based on platelet function suggest that ω-3 PUFAs incorporated into 
the diet generate a broad spectrum of favorable effects on factors associated with 
thrombosis risk. However, other data reported are not consistent with the antithrom-
botic properties described previously.

Unsatisfactory data have been observed in human trials regarding the activity 
of  ω-3 PUFAs  on platelet activity and coagulation  (Balk et al., 2004; Wang et al., 
2004). On the one hand, the reports include data that reveal that the consumption of 
n-3 ω-3 PUFAs has no effect on platelet aggregation or coagulation factors . This is 
in accordance with the report by Burgin-Maunder et al. (2015), who concluded that 
the administration of ω-3 PUFAs does not reduce the plasma concentration of von 
Wilbrand factor (vWF), nor its binding to collagen. These same authors in a study 
on human endothelial cells, had described that the ω-3 PUFAs modulate the release 
of von Wilbrand factor (vWF) (Burgin-Maunder et al., 2013). Thus, the evaluation 
of PUFAs on specific coagulation cascade factors, in particular for vWF, does not 
appear to be conclusive and new studies should be proposed in this field.

Based on the biological properties of ω-3 PUFAs described above, the debate on 
their safety in patients susceptible to bleeding is still open. This may be particularly 
relevant in view of the specific recommendations for people with a medical history 
of cardiovascular events or patients in preparation for surgery who frequently use 
antithrombotic drugs. In this sense, there has been no excess risk of clinical bleeding 
with fish or fish oil consumption, including among patients undergoing surgery or 
percutaneous intervention (Eritsland et al., 1995). On the other hand, in a study using 
4 g/day doses of fish oil, change in bleeding time or number of bleeding episodes 
was not observed in patients on aspirin or warfarin therapy after coronary artery 
bypass (Eritsland et al., 1995). In a more recent analysis that included eight clinical 
studies conducted with enteral nutritional products containing fish oil as a source of 
ω-3 PUFAs, adverse events related to bleeding and effects on key clotting parameters 
were assessed. The authors found that there was no evidence of increased risk of 
bleeding with the use of fish oil-enriched medical nutrition in patients with moderate 
to severe disease (Jeansen et al., 2018). Despite these findings, it is suggested that 
due to the possibility of prolonged bleeding time, patients receiving warfarin therapy 
should be monitored and the dosage of anticoagulant adjusted if necessary.

1.6 � EFFECTS ON BLOOD PRESSURE AND 
ENDOTHELIAL FUNCTION

High blood pressure (HBP), defined as the sustained rise in blood pressure higher 
than 140/90 mmHg, is the leading modifiable cause of death associated with cere-
brovascular disease and is responsible for severe disability worldwide (WHO, 2013). 
Based on its etiology, HBP is usually classified as primary or secondary, the latter 
being of a specific origin such as primary hyperaldosteronism, pheochromocytoma, 
use of drugs, and so on, while the primary or essential hypertension has multifac-
torial causes that include genetic and environmental factors and alterations in the 
blood-pressure regulating systems (Rossier et al., 2017; Shrout et al., 2017).

Blood pressure (BP), determined by cardiac output (CO) and peripheral vascu-
lar resistance (PVR), is a physiological variable that depends on the heart, blood 
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vessels and extracellular fluid volume, whose functions are regulated by the activity 
of the central nervous system (CNS), autonomic nervous system, kidneys and circu-
lating hormonal factors such as the renin-angiotensin-aldosterone system (RAAS) 
(Lawton and Chatterjee, 2013).

Due to the many factors responsible for the regulation of BP and considering that 
the alteration of these factors is involved in the development of HBP, the therapeutic 
approach includes a large number of drugs with different mechanisms of action. 
These drugs aim to modify the underlying alterations and control the increase in BP 
while at the same time reducing the harmful effects of the pathology on target organs 
such as the heart, blood vessels, kidney and brain.

This pharmacotherapy has shown over time a significant reduction in cardiovas-
cular morbidity and mortality (Chobanian, 2009; Ettehad et al., 2016). Therefore, 
it is imperative that hypertensive patients receive medication in addition to making 
lifestyle changes, which have also been shown to decrease BP (James et al., 2014).

Despite the existence of drugs with clinical efficacy and demonstrated safety, 
control of HBP is inadequate, as several authors point out that a large percentage of 
patients do not reach the established target (<140/90 mm Hg) and thus maintain an 
elevated cardiovascular risk (Ferdinand and Nasser, 2017; Laurent, 2017).

As indicated above, there is renewed interest in the search for adjunct therapies 
that guarantee a better antihypertensive response in patients. One of these possi-
bilities is the use of nutritional supplements, which have been shown to demonstrate 
positive effects of diet on health. Among this group of agents are ω-3 PUFAs, which 
have pleiotropic properties in CVD (Turner and Spatz, 2016).

In this regard, animal, randomized and observational studies indicate that intake 
of ω-3 PUFAs modifies BP. However, the reduction of BP observed with these fatty 
acids is mild, but in other cases the results are inconsistent (Cabo et al., 2012).

Since BP is the result of CO and PVR, these fatty acids would be expected to 
exert their antihypertensive effect by modifying both parameters and the regulating 
variables. For this reason, studies have been conducted to evaluate the effects of ω-3 
PUFAs on the following parameters that determine the BP.

1.6.1 �E ffect of ω-3 PUFAs on Cardiac Output

In relation to this parameter, a meta-analysis found a significant reduction in heart 
rate by 1.6 beats per minute (bpm) associated with the consumption of ω-3 PUFAs. 
The effect on CO appears to be independent of amount ingested; however, the treat-
ment period is determinant, and the most pronounced effect has been observed in 
studies with periods of over 12 weeks of treatment (Mozaffarian et al., 2005). Despite 
this observed effect, its mechanism is not yet defined and may, therefore, be related 
to the ability of these compounds to modulate cardiomyocyte activity, associated 
with an increase in parasympathetic activity in the myocardium (Mozaffarian and 
Wu, 2011). This reduction in HR could favor the diastolic filling function, causing 
an increase in systolic volume, effects that are evident from the beginning of supple-
mentation (Cabo et al., 2012). Considering that the effect on CO is minimal, it can be 
stated that the antihypertensive effect associated with ω-3 PUFAs is more related to 
the modification of PVR than it is with its actions on CO.
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1.6.2 �E ffect of ω-3 PUFAs on Peripheral Vascular Resistance

This parameter is determined by the caliber of the resistance blood vessels, where 
the smooth muscular layer and vascular endothelium are most important

	 1.	Endothelial function: ω-3 PUFAs increase the production and disposition 
of NO from endothelial cells and the effect on this vasodilatory mediator is 
due to the following actions:

	 a.	 Alterations in the composition of phospholipids in the endothelial cell 
membrane, as a result of their incorporation. Within these cells there 
are the caveolae that contain eNOS bound to caveolin-1, a protein com-
plex capable of inhibiting enzymatic function.

		  In cell cultures incubated with EPA, eNOS activity is increased 
due to the dissociation of the enzyme from caveolin-1 (Zanetti et al., 
2015). Another complementary study shows that EPA stimulates the 
phosphorylation of the eNOS- dependent pathway of adenosine mono-
phosphate-activated protein kinase (AMPK), which increases NO. 
This surge in AMPK activity was related to the higher expression of 
the mitochondrial proton transporter (UCP-2), which has a regulatory 
impact in the production of NO (Enre and Nübel, 2010; Wu et al., 2012).

		  In the case of DHA, some authors indicate similar effect on NO 
production, but its mechanism is by promoting the interaction between 
eNOS and Heat Shock Protein-90 (HSP-90), which activates the 
PKB/AKt pathway generating consecutive phosphorylation of eNOS 
(Stebbins et al., 2008).

	 b.	 Reduction of asymmetric dimethylarginine (ADMA). A study carried 
out by Raimondi et al. (2005) in spontaneously hypertensive older rats 
reported that EPA-DHA supplementation reduced the concentration of 
ADMA, an endogenous inhibitor of eNOS intimately associated with 
HBP and other pathologies. This effect on ADMA is related to an 
increase in NO availability (Raimondi et al., 2005).

	 c.	 eNOS gene expression. Various studies in laboratory animals have 
shown that administration of ω-3 PUFAs induces an increase in the 
eNOS gene expression which increases NO availability.

	 2.	Antioxidant effect: This effect has been demonstrated by the ability of these 
fatty acids in decreasing the formation of reactive oxygen species such as 
peroxynitrite by modulating the activity of NADPH oxidase and inducible 
nitric oxide synthase (iNOS).

	 3.	Anti-inflammatory effect: ω-3 PUFAs reduce the activity of various inflam-
matory mediators, such as NFκB, IL-6, IL-1 and C-reactive protein (CRP), 
associated with endothelial dysfunction, proliferation of vascular smooth 
muscle cells and production of free radicals (Wang et al., 2011b). The neu-
tralization of these mediators would increase NO levels and confer the ω-3 
PUFAs with a vasodilatory and antihypertensive effects.

	 4.	Vascular smooth muscle cells: The capability of DHA to produce hypoten-
sive effects in mice after intravenous administration has been described and is 
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associated with its ability to directly activate calcium-dependent and voltage-
activated K+ (BK) channels (Hoshi et al., 2013b). These play an important role 
in vascular tone since their activation induces hyperpolarization, thus clos-
ing calcium-dependent-voltage channels, which results in vasodilation. This 
action on BK was confirmed by in vitro studies in coronary smooth muscle 
cells, arteries and cell culture, where the application of DHA increases this 
current, inducing a vasodilatory effect (Hoshi et al., 2013a; Lai et al., 2009).

		  In the case of DHA and its antihypertensive effect, it has been proposed 
that this effect may depend upon its conversion to active metabolites, EDPs, 
which have a greater hypotensive effect and better stability than eicosa-
trienoic acids (ETrAs) which are derivatives of AA (Wang et al., 2011a; 
Fer et al., 2008). Based on the above, Ulu et al. (2014) investigated the 
effect of an epoxy DHA, 19,20 epoxy-docosapentaenoic acid (19,20-EDP), 
on an angiotensin II-induced hypertension in mice, and demonstrated that 
administration of 19,20-EDP was involved in the antihypertensive effect of 
DHA (Ulu et al., 2014).

Despite the considerable evidence from experimental results, the effect of ω-3 
PUFAs on BP in humans is not conclusive, since the interpretation of epidemiologi-
cal studies is difficult, especially because of the accurate estimation of fish intake 
in the population (Mori, 2006). In this respect, the INTERMAP study that evalu-
ated 4,680 individuals from Asia and Western countries demonstrated an important 
direct association between the consumption of these fatty acids and the reduction of 
BP (Ueshima et al., 2007).

From these observations, several studies have evaluated the effect of ω-3 PUFAs 
vs placebo in order to establish their antihypertensive effect. Thus, in early studies, 
intake of 3 g of ω-3 PUFAs in untreated hypertensive patients report reductions of 
−5.5 mmHg in systolic blood pressure (SBP) and −3.5 mmHg in diastolic blood pres-
sure (DBP) (Turner and Spatz, 2016).

A recent meta-analysis of 70 randomized controlled trials (RCTs) published by 
Miller et al. (2014), which considered all possible sources of EPA and DHA admin-
istered in an average dose of 3.8 g/d, reported a significant reduction of BP in both 
hypertensive and normotensive subjects. In this meta-analysis, the effect was more 
pronounced in hypertensive patients, as shown in earlier studies, but no dose-depen-
dent relationship was established (Miller et al., 2014).

Given the effect shown in clinical studies, other prospective studies have 
evaluated the possible impact of diet supplemented with these fatty acids on the 
development of HBP in normal subjects, indicating a significant reduction in 
the risk of developing HBP compared with subjects with low ω-3 PUFAs intake 
(Colussi et al., 2017).

With these results, it has been demonstrated that the effect of ω-3PUFAs on BP 
is minimal and is manifested mainly in hypertensive patients. However, ω-3PUFAs’ 
ability to decrease the progression of this disease could be relevant for the popula-
tion. In addition, there is a need for further studies to evaluate more broadly the anti-
hypertensive efficacy of these agents using more strict criteria related to populations, 
sources and quantity of ω-3 PUFAs, duration and treatment modalities.
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1.7 � EFFECTS ON CARDIAC ARRHYTHMIAS

Cardiac arrhythmias are defined as an alteration in the onset or form of electrical 
impulses transmitted in the myocardium. They constitute a relevant health problem 
since, apart from being related to other cardiovascular pathologies such as heart fail-
ure (HF), myocardial ischemia and acute myocardial infarction, they can be respon-
sible for sudden cardiac death (SCD) (Gaztanaga et al., 2012).

There are different types and ways of classification of cardiac arrhythmias. 
However, the most commonly used form is the conventional, which is based on 
heart rate or pacemaker disturbance. In relation to the latter criteria, arrhythmias 
are divided into: a) supraventricular arrhythmias, those originating in the atrium or 
above the atrioventricular node (AVN), and b) ventricular arrhythmias that occur 
in the ventricular tissue. Within this division, there are sub-classifications, some of 
which do not require treatment. Others, however, due to implicit risk of fatality, 
require a strict pharmacological treatment that guarantees the suppression of the 
altered rhythm (Li, 2015).

Two mechanisms involved in the genesis of arrhythmias are described: 
(1) increased normal and abnormal automaticity, (2) decreased driving performance.

Both mechanisms, in turn, are determined by cardiac electrophysiology that 
depends on the different ionic currents, a determining factor of the cardiac action 
potential. Therefore, most antiarrhythmic agents act by modifying these ionic cur-
rents or, in some particular cases, membrane receptors.

Within the conventional classification, three types are of particular clinical inter-
est: atrial fibrillation (AF), ventricular tachycardia (VT) and ventricular fibrillation 
(VF), in which cases combined therapy is required, ranging from anticoagulant 
drugs to utilization of electrical cardioversion.

It is recognized that AF is the most common arrhythmia in the world population, 
with an estimated prevalence of 3% in adults. It is associated with factors such as 
age, valvular heart disease, coronary artery disease, diabetes mellitus (DM) and 
chronic kidney disease (Gomez-Outes et al., 2017; Kanaporis and Blatter, 2017).

Meanwhile, TV and VF are potentially lethal arrhythmias that can develop during 
AMI or as clinical sequelae of advanced cardiomyopathy, and are often associated 
with SCD (Jong-Ming Pang and Green, 2017). Because these types of arrhythmias 
generate important morbidity and mortality, and despite the existence of available 
treatments in recent decades, there is a need for additional effective strategies that 
provide better results for patients. In this sense, epidemiological data from studies of 
more than 40 years have demonstrated an inverse association between diets with a 
high content of fish fat and cardiac mortality (Daviglus et al., 1997).

Additionally, the main components of this diet, ω-3 PUFAs, had shown in clinical 
trials a significant reduction in mortality in post-infarction patients (Marchioli et al., 
2002) or patients with high cholesterol levels receiving conventional treatment. 
These results indicated ω-3 PUFAs’ safety in combination therapy and their antiar-
rhythmic potential (Yokoyama et al., 2007).

Based on the above, a large number of studies have been conducted in animals 
including rats, pigs and monkeys, and in cell cultures, to determine the precise 
mechanism of action by which ω-3 PUFAs produce their antiarrhythmic effect 
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(McLennan, 2014). These studies indicate that ω-3 PUFAs possess modulating prop-
erties of ionic currents in the cardiomyocyte, which are responsible for maintaining 
the electrophysiology of the heart and are involved in the origin of arrhythmias (Roy 
and Le Guennec, 2017; Endo and Arita, 2016). It has been proposed that the ability 
to modify the sodium, potassium and calcium channels can be a direct or indirect 
effect, the latter being due to the ability of ω-3 PUFAs to alter the constitution and 
function of phospholipids in the cellular membrane (Reiffel and McDonald, 2006). 
Other studies have reported that the administration of these agents does not cause 
changes in electrocardiographic parameters, making it difficult to explain, in a con-
gruent manner, the observed molecular effects on ion channels and their relationship 
with changes in the electrocardiogram (Roy and Le Guennec, 2017).

Despite these discrepancies, research has continued, giving more emphasis on 
modulation of sodium, potassium and calcium channels.

1.7.1 �E ffects on Sodium Currents

Cellular electrophysiological studies on the effects of acute administration of ω-3 
PUFAs in animals indicate an inhibitory effect of the ventricular sodium current, 
denoting a reduction in potential amplitude, reduction of the channel inactivation 
voltage and rapid increase of its inactivation and an increase in the activation thresh-
old (Reiffel and McDonald, 2006; Roy and Le Guennec, 2017). These effects are 
evident in adult and neonatal cardiomyocytes.

In non-heart cells transfected with mutant sodium channels, Xiao et al. (2006) 
reported that ω-3 PUFAs induced their potent blockage. The effects of ω-3 PUFAs 
on INa late was greater than that on INa peak. It had been demonstrated that an increase 
in persistent INa with a consequent increase on [Ca2+]i level, can cause arrhythmias 
and irreversible cell damage. Thus, the inhibition of INa late by ω-3 PUFAs might have 
a potential therapeutic value in certain patients with ischemia-induced arrhythmias. 
This action was limited to ω-3 PUFAs and was not produced by monounsaturated or 
saturated fatty acids (Xiao et al., 2006).

On the other hand, the longer exposition to these compounds in ventricular myo-
cytes isolated from pigs and rats feeding with a diet rich in ω-3 PUFAs has not shown 
significant effects on sodium current. However, the antiarrhythmic effect is main-
tained, which may indicate that the effect on sodium channels is not the main mecha-
nism for this therapeutic effect (Moreno et al., 2012). Additionally, Li et al. (2009) 
using human atrial myocytes, demonstrated similar inhibitory effects on this cur-
rent, this effect being more pronounced with EPA than with DHA (Li et al., 2009).

1.7.2 �E ffects on Potassium Currents

In cardiomyocytes, there are different types of potassium currents which are respon-
sible for the repolarization process during the action potential. Therefore, the modu-
lation of these currents generates significant effects on the electrical activity of the 
heart. The principal potassium currents in the cardiac action potential are: transient 
outward current, ultra-fast, fast and slow repolarizing (IKur, IKr and IKs) and rectifying 
inward (IKir) current. These currents have a varied distribution according to the type 
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of cardiac tissue. For example, Ito and IKur are located mainly in atria (Li et al., 2009), 
while IKs, IKr and IKir predominate in the ventricle (Song et al., 2013).

Despite the large number of potassium currents, few studies have been conducted 
to determine the effect of ω-3 PUFAs on these currents. The most information has 
been obtained from cellular studies with acute administration of these compounds 
without evaluating the effect of dietary supplements and their incorporation into the 
membranes (McLennan, 2014). Thus, DHA demonstrated an inhibitory effect on 
Ito current in transfected Chinese hamster ovary cells (Singleton et al., 1999). This 
effect was also observed in isolated human atrial cardiomyocytes, where treatment 
with DHA and EPA significantly inhibited this current (Li et al., 2009).

Another study in rat ventricular myocytes reported that DHA significantly inhib-
ited repolarizing currents with the consequent prolongation of the duration of action 
potential (APD) and effective refractory period (ERP), effects that determine their 
ability to eliminate reentry inputs and cardiac arrhythmias (Song et al., 2013). The 
same study showed that DHA had no effect on IKir, indicating that DHA does not 
modify the resting potential in these cells.

Taking into consideration the inhibitory effect on different potassium currents, 
it can be inferred that this effect may explain, in part, the low incidence of supra-
ventricular and ventricular arrhythmias associated with the use of ω-3 PUFAs 
(Mozaffarian et al., 2004; Leaf et al., 2005).

1.7.3 �E ffects on Calcium Channels

Two calcium currents are present in the heart: the transitory calcium current (ICaT) 
present exclusively in the nodes, and the slow calcium current (ICaL) expressed in 
all cells. The latter has the characteristics of generating a depolarization phase 
in nodal cells and sustaining the plateau during cardiac action potential in atrial 
and ventricular cells, allowing these cells to raise the [Ca2+]i levels necessary for 
mechanical contraction function. Moreover, the elevation in the level of this ion 
has been related to different arrhythmias such as those induced by digitalis, adren-
ergic stress and anoxia (Landstrom et al., 2017). In this sense, acute and long-
term treatment with ω-3 PUFAs in rats prevented transient elevation and calcium 
overload in cardiomyocytes in an associated effect with blockage of these ionic 
currents (Rinaldi et al., 2002; Jahangiri et al., 2006). Several authors using mam-
malian cardiomyocytes have shown that the effect on calcium levels is due to the 
blocking of ICaT and ICaL currents, which reduces transitory elevations of this ion, 
shortens the plateau of action potential and decreases the occurrence of arrhyth-
mias (McLennan, 2014).

Another important aspect of [Ca2+]i is the function of the sodium-calcium 
exchanger (NCX) responsible for a current (INCX) that can lead to the accumulation of 
calcium inside the cell, which can generate arrhythmias. Xiao et al., in HEK293t cell 
lines, demonstrated that ω-3 PUFAs suppress this activity. This finding is relevant 
because during ischemia, the accumulation of hydrogen ions stimulates the activity 
of the sodium/hydrogen exchanger, which leads to the accumulation of intracellular 
sodium and consequently increases the activity of NCX, causing the increase of 
calcium (Xiao et al., 2004).
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Given the intimate relationship between calcium overload and arrhythmias, it is 
clear that blocking calcium currents is an important antiarrhythmic mechanism of 
ω-3 PUFAs.

Other mechanisms: it is recognized that these fatty acids accumulate in the cell 
membrane and modify its constitutive and functional properties. From this point 
of view, the functionality of membrane-attached proteins (ionic channels) can be 
altered without having a direct interaction between ω-3 PUFAs and these channels, 
thus affecting the ionic currents involved in cardiac action potentials (Mozaffarian 
and Wu, 2011, 2012).

With respect to the alteration of membrane composition, some authors suggest 
that the incorporation of ω-3 PUFAs in the cardiomyocyte membrane reduces the 
release of inositol triphosphate (1,4,5-triphosphate, IP3) in response to stimulation 
of alpha-adrenergic receptors in porcine cardiomyocytes (Nair et al., 2000) and rat 
hearts in response to ischemia (Anderson et al., 1996). This mediator, IP3, is a sec-
ond messenger in signals resulting from the activation of PLC whose function is to 
increase the release of intracellular calcium; consequently, its reduction could have 
an implication in the antiarrhythmic effect.

All the mechanisms described above have been established mainly using isolated 
cardiomyocytes and cell cultures, but in some similar in vitro and in vivo models 
these results are inconsistent. Therefore, a definite mechanism has not been estab-
lished and cannot be extrapolated to humans. These differences may be due to dif-
ferent cell types and the composition of the membrane, which could alter the effect 
of ω-3 PUFAs. Another factor to consider is the administration of these compounds, 
which may be acute (in situ) intravenously or on a long-term basis (supplied in the 
diet), where direct and indirect action (incorporation into cell membranes) may play 
a relevant role within their actions (McLennan, 2014; Roy and Le Guennec, 2017; 
Trimarco, 2012).

In relation to the possible antiarrhythmic effect of ω-3 PUFAs in humans, sev-
eral clinical studies show evidence of their capacity to reduce the development of 
supraventricular, ventricular arrhythmias and SCD in different populations (patients 
with ischemia, with implanted defibrillators or AMI convalescent). However, there 
are also contradictory studies in this respect, and for this reason the antiarrhythmic 
potential should be carefully considered (Borghi and Pareo, 2012).

These conflicting results can be explained in part by the findings of Hu et al. 
(2016), who showed that there was no difference in the prevalence of AMI compared 
the Inuit population in Canada versus the United States and Canadian general popu-
lations. Authors associate this observation with levels of methylmercury (MeHg) 
present in the fish diet of the Inuit Canadian population. Thus, the intake and accu-
mulation of mercury can favor lipid peroxidation counteracting the beneficial effect 
of ω-3 PUFAs (Hu et al., 2016).

A recent publication by Roy et al. (2015), indicates that the antiarrhythmic effect 
of DHA is related to the non-enzymatic oxidation carried out by ROS, where neu-
roprostanes are generated. These mediators are recognized biomarkers of oxidative 
stress and therefore would be expected to have a harmful effect. However, these 
researchers demonstrated experimentally that neuroprostanes, primarily 4RS-4F4t-
neuroprostane and 10(S)-10-F4t-neuroprostane, can regulate the function of the 
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ryanodine receptor (RyR2), decreasing calcium efflux from the sarcoplasmic reticu-
lum leading to a reduction in calcium sparks and the risk of arrhythmias (Roy et al., 
2015). Under this premise, it would be expected that in chronic conditions of oxida-
tive stress, which are common in cardiovascular diseases (ischemia, atherosclerosis, 
AMI, cardiac post-surgery, etc.) (Luscher, 2015; Islam et al., 2016; Yalta and Yalta, 
2018), ω-3 PUFAs generate the production of neuroprostanes which participate in the 
antiarrhythmic effects induced by these fatty acids.

Because of many factors and variables involved that can modify the results of 
preclinical and clinical studies with the use of these compounds, it is imperative that 
new studies consider all these factors so that ω-3 PUFAs’ mechanism of action and 
their application as antiarrhythmic agents can be more precisely supported.

1.8 � CONCLUSIONS

Recent developments confirm and extend the concept that ω-3 PUFAs are beneficial 
in the prevention of cardiovascular disease and sudden cardiac death. In experi-
mental studies and animal models, ω-3 PUFAs modulate a variety of relevant bio-
logic pathways, with several lines of evidence suggesting at least some differential 
benefits.

During regular consumption of ω-3 PUFAs, a potential decrease of endothelial 
dysfunction and prevention of CVD has been described through effects on endo-
thelial metabolism, inflammation, thrombosis and arrhythmia. On the other hand, 
the effects shown on vascular function and inflammation could explain the anti-
atherogenic properties of these fatty acids. Such is the consideration of this effect 
that if in the treatment of dyslipidemia, the LDL-c target cannot be achieved by 
lifestyle changes or treatment with statins, consideration should be given to add-
ing supplementation with ω-3 PUFAs in order to help reduce cardiovascular risk. 
Associated with effects on smooth muscle and endothelial cells, the administration 
of ω-3 PUFAs has been shown to lower blood pressure in both animal models and 
hypertensive patients.

There is no question that research on ω-3 PUFAs has made significant progress 
in a number of areas. However, there is a lack of conclusive data from clinical and 
mechanistic studies on the potential benefits of ω-3 fatty acids for primary and sec-
ondary prevention in CVD.

On the basis of the available literature, ω-3 PUFAs should be considered as 
important components of a healthy diet and as a potential therapeutic modality in 
patients with coronary artery disease, particularly in populations at heightened risk 
of cardiovascular disease. These patients should be advised to eat a healthy dietary 
pattern that includes fatty fish. For individuals with low consumption of fish rich in 
ω-3 PUFAs, fish oil capsules as a source of EPA and DHA can be considered, given 
their long history of safety and the relationship between benefit and risk.

In conclusion, research on the biology of ω-3 PUFAs and its role in cardiovascular 
health is developing rapidly. However, harmonization of clinical criteria and param-
eters will be necessary in order to achieve consensus on beneficial cardiovascular 
effects of ω-3 PUFAs.
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2 Natural Polyketides to 
Prevent Cardiovascular 
Disease
Statins

George Hanna and Mark T. Hamann

2.1 � INTRODUCTION

The discovery and development of fungi-produced mevastatin, followed by lovas-
tatin, and their subsequent development into pharmaceuticals represents the most 
successful utilization of natural polyketides for the treatment of disease. Specifically, 
for the treatment of lipid-related cardiovascular disease (CVD), the number-one 
cause of death in the modern world. The success of statins is not based only on 
economics—they are the most profitable pharmaceuticals to ever enter the market. 
They are also viewed as a success because they are effective medicines. The various 
statin analogues are directly involved in significantly lowering the risk of mortality 
as a result of CVD.

From the microbial ecology point of view, statins are employed to inhibit a nearby 
microbe’s ability to synthesize cholesterol, a key component in properly function-
ing cellular membranes. This insight has led to the discovery and isolation of the 
compound mevastatin by Akira Endo et al. from the fungi Penicillium citrium, as 
described in his landmark publication in 1976 (Endo, 2010). Even though mevastatin 
never made it to market, its discovery is still heralded as a major milestone in the use 
of natural products as pharmaceuticals because of the resultant insights into the role 
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statins naturally play in influencing cholesterol synthesis. In the following decade, 
statins were subject to intensive research, basic and clinical, which culminated in the 
discovery of additional analogues and the development of the first statin drug.

The notable mode of action for statins, to which their success in treating cardiovas-
cular disease is attributed, is a two-front effect on lipid levels in the blood: reducing 
the liver’s levels of lipid synthesis and a simultaneous increase in the rate of cellular 
absorption of circulating lipids. Thus, statins act by lowering the total amount of circu-
lating lipids in the blood. This is achieved by the structural similarities shared between 
statins’ active moiety and the substrate for the rate-limiting enzyme in cholesterol bio-
synthesis, the 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase. The 
competitive inhibition of this integral enzyme results in the hindrance of the body’s 
endogenous source of cholesterol, the mevalonate pathway. Most notably, low-density 
lipoproteins (LDL), which are established causative agents of atherosclerosis, a cumu-
lative lifelong condition that can result in impaired cardiovascular health.

This chapter will not attempt to address the numerous controversies that surround 
the use of statins with relation to cardiovascular disease and their associated side 
effects. Rather, the focus of this chapter is on the nature of statins, their structure 
and how they interact with relevant biological processes. This should provide some 
perspective on the use of polyketides as pharmaceuticals. While statin intervention 
may be straightforward life-or-death in a microbial world, these molecules operate 
in the context of a more complex system, the human body, which has carefully regu-
lated mechanisms to maintain function. It becomes more difficult to predict how the 
introduction of statins will affect the organism as a whole. Regardless, statins have 
proven to be the most consistent and effective lipid-lowering agent on the market 
since their introduction and are a valuable case study for the role of polyketides in 
disease prevention.

2.2 � CARDIOVASCULAR DISEASE

Diseases affecting the heart or blood vessels, cardiovascular diseases (CVD), are 
responsible for more deaths globally than any other health condition. Over the past 
25 years that number has grown from 12.3 million deaths per year in 1990 to nearly 
17.9 million in 2015 (Naghavi, 2015; Wang et al., 2016). In the developed world, this 
can account for up to 30% of total deaths. There has been only one year in the past 
100 years in which CVD has not been the leading global cause of death, 1918. That 
was the year in which the most devastating influenza pandemic in recorded his-
tory swept the globe, killing tens of millions of people. This comparison effectively 
illuminates cardiovascular disease for what it truly is, a preventable pandemic now 
spanning over a century. However, between 2003 and 2013 the United States saw 
a 29% decline in CVD-related deaths. This time line corresponds with a marked 
increase, from 18% to 26%, in the number of people prescribed a statin to control 
blood cholesterol (Gu et al., 2014).

A particularly pressing issue is the challenge the developing world faces with 
respect to combating the various factors that contribute to the development of CVD. 
These factors may be less avoidable in the developing world, and treatment there 
is not as widely available as it is in the developed world. Some of the factors that 
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contribute to the development of CVD are smoking, diabetes, sedentary lifestyle, 
obesity, poor diet, excessive alcohol consumption and high blood cholesterol. 
Various treatments have been created to improve cardiovascular health. These treat-
ments include both lifestyle adjustments and medicinal interventions. Statin drugs 
can attribute their widespread success to their ability to reduce the levels of blood 
cholesterol as a means of reducing the patient’s risk of CVD-related mortality. This 
success is, in part, compounded by the fact that significant lifestyle changes, though 
recommended, are not required to achieve a lipid-lowering effect.

It is paramount that the pathological mechanisms that contribute to the onset 
and manifestation of cardiovascular diseases are thoroughly understood for future 
development of more precise treatments. The resulting knowledge combined with 
an understanding of the mechanism of action and associated side effects of medi-
cal and lifestyle interventions should be aimed at continuous development of better 
treatments. This is extremely relevant with regard to statin drugs that are already 
among the most successful pharmaceuticals of all time and continue to increase in 
use for both primary and secondary prevention of CVD. The successful develop-
ment of more effective statins that have less severe adverse side effects stands to 
benefit tens of millions of people annually. This is particularly true considering some 
cohorts of people react negatively to one statin drug but are fine when prescribed 
another. Increasing the options from which physicians can choose may improve the 
overall quality of care for patients receiving statins. The utilization of novel sources 
of statins represents a valuable avenue for the manufacture of not only more effec-
tive analogues but also as a means of lowering the cost of production, which would 
improve availability in developing nations (Mendis et al., 2011).

2.3 � HYPERLIPIDEMIA AND ATHEROSCLEROSIS

The progression from hypercholesterolemia and hyperlipidemia to atherosclerosis 
is among the leading causes of CVD-related deaths. Dyslipidemia is characterized 
by abnormal blood levels of lipids (cholesterol, triglycerides or both) and lipopro-
teins, the protein-lipid-complexes that allow for lipid transport through extracellular 
water and subsequent functionality through cellular interactions. The lipoproteins 
are often distinguished by their density, which is a function of the lipid-to-protein 
ratio where higher lipid content corresponds to a lower density. The characterization 
of lipoproteins ranges from high to low to very low, and are commonly referred to as 
HDLs, LDLs and VLDLs for high-density or low-density and very low-density lipo-
proteins, respectively. Numerous clinical studies have identified causative relation-
ships between high levels of LDL and CVD. Statin intervention has shown consistent 
lowering of both blood plasma cholesterol and triglycerides (Stancu and Sima, 2001; 
Subramanian and Chait, 2012).

The causes of hyperlipidemia can result from both acquired and inherited con-
ditions, with high-fat diet as the leading cause and endocrine disorders playing a 
role in the manifestation of the disease state. Hypothyroidism is considered a major 
influencer due to the associated hormone imbalance and the associated biochemical 
characteristics of the condition that results in the elevation of total cholesterol and 
circulating LDLs (Arikan et al., 2012). Additionally, hypercholesterolemia can result 
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from cholestasis due to the effect the condition has on the secretion of bile salts from 
the liver, the body’s predominant natural pathway for the removal of excess choles-
terol (Wagner et al., 2009).

Directly related to high levels of lipids circulating in the blood, the inflamma-
tory disease atherosclerosis and the resultant buildup of arterial lesions and plaque 
is a major contributor to cardiovascular disease and mortality via myocardial infarc-
tion (Ellis et al., 2005). The mechanisms that result in the disease state are not fully 
understood because of the complex suite of interactions between the body’s lipid-
regulating mechanisms and the immune response that results in lipid-induced inflam-
mation. Atherosclerosis is thought to develop gradually throughout the course of a 
person’s life and is aggravated by injury (connected to smoking, diabetes, high blood 
pressure, etc.) to the endothelial cell layer of the arteries. This allows the intrusion 
of lipoprotein, predominately LDL, into the arterial intima. As LDL accumulates 
in the extracellular spaces of the arterial intima, the lipids are subject to modifica-
tions that result in variations in how the body’s immune systems responds to them. 
These include glycation and oxidation through enzymatic biochemical processes that 
are involved in cellular signaling and influence the systemic response. Circulating 
monocytes and subsequently macrophages respond to the modified lipid molecules, 
ultimately resulting in the development of foam cells. The ensuing immune response 
includes a cytokine-induced inflammation and the production of growth factors. 
These growth factors trigger the migration of smooth muscle cells that form a fibrous 
tissue layer surrounding the lipid-induced atherosclerotic lesion (Gu et al., 2012; Koga 
and Aikawa, 2012; Kzhyshkowska et al., 2012). Ultimately, the cumulative effects of 
the lipid intrusion, inflammation and buildup of fibrous muscle tissue over the lipid 
results in the narrowing of the affected artery and a decrease in its ability to deliver 
oxygenated blood to the heart and other organs. Not only are the systemic effects of 
this disease a concern for long-term health but they also lead to an increased likeli-
hood of a myocardial infarction (Osterud and Bjorklid, 2003; Steinbrecher, 1999).

It is thought that atherosclerosis is a lifelong condition that increases in severity 
with age and can be negatively influenced by environmental stressors or poor diet. 
A major issue in the diagnosis and treatment of atherosclerosis is the subtle devel-
opment of its associated symptoms, often developing asymptomatically for long 
periods of time. This characteristic makes it disproportionately more of a risk to 
lower-income demographics and in developing regions of the world where people do 
not have access to long-term routine medical examinations that are essential to the 
timely diagnosis and intervention of atherosclerosis. As such, atherosclerosis causes 
one in five deaths in a number of developing countries (Ellis et al., 2005; Talayero 
and Sacks, 2011).

It is important to note that much of what is known about the causes of athero-
sclerosis and the mechanisms of drug intervention is based on experimental animal 
models. However, there is evidence that many of the key contributors, cytokines, 
growth factors and bioactive molecules, discussed above, are expressed similarly in 
humans. What is certain is that there is a direct connection between lipid levels and 
the progression of atherosclerosis. Due to the ability of statin drugs to significantly 
lower circulating LDL levels, they are routinely prescribed to reduce symptomatic 
development and the potential for mortality (Borshch et al., 2012).



51Natural Polyketides to Prevent Cardiovascular Disease﻿

Atherosclerosis is considered a multi-front disease involving factors other than 
the lipoprotein load, progressing the perception of statins past their historical para-
digm, simply as lipid-lowering agents is integral to the success of their continued 
prolific use. As such, the role of statins in the treatment of atherosclerosis includes 
how they influence two other mechanisms related to the state of the disease: systemic 
inflammatory response and plaque modulation. Due to the role of lipid levels in gar-
nering an immune response and contributing to the formation of arterial plaques, it is 
likely that statins play a role in influencing how they progress atherosclerosis mani-
festation. However, the degree to which statins contribute to each of the intertwined 
mechanisms is still the subject of intense debate and research. Ultimately, parsing out 
the proportional role statins play in treating lipid levels, immune response (inflam-
mation) and the modulation of arterial plaques is essential to the further develop-
ment of this key influencer of global health. Not only will it aid in the development 
of future analogues that may possess increased specificity or potency but it will also 
provide valuable insight for physicians to apply to determining which patients should 
be considered for a statin prescription, something that will result in more precise 
treatment overall (Blaha and Martin, 2013).

2.4 � DISCOVERY AND DEVELOPMENT OF STATINS

The discovery of ML-236B, now referred to as mevastatin, and the subsequent devel-
opment of its analogues as a treatment for hyperlipidemia represents a significant 
milestone in the employment of polyketides as pharmaceuticals. This breakthrough 
is underscored by the extensive amount of time and significant research efforts 
between the key events leading up to the eventual FDA approval of the first statin 
analogue, lovastatin, for prescription and introduction to the market in 1986.

The role that arterial cholesterol plays in the manifestation of cardiovascular dis-
ease was first postulated by the German pathologist, Rudolf Virchow, in the mid-
19th century. However, it would take nearly 100 years before the Framingham Heart 
Study would formally publish correlative evidence between high levels of choles-
terol and cardiovascular disease (Tobert, 2003; Mahmood et al., 2014). As a result, 
throughout the 1950s and 1960s the development of cholesterol-lowering drugs 
received a considerable amount of basic and clinical research attention. Despite 
decades of research, the growing list of hopeful treatments was matched by a lengthy 
list of adverse side effects and marginal effectiveness. This fact is due, in part, to the 
targeting of the late steps in the cholesterol biosynthesis pathway which resulted in 
the accumulation of the lipophilic sterol by-products not easily degraded by endog-
enous metabolism. These results eventually led to the identification of the first and 
rate-limiting enzyme in the cholesterol pathway, HMG-CoA reductase (HMGR), as 
an ideal target for drug intervention.

In the early 1970s, Dr. Akira Endo developed a research unit focused on isolating 
antibiotics that inhibit HMGR, an enzyme key to the survival of many microbes. 
It is significant to note that this focus was fixated around the speculation that the 
inhibition of this pathway could serve as a defense mechanism, employed by fungi, 
against these microbes. The project took nearly two years and around 6,000 micro-
bial strains. Among those, only a handful that showed promising HMGR inhibitory 
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activity, particularly Penicillium citrinum, which was isolated from rice purchased at 
a vendor in Kyoto. Solvent extraction, silica gel chromatography and crystallization 
of the P. citrinum fermentation broth eventually yielded ML-236B, now referred to 
as mevastatin (Endo, 2004).

Shortly after the isolation of mevastatin, another potent HMGR inhibitor was 
discovered by Dr. Albert Chen. Once again supporting the value of polyketides as a 
source of novel compounds, lovastatin, was isolated from another fungi, Aspergillus 
terreus (Alberts et al., 1980). Over the course of the next several years, between 1980 
and 1987, mevastatin would eventually be removed from clinical trials and lovastatin 
would take its place as the leading drug candidate, showing marked reductions of 
low-density lipoprotein (LDL) cholesterol and no significant adverse side effects in 
short-term animal trials. Despite initial concerns, in 1987 the US FDA approved lov-
astatin due to its impressive reduction of apolipoprotein-B-containing lipoproteins 
and plasma triglycerides paired with increases of high-density lipoproteins (HDL). 
Lovastatin was introduced as a means for addressing cholesterol levels other than by 
dietary modifications.

Statins, “a wonderful gift from nature” as Dr. Endo referred to them, would even-
tually, though not free from controversy, pave the way for the development of a num-
ber of statin analogues, including the mevastatin derivative metabolite, pravastatin, 
and a semi-synthetic derivative of lovastatin, simvastatin (Endo, 2004). The result-
ing statin drugs have had major socioeconomic impacts, culminating in Lipitor (the 
synthetic atorvastatin), which broke the record for the highest annual sales of any 
pharmaceutical in history, hitting $12.8 billion dollars in 2008. Statin drugs make 
up 93% of lipid-lowering drug prescriptions and are a mainstay in reducing the risk 
of cardiovascular related mortality, with over a quarter of adults in the United States 
over the age of 40 using a statin prescription (Brar et al., 2013; Kit et al., 2014).

2.5 � MECHANISM OF ACTION

The cholesterol biosynthetic pathway (Figure 2.1) that takes place in the liver is 
responsible for the production of approximately two-thirds of the body’s cholesterol 
(endogenous); the other third is obtained through the diet (exogenous). Starting with 
acetyl-CoA, the pathway involves more than 25 enzymes and results in the produc-
tion of several products that influence a variety of systems in the body. The first 
step in the endogenous cholesterol pathway, converting 3-hydroxy-3-methylglutaryl-
coenzyme A (HMG-CoA) into mevalonate through a reduction reaction is the rate-
limiting step in the pathway and is the subject of inhibition by all statin molecules. 
The result is the hindrance of cholesterol biosynthesis and a buildup of HMG-CoA, 
which can be easily metabolized, because it does not contain the sterol ring associ-
ated with later products in the cholesterol pathway, making it a relatively innocuous 
point of inhibition (Steinberg et al., 1961).

Statin molecules contain a moiety that structurally resembles HMG-CoA, which 
results in their ability to bind to the HMG-CoA reductase (HMGR) active site and 
act as competitive inhibitors (Endo et al., 1976). The competitive inhibition prevents 
the reductive deacylation of HMG-CoA, which results in CoA and mevalonate. This 
disrupts the pathway that otherwise would culminate in the production of a variety 
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of products, notably cholesterol. The others will be addressed later in this section. In 
the normally functioning mevalonate pathway, HMG-CoA first binds to the reduc-
tase enzyme, followed by the binding of NADPH, facilitating the reduction reaction. 
It is the structural similarity between the lactone group of statins and HMG-CoA that 
imbues in them their inhibitory property. The inhibitory potency of statins lies in the 

FIGURE 2.1  The mevalonate pathway, illustrating the step in which Statins and HMG-CoA 
reductase compete.
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variable hydroxy-hexahydro naphthalene ring central structure that varies between 
statins. It is important to note that this region varies drastically between natural and 
synthetic analogues and less so between just the naturally derived analogues. This 
variable region’s activity is derived from its interaction with a hydrophobic pocket 
adjacent to HMGR’s active site, resulting in extremely tight binding. Statins possess 
nano-molar affinity for HMGR, whereas the natural substrate, HMG-CoA, is in the 
micro-molar range (Stancu and Sima, 2001).

An additional key characteristic of the statins’ mechanism of action is the sys-
temic cellular response to the reduction of endogenously produced cholesterol circu-
lating in the blood. The decrease in circulating cholesterol triggers the activation of 
a proteolytic mechanism that releases Sterol Regulatory Element-Binding Proteins 
(SREBPs). The release of these membrane-bound transcription factors allows their 
translocation into the nucleus. Once there, SREBPs bind to specific DNA sequences 
that initiate the transcription of genes that code for LDL receptors. Thus, in addi-
tion to the decrease in the production of cholesterol by inhibiting the mevalonate 
pathway, a transcriptional response results in the increase in uptake of circulating 
cholesterol and lowering plasma LDL levels even further (Sehayek et al., 1994).

Additionally, there are pleiotropic effects that the inhibition of the mevalonate 
pathway may incur as a result of this pathway’s role in the production of a number 
of key isoprenoid intermediaries. The effect is due to the role that prenylation, the 
addition of hydrophobic molecules to a protein, plays in protein trafficking and cellu-
lar signaling by facilitating protein-membrane interactions. First, farnesyl pyrophos-
phate signals protein transport to the lumen of the endoplasmic reticulum for further 
modification and is implicated in interactions involving Ras family proteins. Second, 
geranylgeranyl pyrophosphate plays a role in the modulation of the RhoA, Rac and 
Cdc signaling pathways. These are integral GTPase proteins for cellular growth, 
proliferation and migration that are employed ubiquitously across normal cell types 
and are often the subject of mutation in tumorigenic cells (Liao and Laufs, 2005).

It is important to note the extent of the role statins play in the modulation of 
prenylation by inhibiting the mevalonate pathway is incompletely understood and is 
not clinically attributed to their efficacy as a pharmaceutical. Currently, the role that 
statin drugs play in lowering LDL levels in the blood is their most significant mode 
of action and reason for their utilization in mitigating CVD-related mortality (Zhou 
and Liao, 2010).

2.6 � STRUCTURE

Statins can be divided into three categories: natural (Figure 2.2), semi-synthetic and 
synthetic (Figure 2.3). The natural statins and semi-synthetic statins possess a highly 
conserved polyketide portion, the hydroxy-hexahydro naphthalene ring central struc-
ture that varies based on the addition of side chains. The addition of the side chains 
occurs at the C6 and C8 position. The synthetic statins only share similarity with the 
natural statins with the inclusion of the HMG-CoA-like moiety, which is essential 
to their function, varying greatly in the rest of their structure. The variance influ-
ences the properties of the molecule that are attributed to its physical characteristics 
and functionality (Table 2.1). These include bio-availability, half-life, metabolism, 
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protein binding, affinity, excretion routes and lipophilicity. Ultimately, the influen-
tial structural components need to be considered when determining the efficacy of 
a statin analogue and should be considered when addressing the potential relation to 
side effects (Nirogi et al., 2007).

2.7 � MICROBIAL STATIN PRODUCTION

Of the seven common commercially available statins, two are produced by microbial 
fermentation, lovastatin and pravastatin, and a third is a semi-synthetic derivative of 
lovastatin, simvastatin. Combined, these three analogues make up around half of the 
statin prescriptions in the United States. Thus, there is still considerable incentive 

FIGURE 2.2  Structures of statin analogs isolated from nature.
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for the continued pursuit of natural statin products (Findlay, 2007). The prospect of 
utilizing agro-industrial by-products for sustainable fermentation-based statin pro-
duction and the utilization of novel microorganisms that produce either higher yields 
or new analogues of natural statins have received attention in recent years. A notable 
benefit for pushing the microbial production of statins forward is lowering the cost 
of development, which would in turn increase statin availability to financially lim-
ited populations that would otherwise opt out of their use (Bizukojc et al., 2007; 
Vilches-Ferrón et al., 2005; Seraman et al., 2010). The advent of patent expiration 
adds additional incentive for more independent investigation and development of 
production methods, novel statins and value-added chemical scaffolds for synthesis. 
Additionally, the realization of the high CVD risk in developing countries and those 
countries’ contribution to long-term market growth are a key aspect to motivating 
the accommodation of this emerging market (Barrios-González and Miranda, 2010).

Several filamentous fungi have been identified as sources for the production of 
natural statins. These include Monascus spp., Penicillium spp., and Aspergillus spp. 

FIGURE 2.3  Structures of synthetic statin analogs used as pharmaceuticals.

TABLE 2.1
Commonly Prescribed Statins, Their Production Source, 
Dosage and Solubility
Statin Analogue Source Dosage (mg) Solubility

Lovastatin Fermentation 10–80 Lipophilic

Simvastatin Semi-synthetic 5–80 Lipophilic

Pravastatin Fermentation 10–80 Hydrophilic

Fluvastatin Synthetic 20–80 Lipophilic

Atorvastatin Synthetic 10–80 Lipophilic

Rosuvastatin Synthetic 5–40 Hydrophilic

Pitavastatin Synthetic 2–4 Moderately lipophilic
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However, there are notable variations in the production levels and metabolite profiles 
between species within each genus. Additionally, some strains are more favorable 
than others because of the additional metabolites they produce and their associated 
toxicities. The screening method employed to determine the production of statins 
is simple, an activity assay against the yeast Candida albicans, which cannot toler-
ate growth in their presence. This is based on measurements of the inhibition zone 
on plates containing the yeast after the introduction of statin impregnated paper 
(Auclair et al., 2001; Manzoni et al., 1998; Komagata et al., 1989; Manzoni and 
Rollini, 2002). However, high-throughput metabolomic and metagenomic tech-
niques offer new methods for developing ways to analyze the microbial production of 
statins. These include the development of PCR primers to specifically detect statin-
producing microbial strains (Seraman et al., 2010; Vilches-Ferrón et al., 2005; Kim 
et al., 2011). The progress of the last decade in high-throughput sequencing and 
genetic modification technologies has resulted in monumental leaps forward in the 
arsenal of molecular tools that can be utilized for natural product drug development 
and production.

Mutant strains of known statin producers have already successfully resulted in 
increased rates of production. This is highlighted by a comparison of the isolated 
Aspergillus terreus and a UV mutant counterpart increasing the production of lov-
astatin from 400 to 2,200 mg per liter of fermentation broth. In addition to mutant 
strains, the fine-tuning of culture media has proved useful for significantly improving 
the rate of production. The key components of any media are the carbon source, the 
nitrogen source and their defined ratios and levels of metabolic availability, which 
can influence the production of a given compound of interest. It has been found that 
nitrogen limitation increases the amount of carbon diverted to the lovastatin meta-
bolic pathway (Li et al., 2011; Casas López et al., 2003; Kumar et al., 1998, Kumar  
et al., 2000, Kumar et al., 2011) and that the use of glucose decreases lovastatin syn-
thesis (Miyake et al., 2006). It is apparent there is still more to learn about the nature 
of statins in the microbial world. Given the widespread use and important role that 
statins play in the modern developed world, any information furthering the effective 
utilization of this natural polyketide will have broad impact (Brar et al., 2013).

2.8 � STATINS IN FOOD

It is apparent that several food products used in traditional medicine, mostly originat-
ing in China, are known to possess statins: red yeast rice, oyster mushrooms and pu-
erh tea. However, in the United States because statins are recognized by the FDA as a 
drug, they are excluded from use as defined dietary supplements, making the sale of 
red yeast rice containing statins illegal and puts pu-erh tea in a sort of legal grey area 
(Mark, 2010). Despite the legality of manufacturing and selling statin-containing food 
products in the United States, worldwide these products have been used for centuries 
to treat a variety of health conditions, including hyperlipidemia. Research, particularly 
epidemiological studies, regarding dietary sources of statins may provide valuable 
insights into their long-term use and the associated side effects of diet-derived statins.

Unlike red yeast rice and pu-erh tea, which both contain statin-producing fermen-
tation steps in their production process that subjects them to regulation, mushrooms 
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belonging to the genus Pleurotus readily contain statins in the wild. During the pro-
duction and isolation of statins by filamentous micromycetes, it is common for the 
majority of the statin isolate to be obtained not from the culture filtrate but from 
the vegetative tissue known as mycelium. Thus, given that edible fungi can produce 
statin compounds, their consumption may be a viable option for their incorporation 
into a normal diet. The production of statins by micromycetes has been well studied 
since the discovery of the first fungi-derived analogues in the 1970s. In comparison, 
research regarding macromycetes as producers of statins has lagged considerably 
(Alarcon et al., 2003). Recently, edible and medicinal mushrooms have been investi-
gated using modern chemical content analyses regarding their beneficial properties 
for treating diseases such as hypertension, hypercholesterolemia, atherosclerosis and 
some cancers. This research is especially important for patients that cannot tolerate 
prescribed forms of statins, such as those receiving certain HIV retroviral therapies 
(Eckard and McComsey, 2015).

Representatives from over a dozen genera of mushrooms have been shown to con-
tain metabolites known to be beneficial in treating cardiovascular disease, including 
GABA, ergothioneine and lovastatin. The metabolites were shown to be present in 
both the mycelium and fruiting bodies of most species, though at varying levels. 
The edible mushrooms in the genus Pleurotus, commonly referred to and marketed 
as “oyster mushrooms,” are likely the most widely used in culinary applications 
and are among those that have been shown to produce notable levels of statins 
(Chen et al., 2012).

The lipid-lowering effects of the edible mushroom Pleurotus ostreatus have been 
shown in both animal studies and small-scale human trials (Schneider et al., 2011; 
Kressel et al. 2011). These findings warrant further investigation into the potential 
benefits of dietary supplements containing macromycete-derived nutraceuticals, tak-
ing into consideration how side effects vary between the natural statin analogues and 
related metabolites contained in nutraceutical supplements and long-term treatment 
with synthetically derived statins.

2.9 � CONCLUSION AND FUTURE PERSPECTIVES

The increasingly ubiquitous use and unmatched effectiveness of the statins for the 
primary and secondary prevention of cardiovascular disease in the modern world, 
particularly developing nations, makes continued progress in research of these 
polyketides and their derivatives paramount for the well-being of billions of peo-
ple. Considering the relative infancy of statin drugs and their rapid expansion into 
the pharmaceutical market, continued long-term clinical trials and epidemiological 
studies will reveal valuable trends to better inform physicians. Atherosclerosis, the 
global leading cause of death, is systemic and complex by nature, and increased 
precision in both detection and subsequent intervention will result in improved out-
comes for the patients involved. The potency and effectiveness of statins in reducing 
lipid levels in the body by influencing both the endogenous and exogenous choles-
terol pathways makes them a truly remarkable gift from nature. However, as is the 
case with atherosclerosis, the complexity and broad influence of lipid-associated 
biological processes warrant thorough investigation into a holistic view regarding  
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the effect of statins and the cascade of processes they influence in the reduc-
tion of CVD-related mortality. Additionally, continued investigation into the 
pleiotropic effects of statins on normal cell function, inflammatory response and 
tumorigenesis may provide insights into strategies for developing additional statin 
therapeutics. The advent of high-throughput molecular technologies has led to 
the development of numerous tools that are ripe for adaptation to be applied to 
furthering the field of natural product drug development. These include novel 
techniques for identifying and isolating drug analogues and refining existing pro-
duction methods to increase the diversity and availability of treatment options. 
The vast number and diversity of patients already receiving statin therapy and 
rising demand in the developing world for them underline the fact that statins 
represent ideal candidates for such research.
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3.1 � INTRODUCTION: ARTERIAL STIFFNESS

During the last two decades, the role of arterial stiffness in the development of 
cardiovascular diseases has received much attention (Laurent et al., 2006). The term 
‘arterial stiffness’ denotes the slope of the pressure-volume relationship in arteries 
(ΔP/ΔV) (Quinn et al., 2012). Increased arterial stiffness, as a marker of vascular age-
ing, indicates a reduced capability of arteries to expand and contract in response to 
pressure changes (Hamilton et al., 2007; Laurent et al., 2006; Della Corte et al., 2016). 
This degenerative process, under the effect of ageing and risk factors, affects mainly 
the extracellular matrix of elastic arteries (Palombo and Kozakova, 2016). Stiffening 
of the arterial wall leads to fundamental changes in central hemodynamics, with 
increased pulsatile strain on the microcirculation, leading to detrimental consequences 
for end-organ function (Lyle and Raaz, 2017; O’Rourke and Hashimoto, 2007).

3.1.1 �O rigins and Mechanisms

Normal elastic arteries have a smoothing function, assuring a steady blood flow in 
peripheral tissues (Quinn et al., 2012). Throughout adult life, the arterial tissue loses 
its elasticity, primarily due to degeneration of the extracellular matrix under the 
influence of ageing and other risk factors, thus causing arterial stiffness (Palombo 
and Kozakova, 2016). The relative contribution of predominant vascular wall pro-
teins, collagen and elastin determines the stiffness of the vascular wall (Laurent 
et al., 2006). Progressive degeneration of the extracellular matrix in the media layer-
causes loss of elasticity and thus loss of the biomechanical buffering capacity. This 
degeneration is characterized by elastin fatigue fracture and collagen deposition and 
cross-linking, fibrosis, inflammation, necrosis and calcification (Laurent et al., 2006; 
Palombo and Kozakova, 2016; Cecelja and Chowienczyk, 2016).

A decrease in the elastin/collagen ratio in the media layer progresses under the 
influence of altered lysyl oxidase (LOX) and matrix metalloproteinase (MMP) activ-
ity (Lyle and Raaz, 2017). Elastin becomes progressively fragmented and degraded 
over time, collagen increases and collagen-elastin cross-links increase under the 
influence of S-nitrosylation and advanced glycation end products. Increased angio-
tensin II (Ang  II) signaling contributes to the collagen and advanced glycation 
endpoints (AGEs) accumulation and the elastin degradation. Glycation and AGE for-
mation is thought to have a profound effect on enhancing age-related arterial stiff-
ening. Additionally, upon activation of the receptor of AGE (RAGE), intracellular 
reactive oxygen species levels are increased through upregulation of NAD(P)H oxi-
dase expression and further contribute to the oxidative stress associated with arterial 
stiffness. Moreover, fragmented elastin serves as nidus for microdisposition of Ca: 
vascular smooth muscle cells transform into osteoblast-type cells, inducing vascular 
calcification which further increases the stiffening process (Avolio, 2013; Lyle and 
Raaz, 2017; Sell and Monnier, 2012; Smulyan et al., 2016; Quinn et al., 2012; Cecelja 
and Chowienczyk, 2016; Vlassopoulos et al., 2014). While the calcification process in 
arterial stiffness affects the media layer and is associated with ageing, diabetes and 
renal disease, a similar calcification in the intima, on the other hand, results in ath-
erosclerosis and the development of atherosclerotic plaques (Mozos and Luca, 2017).
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Arterial stiffness and atherosclerosis thus share some common pathophysiological 
mechanisms and could be viewed as two synergic processes in the development of 
vascular changes underlying cardiovascular disease (Cecelja and Chowienczyk, 
2016; Palombo and Kozakova, 2016).

Stiffened arteries contribute to increased systolic blood pressure (SBP), ampli-
fied by superposition of prematurely reflected pulse waves (Smulyan et al., 2016). 
Vascular stiffness is closely interrelated with elevated blood pressure: increased BP 
is a consequence of increased arterial stiffness but also a cause for the reduction of 
arterial elasticity. Therefore, the unraveling of contributing mechanisms is compli-
cated considerably (Papaioannou et al., 2017). High SBP affects primarily micro-
vasculature in vulnerable end-organs like brain and kidney (Smulyan et al., 2016; 
Lilamand et al., 2014). Therefore, arterial stiffness severity is also a sensitive predic-
tor of cognitive impairment (Li et al., 2017b).

Furthermore, the coordinated functioning of the heart and arterial tree becomes 
impaired, leading to progressive hemodynamic alterations, including a rise in 
SBP and a fall in diastolic blood pressure (DBP), and hence, elevated pulse pres-
sure (Lyle and Raaz, 2017; O’Rourke and Hashimoto, 2007; Willum-Hansen et al., 
2006). Raised SBP requires increased left ventricular (LV) workload, with a need 
for increased coronary perfusion and oxygen. However, the diastolic pressure deter-
mining coronary flow is insufficient, causing LV dysfunction and hypertrophy, and 
subsequent development of heart failure (Smulyan et al., 2016; Lyle and Raaz, 2017). 
Figure 3.1 shows vascular and haemodynamic properties of stiffened arteries in 
comparison to normal ones.

Arterial stiffness (AS) is an independent risk factor for cardiovascular (CV) 
morbidity and mortality (Van Bortel, 2016; Lyle and Raaz, 2017; Cecelja and 
Chowienczyk, 2016), and is considered a surrogate end point in clinical trials 
(Cardoso and Salles, 2016; Della Corte et al., 2016). AS causes an increase in SBP 
due to premature reflection of waves, increasing central pulse pressure (Laurent 
et al., 2006). The consequent damage of microvasculature leads to end-organ dys-
function (Lilamand et al., 2014).

AS is thus also associated with LV hypertrophy, worsening of coronary ischaemia 
and increased fatigue of coronary wall tissues, all known risk factors for CV events 
(Laurent et al., 2006; Hamilton et al., 2007).

3.1.2 �F actors Involved in the Development and 
Progression of Arterial Stiffness

Age and related processes are the main determinants of stiffness in elastic arteries, 
which are correlated with nutritional and lifestyle factors, and with subsequent age-
associated disorders like metabolic syndrome, type 2 diabetes, hypertension, athero-
sclerosis and renal disease, implying thereby metabolic factors in its pathogenesis 
(Avolio, 2013; Li et al., 2017a; Sell and Monnier, 2012; Wu et al., 2015).

Degeneration and remodeling of elastic components of the arterial wall usually 
become important after the age of 55, concomitant to a decrease of intracellular 
magnesium (Wu et al., 2015). Furthermore, calcification, apoptosis, inflammation 
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and oxidative and nitrosative stress, genetic influences, as well as reduced autophagy, 
add to the age-related stiffening (Lyle and Raaz, 2017; Li et al., 2017a; Sasaki et al., 
2017; Sell and Monnier, 2012; Wu et al., 2015).

Oxidative stress is defined as an imbalance between reactive oxygen species 
(ROS) formation and elimination in favor of pro-oxidant processes. During vascular 
oxidative stress, it has been demonstrated that, in the vascular wall, many enzymatic 
systems produce reactive oxygen species (ROS), including nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase, mitochondrial enzymes, dysfunctional 
endothelial nitric oxide synthase (eNOS) and xanthine oxidase (XO). Vascular cells 
also have several antioxidant systems to counteract ROS generation: superoxide dis-
mutase (SOD), catalase (CAT), glutathione peroxidase (GPx), paraoxonase (PONs), 
thioredoxin (TRX) peroxidase and heme oxygenase (Hmox) (Santilli et al., 2015).

Oxidative and nitrosative stress contribute to the etiology due to oxidative dam-
age to lipids, proteins and DNA in endothelial cells and uncoupling of nitric oxide 
(NO) synthase, leading to endothelial dysfunction. Increased stress and angioten-
sin II induce increased ROS production in vascular smooth muscle cells (VSMCs). 
Elevated levels of superoxide radical anion react with NO to produce peroxyni-
trite, which is, together with other highly reactive species, responsible for vascu-
lar degeneration and dysfunction. Moreover, altered blood flow also increases ROS 

FIGURE 3.1  Arterial stiffness: vascular and haemodynamic properties in comparison with 
normal arteries. (SBD: systolic blood pressure, DBP: diastolic blood pressure.)
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production, and mitochondrial oxidative stress and SOD 2 deficiency induce aortic 
stiffening (Lyle and Raaz, 2017). Stiff arteries potentially induce a positive feed-
back mechanism downregulating eNOS and upregulating endothelin-1, thus further 
increasing wall stiffness (Avolio, 2013).

Several markers of oxidative stress have been associated with increased arte-
rial stiffness, although a causative link has sometimes been questioned, due to 
the experimental complexity of antioxidant clinical trials. Nevertheless, changes 
in malondialdehyde, superoxide dismutase, vascular adhesion protein-1, oxidized 
LDL, isoprostanes and thiobarbituric acid-reactive substances (TBARS) have been 
reported in different test and patient groups with vascular stiffness (Mozos and 
Luca, 2017).

Inflammation is involved in arterial stiffness development by multiple mecha-
nisms. Low-grade inflammation impairs endothelial function by reducing NO 
bioavailability and increasing endothelin-1, thus contributing to progressive 
arterial stiffening, which, in turn, further impairs endothelial function (Avolio, 
2013). The contribution of an inflammatory status is furthermore reflected in 
the role of MMPs in elastin degradation, the overexpression of lectin-like oxi-
dized low-density lipoprotein receptor 1 (LOX-1) (by an NF-κB dependent 
mechanism), increasing uptake of oxidized low-density lipoprotein (oxLDL), the 
transdifferentiation of VSMCs into an osteoblastic phenotype under inflamma-
tory conditions, influence of cytokines, increased AGEs synthesis, C-reactive 
protein (CRP: inhibits endothelial NO synthase, increases cytokine expression, 
increases generation of ROS), influence of adhesion molecules, microRNAs and 
so on. (Mozos et al., 2017a). Chronic low-grade inflammation interacts synergis-
tically with oxidative stress, but the order and relationship between these events 
are uncertain (LaRocca et al., 2017).

Autophagy is a complex cellular process. It starts with the sequestration of cyto-
plasmic constituents into double-membraned vesicles, termed autophagosomes. 
Fusion of autophagosomes with lysosomes results in the degradation of the incorpo-
rated material into amino acids, carbohydrates, fatty acids and nucleotides. Through 
the recycling of biomolecules, basal autophagy provides new building blocks to 
support cellular function and homeostasis, as a response to stressful stimuli (e.g. 
accumulation of damaged organelles, nutrient deprivation, hypoxia). It is therefore 
a cytoprotective process involved in such diseases as cardiovascular disease, can-
cer and neurodegenerative disorders. However, little is known about autophagy in 
arterial ageing and vascular stiffness. Normally, autophagy preserves endothelial 
function, and age-related impaired autophagy contributes to arterial stiffness and 
endothelial dysfunction associated with increased levels of oxidative stress and 
inflammation (De Meyer et al., 2015; Sasaki et al., 2017).

It is well known that reactive oxygen species (ROS) can induce autophagy, which 
is a defense mechanism against cell death (Perrotta and Aquila, 2015). Recent evi-
dence also indicates that autophagy may exhibit antioxidant properties by taking 
part in the reduction and repair of oxidative damage through a variety of signaling 
pathways (Fang et al., 2017), which could have a remarkable impact on cardiovas-
cular health. Figure 3.2 gives an overview of the mechanisms contributing to the 
pathophysiology of AS.
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Heritability of arterial stiffness is about 40%. Associations of gene expression 
levels with arterial stiffening are found on genes involved in extracellular matrix and 
calcification on one hand and on genes relating to blood-pressure regulation on the 
other. However, still very little is known about the molecular mechanisms underly-
ing phenotypic variability (Cecelja and Chowienczyk, 2016). Candidate genes (e.g. 
IGF-1 receptor, IL-6, PACE4) potentially involved in arterial elasticity have been 
found on chromosomes 2,7,13 and 15 (Wu et al., 2015).

Nutrition and other lifestyle influences are important in the protection against 
the development of arterial ageing. Generally, diets and nutrients that reduce oxi-
dative stress and inflammation, such as diets emphasizing fruits and vegetables, 
grains, nuts, seeds, legumes with limited amounts of low-fat meat and fish, and 
refined foods, are associated with reduced arterial stiffness (LaRocca et al., 2017; 
Mozos et al., 2017b). Specific nutrient measures like restricted dietary salt seem 
to have beneficial effects, although it is difficult to differentiate the direct effect 
on arterial stiffness mechanisms from an effect on blood pressure (LaRocca et al., 
2017; Quinn et al., 2012; Wu et al., 2015). Some reports mention specific foods like 
dairy products, fermented dairy, dark chocolate, tea, soy, olive oil, grains, and nuts, 
but also here, effects are probably—at least partly—due to a reduction in oxidative 
stress and inflammation. Energy intake restriction and aerobic exercise also protect 
against arterial ageing (LaRocca et al., 2017; Mozos and Luca, 2017; Wu et al., 2015). 
Smoking, on the other hand, has an adverse impact on arterial stiffness (Wu et al., 
2015). Extreme (both long and short) sleep duration and poor sleep quality are asso-
ciated with arterial stiffness and are possibly linked to increased MMP expression. 

FIGURE 3.2  Mechanisms contributing to the pathophysiology of arterial stiffness. (NO: 
nitric oxide, ET-1: endothelin 1.)
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(Lyle and Raaz, 2017). Mental stress is also seen to contribute to vascular dysfunc-
tion involving oxidative stress and inflammation (Daiber et al., 2017).

Hypertension evolves as the haemodynamic response to arterial stiffness. An 
age-associated increase in aortic stiffness typically is reflected in isolated increased 
SBP. In reverse, hypertension can also lead to arterial stiffening by upregulation of 
pathways involved in inflammation, fibrosis and wall hypertrophy (Lyle and Raaz, 
2017; Sharman et al., 2017).

Diabetes-accelerated arterial stiffening includes elevated levels of oxidative 
stress, similar to age-induced stiffness, MMP-mediated elastin fragmentation and 
calcification (Lyle and Raaz, 2017).

Obesity results in aortic stiffening, at least in part mediated through LOX-
downregulation, leading to elastin fragmentation and a significant increase in pulse 
wave velocity (PWV). Modest weight loss results in the improvement of arterial 
stiffness (Lyle and Raaz, 2017).

3.1.3 �M easurement

Carotid/femoral pulse wave velocity (cf-PWV) (quotient of distance between mea-
suring points to onset delay of pulse wave between those locations) is considered 
the gold standard and robust surrogate in arterial stiffness measurement, and has 
the largest amount of epidemiological evidence for its predictive value for cardio-
vascular (CV) events (Laurent et al., 2006; Avolio, 2013; Van Bortel, 2016). Due 
to the impaired dampening of pulsative flow, pulse travel is faster and thus PWV is 
increased in stiffer vessels (Smulyan et al., 2016). It is largely independent of risk 
factors other than age and blood pressure (Cecelja and Chowienczyk, 2009).

Other arterial stiffness assessment techniques exist and have extensively been 
used in clinical trials, contributing to different outcomes. Aortic pulse pressure 
(= central SBP – central DBP), augmentation index AIx (percentage of central pulse 
pressure attributed to reflected wave overlap in systole; function of other risk factors) 
and brachial flow mediated dilation (FMD) (relative increase of arterial diameter 
after temporary vessel occlusion) are common markers (Lilamand et al., 2014).

3.1.4 �T argets for Treatment

The majority of treatments target the consequences of the vascular ageing process, 
rather than the pathophysiology itself (Williams, 2016). For known cardiovascular 
drugs, it is difficult to evaluate whether improvement of arterial stiffness is of any 
additional benefit unrelated to the drugs’ primary effects (Lyle and Raaz, 2017).

Almost all classes of anti-hypertensive medications could decrease arterial 
stiffness. Renin-angiotensin-aldosterone system (RAAS) antagonists (angiotensin-
converting enzyme (ACE) inhibitors, angiotensin II receptor blockers, aldosterone 
antagonists) have shown the most promising results (Lyle and Raaz, 2017; Smulyan 
et al., 2016; Wu et al., 2015). Besides blood-pressure-lowering drugs, potential ben-
eficial effects can be obtained with statins, oral anti-diabetics, AGE and collagen 
cross-link breakers (e.g. alagebrium) and anti-inflammatory agents. The susceptible 
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population, amount of evidence and degree of success all vary (Laurent et al., 2006; 
Lyle and Raaz, 2017; Smulyan et al., 2016; Wu et al., 2015).

Long-term intake of food supplements with ω-3 fatty acids (lowest effective daily 
dosage was 540 mg eicosapentaenoic acid (EPA) and 360 mg docosahexaenoic acid 
(DHA) in overweight patients with hypertension) improved arterial stiffness, espe-
cially in a population with overweight, metabolic syndrome, diabetes or hypertension 
(Wu et al., 2015). However, results from intervention trials with these agents have 
been largely inconsistent, at least in the context of arterial aging. Omega-3s seem to 
improve arterial functions in some populations but not others (LaRocca et al., 2017).

Antioxidant vitamins (A, C, E) generally have the ability to reduce arterial stiff-
ness due to antioxidant and anti-inflammatory effects, and by improvement of the 
endothelial function. However, results of supplementation studies are still controver-
sial. Care must be taken to correctly select the test group and identify their specific 
requirements, and to avoid possible pro-oxidant effects as the result of high-dose 
supplementation (Mozos et al., 2017b).

Vitamin D interferes with several mechanisms involved in arterial stiffening, 
such as a decrease in RAAS activity and modulation of immunological response 
and calcification. Arterial stiffness is associated with high levels of parathormone. 
Nevertheless, up to now, there is only inconsistent evidence on vitamin D levels 
required; conclusions are hampered by the heterogeneity of the studies (Mozos et al., 
2017b; Lyle and Raaz, 2017).

Limited data point to vitamin K, especially K2, for promotion of destiffening 
primarily by reducing arterial calcification and suppressing inflammation (Mozos 
et al., 2017b).

Autophagy inducers like spermidine reverse age-associated stiffening of the large 
arteries, illustrated by an improved endothelial function and a reduction in oxidative 
stress (De Meyer et al., 2015).

Besides interfering with the consequences of arterial stiffening, or trying to influ-
ence general antioxidant and anti-inflammatory status, it might also be important to 
therapeutically address the intrinsic biomechanical properties of the arterial wall. To 
this end, epigenetic regulators (such as microRNAs) may provide novel therapeutic 
targets to counteract structural arterial remodelling (Lyle and Raaz, 2017).

3.2 � DIETARY POLYPHENOLS

3.2.1 �I ntroductory Aspects on Dietary Polyphenols

Polyphenols are a widespread class of plant secondary metabolites with a diverse 
range of biological activities. About 8,000 polyphenolic structures have been identi-
fied, and they can be subdivided according to their chemical structure into the fol-
lowing structural classes: phenolic acids, lignans, stilbenes, flavonoids (including 
isoflavonoids, anthocyanins) and condensed and hydrolysable tannins. They derive 
from phenylalanine and contain an aromatic ring with at least one reactive hydroxyl 
group. Polyphenols are widely occurring in plants, often in glycosylated form, and 
are found in several foods: dietary polyphenols most investigated for their vascular 
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properties include flavonoids (flavanols) and procyanidins in chocolate (Theobroma 
cacao), catechins such as epigallocatechin gallate (EGCG) in green tea (Camelia 
sinensis), isoflavones in soy (Glycine max), curcumin from turmeric (Curcuma 
longa), oleuropein and hydroxytyrosol (HT) in olives (Olea europaea), anthocya-
nins in berries and resveratrol and other stilbenes in grapes and wine (Vitis vinif-
era) (Costa et al., 2017). An estimation of average daily total polyphenol intake is 
hampered by their structural diversity and complexity but has been estimated in a 
French population to be 1193 ± 510 mg/d, or 820 ± 335 mg/d as aglycone equivalents 
(Perez-Jimenez et al., 2011). Epidemiological studies demonstrate that polyphenol 
intake is associated with a reduced risk for cardiovascular events (Arts and Hollman, 
2005; Goszcz et al., 2017; Lilamand et al., 2014; McCullough et al., 2012; Tresserra-
Rimbau et al., 2014). Figure 3.3 illustrates dietary polyphenol classification.

Polyphenols display pleiotropic effects, and although several biological proper-
ties, like radical scavenging activity, are determined by the phenolic nature, and 
are therefore displayed by all polyphenols, quantitative differences occur according 
to their specific structural features (e.g. number and position of hydroxyl and cat-
echol groups (Goszcz et al., 2017). Other activities are more specific and only occur 
in some specific (groups of) polyphenols. However, exact polyphenol composition 
assessment in trials is often inadequate or insufficient. Data are scarce, especially on 
polyphenol polymers. Moreover, there may be a non-linear dose-response relation-
ship, as reported for flavonoids and polymers (Kay et al., 2012).

In view of the etiology of arterial stiffness, and the important contribution hereto 
of oxidative and nitrosative stress and inflammation, among other things, plant poly-
phenols may be excellent biological agents to interfere with the occurrence and pro-
gression of stiffening arteries.

FIGURE 3.3  Classification of dietary polyphenols, with common examples and food 
sources.
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Evidence for the effect of food polyphenols on arterial stiffness is, however, rather 
limited due to the scarcity and heterogeneity of study design in interventional trials, 
the complexity of observational trials and the problems related to the translation of 
observations from animal models to human reality. Moreover, there are important 
difficulties in assessing polyphenol intake and a lack of uniformity in biomarkers 
and end points. Nevertheless, limited relevant data exist, and known interference of 
polyphenols with mechanisms involved in arterial stiffness allows pinpointing some 
promising interactions.

In general, epidemiological studies and interventional trials suggest an inverse 
association between dietary polyphenol intake and cardiovascular events both in the 
general population and in patients (Tresserra-Rimbau et al., 2014; Ludovici et al., 
2017b; Rienks et al., 2017).

In this review, the focus will be on the effects of dietary polyphenols on arterial 
stiffness, although mechanisms involved could also influence other cardiovascular 
pathologies. Some observational and interventional studies are cited as an illustra-
tion of current research, but care should be taken that great variability exists in the 
compound/food studied, dosage, population, sample sizes, end points and follow-up. 
Hereafter, rather than discussing effects of separate polyphenolic compounds, or 
the foods that contain them, effects will be grouped according to the mechanism 
involved, keeping in mind that the same compound can display diverse activities 
and that several mechanisms like antioxidative and anti-inflammatory activities are 
interrelated. Influencing many different targets with lower affinity, like polyphenols 
do, may result in a combined effect sufficient to provide an overall health benefit 
(Wang et al., 2017). To our knowledge, this resolves a lack of recent reviews on the 
effect of dietary polyphenols on arterial stiffness. Besides a review on flavonoids 
and arterial stiffness, little overview of current evidence is available. Data discussed 
therein seemed to support an improvement of arterial stiffness with increased flavo-
noid intake (Lilamand et al., 2014).

3.2.2 �B ioavailability of Polyphenols

The biological activity of dietary polyphenols depends on their bioavailability, intes-
tinal absorption and metabolism in the gastrointestinal tract, which itself depends 
on their chemical structure. Polyphenols can be absorbed from the small intestine, 
but, more often, since they are frequently present as esters, glycosides or polymers in 
their food matrix, they cannot be absorbed as such. To be absorbed, these molecules 
must be previously hydrolyzed by intestinal enzymes or by the colonic microflora. 
Phase II metabolism then converts them to methylated, sulphated and/or glucuroni-
dated metabolites (Gil-Cardoso et al., 2016). Polyphenols are thus rapidly degraded, 
metabolized and often poorly absorbed, resulting in limited bioavailability: most 
native polyphenols are only found in nM to µM ranges, and, in plasma, glucuroni-
dated, sulphated and methylated derivatives are found next to the free phenolic form 
(Goszcz et al., 2017; Zhang and Tsao, 2016).

On the other hand, large differences exist in bioavailability, and, for example, some 
flavonoid classes may be absorbed sufficiently to exert cardioprotective effects in 
vivo (Lilamand et al., 2014). Furthermore, intracellular deconjugation metabolism of 
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phase II metabolites, releasing parent polyphenols in cells and tissues and provoking 
local activity, has to be taken into account.

Non-hydrolyzed polyphenols reach the colon, where they are metabolized by 
the colonic microbiota, whose phenolic metabolites may act as the true pharmaco-
logical agents (Zhang and Tsao, 2016). The microbial composition of the intestine 
seems to have great relevance for the individual response to these compounds, 
resulting in a personal specific metabotype or enterotype. This is, for instance, 
illustrated in the biotransformation of some isoflavones into equol, suggested to 
have higher efficacy than the parent compound. Only about 30% of the Western 
population and 60% of Asian subjects can produce equol and have more beneficial 
health effects from soy consumption, due to the presence of specific bacteria in the 
gut (Costa et al., 2017).

Moreover, regular consumption of polyphenol-rich foods could in turn influ-
ence the colonic bacterial population and their metabolic activities, enlarging inter-
individual bioavailability variation. This is illustrated by a significant difference in 
bacterial metabolite profiles between regular cocoa product consumers and non-con-
sumers after dark chocolate intake (Khan et al., 2014). There is thus a bidirectional 
phenolic-microbiota interaction. Stratification in clinical trials according to metabo-
types is therefore necessary to fully assess the biological activity of polyphenols 
(Espin et al., 2017; Tomas-Barberan et al., 2016).

The complexity of the metabolic output of the gut microbiota, depending to a 
large extent on the individual metabolic capacity, emphasizes the need for assess-
ment of functional analysis using metabolomics in conjunction with determinations 
of gut microbiota compositions (Stevens and Maier, 2016).

Many conflicting results have been reported between in vitro and in vivo studies 
Although in vitro reports of observed activities are not always reflected in a clinical 
result, human in vivo activities do occur, often by direct interactions with recep-
tors, enzymes and signaling pathways, by modulation of gene expression through 
activation of various transcription factors or by the activity displayed by degradation 
products and metabolites.

For flavanols Sies et al. published conclusions reached at the 27th Hohenheim 
Consensus Conference held on July 11, 2011. Consensus was obtained for flavanol 
biological functions, which can occur at cellular and systemic levels by modulating 
cellular signaling and enzyme activities at intakes achievable with a normal diet. 
Randomized, controlled trials show an effect on blood pressure, LDL cholesterol 
and FMD (Sies et al., 2012).

The enormous diversity of chemical structures—parent and hydrolyzed poly-
phenols and phase II and microbial metabolites—hampers the identification of 
the active compound(s). Often, several metabolites or the whole array of related 
compounds may be responsible for the observed effect (Feliciano et al., 2016; 
Mansuri et al., 2014).

3.2.3 �E pidemiological Studies with Arterial Stiffness Assessment

Several epidemiological studies indicate a positive correlation between polyphenol-
rich food intake (e.g. flavonoid-rich food, cocoa) and several cardiovascular end 
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points like cardiovascular mortality, myocardial infarction, chronic heart disease 
and heart failure. However, studies specifically linking arterial stiffness outcomes to 
polyphenols are heterogeneous and limited but seem to indicate a beneficial effect. 
Next to the already mentioned limitations of dietary polyphenol trials on vascular 
stiffness, primarily a correct  approximation of polyphenol intake seems difficult, 
especially for polymeric compounds. Usually polyphenol intake is estimated using 
food frequency questionnaires linked to databases with dietary polyphenol contents. 
Higher polymers with larger molecular weights will not be bioavailable as such, 
but their metabolites could contribute to the observed effects. Assessing polyphenol 
intake should be addressed by the development and measurement of adequate bio-
markers in plasma or urine.

Some studies are mentioned here for illustrative purposes.
Higher anthocyanin and flavone intake has been associated with lower PWV in 

a study on 18–75-year-old women (n = 1898), while higher cocoa intake was linked 
to lower PWV in another study group of 18–60-year-old persons (n = 198) (Jennings 
et al., 2012; Lilamand et al., 2014; Vlachopoulos et al., 2007b). Phytoestrogens (iso-
flavones and lignans) protect against arterial degeneration through an effect on the 
arterial wall (PWV), especially in older women. (n = 403) (van der Schouw et al., 
2002). Epidemiological studies on soy isoflavones in general demonstrated improved 
arterial compliance, induced nitrite/nitrate levels and decreased endothelin-1 levels 
in men and postmenopausal women (Upadhyay and Dixit, 2015).

3.2.4 �I nterventional Human Studies with Arterial Stiffness Assessment

Several, usually small-scale, interventional studies on dietary polyphenols and arte-
rial stiffness have been published. Studies reported are heterogeneous in popula-
tion, dose, markers and follow-up. The relevance of generally small arterial stiffness 
effects observed for clinical outcomes remains to be investigated. Often evaluation 
of arterial stiffness markers is combined with registration of effects on blood pres-
sure and endothelial function, parameters that are also affected by vascular stiff-
ness. Most evidence exists for the beneficial effect of cocoa and its derived products, 
which has been translated into the approval of a health claim by the European Food 
Safety Authority (EFSA) on the effect of cocoa polyphenols in maintaining blood 
vessel elasticity.

3.2.4.1 � Cocoa
Cocoa and chocolate are rich in flavonoids and proanthocyanidins. Available lit-
erature supports the  blood pressure–lowering activity of cocoa (chocolate, cocoa 
drinks or flavonoid-enriched derivatives); generally, this reduction is more pro-
nounced in systolic blood pressure than in diastolic blood pressure. Cocoa intake 
has also been associated with decreased cardiovascular risk. Numerous studies also 
report improvement in vascular function, measured by brachial FMD or by PWV. 
Effects were best correlated with flavanol intake and plasma concentrations. The 
positive effect of cocoa flavonoids has been observed in healthy individuals as well 
as in hypertensive, diabetic, obese, cardiovascular or renal disease patients. Potential 
mechanisms include activation of NO synthase and increased bioavailability of NO 
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as well as antioxidant and anti-inflammatory properties (Ludovici et al., 2017a; 
Vlachopoulos et al., 2007a).

As an illustration, a few recent reports on the reduction of arterial stiffness with 
cocoa or its derived products are listed here.

Vlachopoulos reports increased FMD and reduced aortic AIx for dark chocolate 
(100g) without changes in PWV in healthy volunteers (n = 17) (Vlachopoulos et al., 
2005). In another study in healthy individuals (n = 20), a simultaneous decrease in 
arterial stiffness, blood pressure and endothelin-1 levels has been observed (5 times 
10g/d during 1 week) (Grassi et al., 2015a). Analogously, dark chocolate increases 
FMD in healthy and hypertensive subjects with and without glucose intolerance 
(Borghi and Cicero, 2017; Grassi et al., 2008; Grassi et al., 2012). Similar results 
were obtained showing decreased PWV, improved FMD and blood pressure after 
14 days of intake of cocoa flavanol drinks (450 mg cocoa flavanols/d; n = 22 young + 
n = 20 elderly men) (Heiss et al., 2015). Acute cocoa supplementation in diabetes type 
2 patients (n = 18; 960 mg total polyphenols) only showed an effect in large artery 
elasticity (but not in small arteries) and on blood pressure or insulin resistance (Basu 
et al., 2015). In overweight adults, dark chocolate and cocoa enhanced vasodilation 
generally, but only in women the AIx was decreased (n = 30, 4 weeks, 37 g/d dark 
chocolate and a cocoa beverage (22 g total cocoa/d)) (West et al., 2014).

In addition to several reports on the improvement of arterial stiffness by cocoa 
flavonols, Sansone et al. observed a more pronounced effect on brachial PWV and 
on FMD, DBP and circulating angiogenic cells in healthy volunteers (n = 47, several 
studies) when methylxanthines (theobromine, caffeine) were administered simulta-
neously. The co-ingestion of methylxanthines and cocoa flavonols seems to have an 
influence on the absorption, resulting in increased plasma concentrations of (–)-epi-
catechin metabolites (Sansone et al., 2017). Apparently, caffeine does not show com-
parable effects on coffee polyphenols (Vlachopoulos et al., 2007a).

Recently, correction of vascular impairment (FMD, PWV) after sleep depriva-
tion has been observed after acute intake of flavanol-rich chocolate, while working 
memory performance was also restored (n = 32) (Grassi et al., 2016).

Isolated flavonoids epicatechin (100 mg/d) (present in cocoa) and quercetin (160 
mg/d) failed to show any effect on FMD, arterial stiffness, blood pressure, NO 
or endothelin 1. Epicatechin, however, improved insulin resistance in a four-week 
crossover trial (n = 37) (Dower et al., 2015). In a following study by the same group, 
however, the effects of pure epicatechin are compared to those of dark chocolate. 
FMD and AIx were measured. There were no differences between pure epicat-
echin and dark chocolate, while only dark chocolate influenced NO and endothe-
lin-1 levels. The bioavailability of epicatechin seemed irrespective of the matrix. 
Epicatechin may thus contribute to the vascular function effects of cocoa (n = 20) 
(Dower et al., 2016).

Although some deviating results have been reported, the bulk of evidence 
observed in both epidemiological and interventional studies led to the approval of 
a health claim about the effect of cocoa polyphenols in maintaining blood vessel 
elasticity by the European Food Safety Authority (EFSA). To achieve this, 200 mg of 
cocoa flavanols, consumed as 2,5 g high-flavanol cocoa powder or 10g high flavanol 
dark chocolate, should be ingested daily (Ludovici et al., 2017a).
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3.2.4.2 � Coffee
Habitual coffee consumption is associated with increased aortic stiffness and wave 
reflections in healthy subjects. This is not only due, as expected, to the vasoconstric-
tive caffeine, since de-caffeinated coffee also augments arterial stiffness to a certain 
extent. Increased inflammatory markers are observed with chronic coffee intake 
(Vlachopoulos et al., 2007a).

For the acute administration of chlorogenic acids, the main polyphenols in coffee, 
there were no significant effects observed on BP, nor were there significant effects 
of the predominant isomer 5-CGA on peak FMD response. However, there were 
significant improvements in mean post-ischemic FMD response, in healthy individu-
als (n = 16) (Ward et al., 2016)

In another study, a single consumption of coffee polyphenol extract improved 
postprandial hyperglycemia and vascular endothelial function (FMD), which was 
associated with increased glucagon-like peptide 1 (GLP-1) secretion and decreased 
oxidative stress in healthy humans (n = 19) (Jokura et al., 2015).

3.2.4.3 � Tea
Black tea (flavonoids, theaflavins, thearubigins) (800 mg flavonoids/d) intake dose-
dependently decreased arterial stiffness as well as blood pressure in healthy volun-
teers and in hypertensive patients.(n = 19; 5 periods of 1 week) (Grassi et al., 2009). 
However, a study with green tea (mainly flavanols, like epigallocatechin-3-gallate) 
(9g; 4 weeks) in type 2 diabetic patients (n = 55) did not show changes in PWV, nor in 
inflammatory markers (Ryu et al., 2006). Another study with green tea (acute; 836 
mg green tea catechins) showed a different influence on the digital volume pulse-
stiffness index according to genotype differences with regard to catechol-O-methyl-
transferase (COMT) (Miller et al., 2011). The counteracting effect of caffeine in tea 
reduces the potential beneficial effect of the tea polyphenols but results in a faster 
and shorter plasma peak level (Vlachopoulos et al., 2007a).

3.2.4.4 � Fruit
3.2.4.4.1 � Various Fruits
In general, men with increased cardiovascular disease (CVD) risk, consuming fla-
vonoid-rich fruits and vegetables, benefit by an increased endothelium-dependent 
microvascular reactivity, the prevention of vascular stiffness and reduced NO. 
Reduction of inflammatory biomarkers was observed (see Section 3.2.5.3) (Grassi 
et al., 2015b; Macready et al., 2014).

Apples with skin (‘flavonoid-rich apples’) significantly increased FMD in com-
parison with apple flesh only (‘low flavonoid apple’), without significant differences 
in blood pressure and arterial stiffness (N = 30; 4 weeks) (Bondonno et al., 2018).

An anthocyanin-rich red orange juice reduced postprandial triglyceride con-
centration and vascular stiffness (AIx) after intake of a fatty meal. These effects 
were not observed with the anthocyanin-poor blond orange juice. Both juices sig-
nificantly prevented white blood cell increase and myeloperoxidase release, thus 
preventing the low-grade inflammation induced by a fatty meal (n = 18, acute) 
(Cerletti et al., 2015).
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Consumption of grapefruit juice (providing 210 mg naringenin glycosides daily) 
for six months in a crossover trial in postmenopausal women decreased carotid-fem-
oral PWV without affecting endothelial function, inflammation or oxidative stress 
(n = 48) (Habauzit et al., 2015).

On the other hand, a single intake of orange juice or a matched dose of a hesperi-
din (320 mg; n = 16) supplement did not alter cardiovascular risk biomarkers, includ-
ing endothelial function, arterial stiffness or blood pressure (Schaer et al., 2015), nor 
did a single pomegranate drink influence the digital volume pulse-stiffness index 
(Mathew et al., 2012). In another trial, pomegranate juice supplementation in healthy 
adults (n = 51, 330 ml/d) for four weeks showed no effect on PWV and plasma FRAP 
while displaying a significant fall in SBP and DBP (Lynn et al., 2012).

Ray and coworkers already concluded in 2014 that several factors limit the assess-
ment of vascular and endothelial dysfunction in nutritional studies with fruit juice 
intake. Heterogeneity in methodology and study design, limited data, bioavailability 
and metabolism issues complicate interpretation (Ray et al., 2014), which also holds 
for other polyphenol research on this topic.

A single dose of a mango (Mangifera indica) fruit preparation (100 mg or 300 mg 
Careless™) provoked an increase in cutaneous blood flow in a small trial on volun-
teers (n = 10) without significant improvement in endothelial function (measured by 
EndoPAT); activation of eNOS has, however, been observed. The activating proper-
ties of Careless towards sirtuin 1 (SIRT1) and AMPK, which have been identified 
as playing a key role in microcirculation and endothelial function, had already been 
described (Gerstgrasser et al., 2016).

3.2.4.4.2 � Berries
Berry (poly)phenols (primarily flavonoids, isoflavonoids, anthocyanins, proanthocy-
anidins) have been investigated in a few small-scale studies for their beneficial effects 
on several surrogate markers of cardiovascular risk, including arterial stiffness. 
Anthocyanins are probably the main bioactive compounds that characterize berries 
and are found mainly in the external layer of the pericarp (Vendrame et al., 2016).

Cranberry juice (Vaccinium macrocarpon; 500 ml juice/d) failed to show a sig-
nificant decrease in AIx as a measure of arterial stiffness in abdominally obese men 
(35 men, 4 weeks crossover against placebo juice). However, a significant within-
group decrease in AIx was noted over four weeks (Ruel et al., 2013). In another 
study, cranberry juice (94 mg anthocyanin—4 weeks) displayed an acute lower 
PWV in adults (n = 44) with coronaropathy (Dohadwala et al., 2011; Lilamand et 
al., 2014). In nonsmokers and young smokers, a blueberry (Vaccinium corymbosum) 
serving (300 g blueberries, acute) improved peripheral arterial dysfunction mea-
sured by the reactive hyperemia index, but failed to display differences in the digital 
augmentation index as a measure for arterial stiffness. This was also not reflected in 
modulation of oxidative stress and antioxidant defense markers (Del Bo et al., 2014, 
2016, 2017). In postmenopausal women with hypertension (n = 48, 8 weeks), daily 
blueberry powder (22g) did, however, reduce blood pressure and arterial stiffness 
(brachial-ankle PWV), which may at least partly be due to the observed increase in 
NO production (Johnson et al., 2015). Addition of freeze-dried strawberry powder 
(Fragaria ananassa) to a high-fat meal did not alter vascular function or postprandial 
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triglycerides, glucose or insulin compared to a control meal (n = 30) (Richter et al., 
2017b). Blackcurrant drinks (Ribes nigrum), rich in anthocyanins, decreased post-
prandial glucose and insulin but did not exhibit effects on arterial stiffness or 8-iso-
prostane F2α (n = 23) (Castro-Acosta et al., 2016).

Black raspberry (Rubus occidentalis) extract (750mg/d; 12 weeks) improved 
arterial stiffness and vascular endothelial function in patients with metabolic syn-
drome, and inflammatory cytokines IL-6 and tumor necrosis factor-α (TNF-α) were 
decreased (Jeong et al., 2014, 2016).

Although some promising activities can be noted, the data are nevertheless not 
sufficient to correlate berry polyphenol intake with improved arterial stiffness. 
The importance of bioavailability of polyphenols has been stressed (Rodriguez-
Mateos et al., 2014). Anti-inflammatory and antioxidant effects are frequently 
reported in an overview on berry consumption in metabolic syndrome patients 
(Vendrame et al., 2016).

3.2.4.4.3 � Grapes/Wine/Stilbenes
In a dose-response-oriented review of studies published on polyphenols in general 
and Concord grape (monomeric and oligomeric favan-3-ols) juice, in particular, on 
cardiovascular risk factors, Blumberg and coworkers concluded that there appeared 
to be a strong relationship between daily total polyphenol dose and change in FMD 
observed in chronic beverage intervention studies. Also, for Concord grape juice, 
clinically significant effects on FMD have been observed (Blumberg et al., 2015).

In healthy smokers, Concord grape juice significantly improved FMD and carotid-
femoral PWV (n = 26, 2 weeks, crossover) (Siasos et al., 2014).

In another study, on the other hand, grape seed extract reduced SBP and DBP 
after six weeks of supplementation but failed to show significant changes in FMD or 
adhesion molecules. Effects were more pronounced in subjects with higher initial BP 
(n = 36) (Park et al., 2016).

Two spray-dried grape extracts (800 mg polyphenols/d), grape-red wine and grape 
extracts were compared in a four-week study of 60 mildly hypertensive subjects. 
Only the grape-wine extract, rich in catechins and procyanidins, decreased SBP and 
DBP, and this effect was independent of alcohol. A reduced plasma endothelin-1 
concentration has been proposed as the mechanism of action (Draijer et al., 2015).

Although in postmenopausal women (n = 45; 1g polyphenols/d), a six-week con-
sumption of dealcoholized red wine or red wine did not exhibit differences com-
pared to control, arterial stiffness (AIx) improved over time in the dealcoholized red 
wine group compared to baseline (Naissides et al., 2006).

Resveratrol (stilbene) itself, present in grape skin (100 mg/d; 12 weeks; 50 
patients), was able to ameliorate arterial stiffness (cardio-ankle vascular index 
CAVI) in type 2 diabetes patients, next to a reduction in body weight and body 
mass index, SBP and oxidative stress (diacron-reactive oxygen metabolites) 
(Imamura et al., 2017). Both acute (n = 19) and chronic (n = 28; 75 mg/d; 6 weeks) 
supplementation with resveratrol also improved FMD in overweight and obese 
adults (Wong et al., 2011, 2013).

Grape extracts and wine seem to have some blood-pressure-lowering effects, and 
a few reports point to an improved FMD, although conflicting reports have also been 
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published. An effect on NO production and endothelin-1 synthesis has been postu-
lated (Vlachopoulos et al., 2007a).

3.2.4.5 � Soy/Isoflavones
Evidence from earlier trials on soy, summarized by Pase et al., suggested a beneficial 
effect of soy intakes (and isoflavones herein) on arterial stiffness measured through 
PWV and arterial compliance, and this could, at least in part, explain the low inci-
dence of heart disease in populations with high soy intake (Pase et al., 2011). This 
has been confirmed by Lilamand and coworkers, who observed a decrease in PWV 
in healthy adults after isoflavone supplementation (Lilamand et al., 2014).

Red clover isoflavones (80 mg/d; 6 weeks), enriched in formononetin, had benefi-
cial effects on arterial stiffness and vascular resistance in men and postmenopausal 
women (n = 80) (Teede et al., 2003). Isoflavone intake (50 mg/d) in black soybean tea 
effectively reduced the cardio-ankle vascular index (CAVI) among both premeno-
pausal smokers and nonsmokers, but had no effect in postmenopausal smokers or 
nonsmokers; brachial-ankle PWV, on the other hand, showed no differences, point-
ing out that results can differ largely, depending on the marker used (n = 55, 8 weeks) 
(Hoshida et al., 2011).

Treatment with isoflavone-containing soy protein, on the other hand, failed to 
show differences in AIx and PWV in a patient group with slightly elevated blood 
pressure in a small randomized crossover trial (25 and 50g soy protein/d; 6 weeks, 
20 patients). Authors suggest influence of different bioavailability depending on the 
food matrix to explain differing results in other studies (Richter et al., 2017a).

A significant decrease of PWV and improvement of pulse pressure variability 
has been observed in a one-year trial with isoflavones-enriched chocolate (850 mg 
flavan-3-ols + 100 mg isoflavones) in type 2 diabetic postmenopausal women (n = 93). 
Equol producers were particularly responsive (Curtis et al., 2013). Also earlier, equol-
producing ability had been linked to a decreased arterial stiffness (Gil-Izquierdo 
et al., 2012). Pasta enriched with soy isoflavone aglycones (33 mg/d) improved arte-
rial stiffness and reduced blood pressure, consistent with an improved oxidative 
stress status (lower 8-iso-PGF2α, higher reduced glutathione GSH). Improvements 
were more important in equol producers (n = 26 type 2 diabetics; n = 62 hyper-
cholesterolemia subjects) (Clerici et al., 2007, 2011). Soy isoflavones significantly 
improved carotid-femoral PWV in male equol producer phenotypes, corresponding 
to an 11%–12% reduced risk of cardiovascular disease, in contrast to the absence of 
any effect for commercial equol in non-equol producers, indicating the importance 
of the equol producer phenotype for vascular protection (n = 28, 80 mg isoflavone 
aglycones, acute) (Hazim et al., 2016).

However, soy nut snack consumption for a four-week period (101 mg isoflavone 
aglycones) improved arterial stiffness (AIx) in a small interventional trial (n = 17) 
in adults with cardiometabolic risk, independent of the investigated inflamma-
tory biomarkers (TNF-α, oxLDL, CRP, interleukins), and independent of equol or 
O-desmethylangolensin production (Reverri et al., 2015).

In spite of some diverging results, the importance of metabolites in biological 
activities of polyphenols should thus not be neglected, as illustrated for isoflavones. 
This is demonstrated by the effect of trans-tetrahydrodaidzein (1g/d), a metabolite 
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normally formed after consumption of isoflavones (formononetin, daidzein), which 
reduces blood pressure and arterial stiffness in obese men and postmenopausal 
women (n = 25; 5 weeks) (Nestel et al., 2007).

3.2.4.6 � Olive
Acute ingestion of olive polyphenols oleuropein and hydroxytyrosol in an olive 
leaf extract (51 mg OLE; 10mg HT) improved vascular function (digital volume  
pulse-stiffness index) and ex vivo IL-8 production. The observed effects were related 
to analysis of the phenolic metabolites in urine (n = 18) (Lockyer et al., 2015). A recent 
double-blind randomized controlled trial confirmed this antioxidant effect and 
showed that a combination of red yeast rice and olive extract (containing 9.32 mg HT) 
decreased SBP and DBP (n = 50; 8 weeks) (Hermans et al., 2017; Verhoeven et al., 
2015). An olive fruit extract standardized in hydroxytyrosol reduced the cardio-ankle 
vascular index (CAVI) in subjects with arterial stiffness risk (Pais et al., 2016).

3.2.4.7 � Miscellaneous
A short study on 39 subjects investigating the effects of a polyphenol-rich beverage 
(with 722 mg polyphenols from green tea, grape seed, grape pomace, ruby red grape 
juice, lemon and apple and 240 mg of vitamin C/d) on PWV and microvascular 
responses to sodium nitroprusside and acetylcholine laser Doppler iontophoresis did 
not show any differences. The only effect observed was an increase in IL-6, indicat-
ing an increased inflammatory state. Authors postulate a possible pro-oxidant effect 
of isolated polyphenols and suggest larger and longer intervention studies to evaluate 
this more thoroughly (n = 39; 4 weeks) (Mullan et al., 2016).

A curcuminoid extract (1,5 g/d) significantly reduced PWV in type 2 diabetic 
subjects in a six-month trial (n = 240) (Chuengsamarn et al., 2014), and curcumin 
(150 mg/d) increased FMD (and therefore endothelial function) in postmenopausal 
women (n = 32; 8 weeks) (Akazawa et al., 2012).

In a crossover trial in an overweight population, daily walnut consumption (56g/d) 
improved FMD of the brachial artery from baseline together with a reduction in SBP 
(n = 46; 8 weeks) (Katz et al., 2012). The principal polyphenols in walnut are ellagi-
tannins, mainly pedunculagin (Sanchez-Gonzalez et al., 2017).

A quercetin-rich onion-skin extract (162 mg quercetin/d) decreased SBP in a trial 
on overweight or obese subjects with hypertension. Other variables, however, like 
endothelial function, adhesion molecules, endothelin-1 and markers of inflammation 
and oxidative stress, remained unchanged (n = 70; 6 weeks) (Bruell et al., 2015)

Melissa officinalis (lemon balm) extract (169 mg polyphenols/d; 123,8 mg rosma-
rinic acid/d) showed significant reduction in brachial-ankle PWV (28 healthy per-
sons, 6 weeks) in an open label parallel comparative trial (Yui et al., 2017).

3.2.5 �I mpact on Mechanisms Contributing to Arterial Stiffness

The impact of dietary phenols on the most important mechanisms contributing to the 
pathophysiology of arterial stiffness are discussed below. Vascular, antioxidant, anti-
inflammatory, antiglycation and autophagy-inducing effects are addressed.
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However, several of those mechanisms, like oxidative stress and inflammation, 
are closely interrelated, since oxidative stress can cause inflammation, which in turn 
can induce oxidative stress. Both oxidative stress and inflammation cause injury 
to endothelial cells. Endothelial dysfunction in turn promotes a proinflammatory 
environment, resulting inter alia in an increased expression of adhesion molecules. 
As a positive feedback loop, vascular inflammation leads to endothelial dysfunction 
(Siti et al., 2015).

Radical scavenging and metal-chelating properties of polyphenols, important 
for an antioxidative effect, can also contribute to antiglycation. Furthermore, tran-
scription factors and signaling pathways involved in oxidation and inflammation are 
implicated in autophagy.

3.2.5.1 � Vascular Effects
Vasomotor responses of the endothelium are regulated by NO (vasodilating) and 
endothelin (vasoconstricting). Human trials have demonstrated vasoprotective 
effects mediated by NO, which is produced by endothelial nitric oxide synthase 
(eNOS). Adequate production and bioavailability of eNOS-derived NO is necessary 
for the maintenance of a healthy endothelium; a reduced eNOS-derived NO bioavail-
ability results in endothelial dysfunction (Katz et al., 2011).

On the other hand, blood pressure is determined by the renin-angiotensin-aldo-
sterone system (RAAS), producing the vasoconstrictive angiotensin II (Ang II) from 
angiotensin I (Ang I) by the angiotensin-converting enzyme (ACE).

Polyphenols display antihypertensive effects by increasing NO production in 
endothelial cells as well as by a direct inhibition of ACE (Lilamand et al., 2014).

Several dietary polyphenols increase the production or bioavailability of endo-
thelial nitric oxide, as seen for cocoa flavanols. Their vasodilatory response is NO 
dependent and can be reversed by blocking nitric oxide synthesis (Katz et al., 2011).

Endothelin-1 (ET-1), on the other hand, is a potent vasoconstrictor peptide with 
pro-oxidant and proinflammatory properties and is of interest in the development 
of endothelial dysfunction. ET-1 expression and production in endothelial cells is, 
among others, increased by Ang II-stimulation and ageing. ET-1 overexpression acti-
vates NADPH oxidase, and therefore ROS formation, causing oxidative stress and 
forming a positive feedback loop of oxidative stress-mediated endothelial oxidative 
injury and dysfunction. Next to that, oxidative stress also causes amplification of the 
angiotensin-converting enzyme (ACE) activity, subsequently stimulating the angio-
tensin II receptor type 1 (AT-1) receptor by Ang II, and thus inducing the production 
of ROS by NADPH oxidase and amplifying the detrimental process (Siti et al., 2015).

Several acute and short-term trials have investigated effects of flavonoid-rich foods 
and beverages on FMD as marker of endothelial function. indicating an increase in 
FMD of about 20%–30% (Croft, 2016). Phytoestrogens (isoflavonoids (genistein, 
daidzein), flavonoids (e.g. artemetin), anthocyanins (e.g. delphinidin) induce vaso-
dilation by binding to estrogen receptors in physiologically relevant concentrations, 
leading to increased endothelial NOS (eNOS) activity and increased NO synthesis 
(Goszcz et al., 2017). Inhibition of ET-1 release in human umbilical vein endothelial 
cells (HUVECs), together with increased eNOS expression, has been demonstrated 
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for delphinidin and cyanidin. For delphinidin glycosides, stimulation of endothelin B 
receptors and inhibition of ACE have also been reported (Goszcz et al., 2017).

The specific mechanisms by which cocoa flavanols improve vascular function are 
still under investigation but appear not to be explained by their general antioxidant 
effects. It is more likely achieved by modulation of NADPH oxidase, which gener-
ates superoxide radical anion, to maintain levels low enough to not harm the vascular 
endothelium. An increased activity of NADPH oxidase is implicated in vascular 
dysfunction (Katz et al., 2011). Cocoa supplementation decreased both SBP and DBP 
in several studies. In a 2014 review, Latham et al. concluded that cocoa flavanols’ 
beneficial cardiovascular effects are the result of increased NO bioavailability (Ferri 
et al., 2015; Latham et al., 2014). Antioxidant activity can contribute to an enhanced 
endothelial function. NO degradation is related to free radical action, and therefore 
vascular function is also function of the antioxidant (and anti-inflammatory) actions, 
as observed for cocoa (Ludovici et al., 2017a).

In a study by Ibero-Baraibar et al., cocoa intake for four weeks significantly 
decreased postprandial SBP, while bioavailability of cocoa compounds was con-
firmed by analysis of 14 derived metabolites in plasma (Ibero-Baraibar et al., 2016).

Resveratrol increases endothelial NO production, thereby improving endothelial 
dysfunction and lowering BP in hypertensive rats, which is explained by calcium-
dependent eNOS activation (Li et al., 2016). Morin, a flavonol present in the Moracaea 
family, protects against endothelial dysfunction in diabetes through an Akt (protein 
kinase B)-dependent activation of eNOS signaling (Taguchi et al., 2016).

Blood pressure reduction by cocoa through stimulation of eNOS activity has been 
confirmed by Ludovici and coworkers, next to an increase in L-arginine bioavail-
ability by reduced arginase activity. Additionally, inhibition of ET-1 production and 
of L-NAME has been observed (Ludovici et al., 2017a). Also, ACE is inhibited by 
procyanidin-rich chocolate (Ferri et al., 2015; Ludovici et al., 2017a). Oligomeric 
procyanidins are reported to stimulate endothelium-dependent vasodilation, sup-
press ET-1 synthesis and inhibit the activity of ACE, resulting in blood-pressure-
lowering effects. However, bioavailability of those oligomers is an important factor 
for translation into in vivo effects (Hugel et al., 2016).

A similar effect is also observed for tea flavanols (-)-epicatechin, (-)-epigallocat-
echin and their gallates that dose-dependently inhibit ACE in HUVEC cells (Ferri 
et al., 2015; Persson et al., 2006). Interference of flavonoids in blood pressure regula-
tion by RAAS results in a lower production of superoxide anion by NADPH oxidase 
(Ferri et al., 2015).

Adenosine monophosphate-activated protein kinase (AMPK) is an important sen-
sor of cell energy status and can be activated by stressors such as oxidative stress, 
hypoxia and nutrient deprivation. Targets of AMPK include enzymes of glucose and 
lipid metabolism, mitochondrial enzymes and eNOS, which is responsible for NO 
production (Croft, 2016).

EGCG is able to increase cytosolic calcium concentrations, contributing to 
NO production by binding to calmodulin in the heart and vascular endothelium. 
Furthermore, it activates AMPK, and consequently reduces ET-1 expression (Kim 
et al., 2014).
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In vivo, resveratrol treatment stimulates the activities of sirtuin 1 (SIRT1) and 
AMPK, both of which influence the regulation of metabolism (Smoliga et al., 2011).

Increases in media-to-lumen ratios and wall component stiffness were attenuated 
by resveratrol and the related stilbenoids pterostilbene and gnetol in a spontaneously 
hypertensive heart failure rat model. However, the authors could not demonstrate a 
role of AMPK or ERK herein (Lee et al., 2017). In contrast, an earlier report men-
tions attenuation of the vascular geometry remodeling process and ERK-signaling 
by resveratrol in spontaneously hypertensive rats, rather than direct effects on arte-
rial wall stiffness (Behbahani et al., 2010). In spontaneous hypertensive rats, whole 
grape extract tended to reduce arterial wall component stiffness but did not show 
significance. Reduced blood pressure and improved vascular function and compli-
ance were, however, observed, and due not only to the grape resveratrol but to several 
grape components (Thandapilly et al., 2012).

A low-molecular grape seed polyphenol extract, rich in flavanols, decreased 
plasma ET-1, upregulating eNOS and Sirt-1 and downregulating aortic gene expres-
sion of ET-1 and NADPH in rats, indicating the vasoprotective effect of grape seed 
flavanols (Pons et al., 2016).

Curcumin supplementation in young and old mice resulted in amelioration of age-
associated large elastic artery stiffening (PWV), NO-mediated vascular endothelial 
dysfunction, oxidative stress and increases in collagen and AGEs in mice (Fleenor 
et al., 2013).

3.2.5.2 � Oxidant Status
The chemical structure of several polyphenols is ideal for scavenging free radicals 
and reactive oxygen species. The aromatic feature and highly conjugated system 
with multiple hydroxyl groups make these compounds excellent electron or hydrogen 
atom donors, neutralizing free radicals and other ROS. Therefore, dietary pheno-
lics are powerful antioxidants in vitro (Zhang and Tsao, 2016). Differences exist 
depending on the number and location of the free hydroxyl groups—the presence of 
catechol groups are especially important—and on the electron deficiency in antho-
cyanins. Besides direct scavenging of ROS and reactive nitrogen species (RNS), 
polyphenols can react with the peroxidation products of macromolecules such as 
lipids, proteins, DNA and RNA, or act as metal chelators. Nevertheless, the promis-
ing in vitro antioxidant capacity cannot easily be extrapolated to an in vivo situation 
due to the limited bioavailability of polyphenols (Goszcz et al., 2017).

The plasma concentration of flavonoids is typically insufficient (less than 1 mmol/L) 
to exert significant antioxidant activities via direct radical scavenging or reducing 
power, measurable by the existing in vitro assay methods. The complex intrinsic anti-
oxidant system also makes it difficult to validate the systemic antioxidant effects of the 
poorly absorbed phenolic compounds in vivo (Zhang and Tsao, 2016).

Although polyphenols have been linked to a reduced risk for CVD, primarily 
indicated by altered biomarkers of oxidative stress, a causal link is more difficult to 
prove (Goszcz et al., 2017). Moreover, high consumption of antioxidant polyphenols 
has a noxious pro-oxidant effect, thus stimulating oxidation of biomolecules. On 
the other hand, moderate pro-oxidant effects could also turn out to be beneficial, 
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by stimulation of the intracellular antioxidant defense mechanisms, like antioxidant 
enzymes (Goszcz et al., 2017). Indeed, it has become clear that the antioxidant effect 
goes beyond direct interference with ROS. Modulation of ROS production in mito-
chondria, NADPH oxidases and uncoupled eNOS, together with upregulation of 
antioxidant enzymes such as glutathione-S-transferase (GST), superoxide dismutase 
(SOD), glutathione reductase (GR), quinone oxidoreductase 1, heme oxygenase 1 
(Hmox-1) and glutamyl-cysteine ligase (GSL) is more relevant (Amiot et al., 2016).

A proposed mechanism for ‘nutritional antioxidants,’ like polyphenols, involves 
the paradoxical oxidative activation of the NFE2-related factor 2 (Nrf2) signaling 
pathway. Nrf2 can be activated by ROS in the cytoplasm, after which it translocates 
to the nucleus and regulates ARE-mediated transcriptions of various genes encod-
ing the above-mentioned antioxidant enzymes (Goszcz et al., 2017; Zhang and Tsao, 
2016). Nrf2 is under constant control of the redox-sensitive repressor protein Keap1 
(Zenkov et al., 2016).

Low concentrations of phenolic compounds (or their metabolic products) and the 
quinones formed under the influence of interactions with ROS are electrophiles that 
can interact with Keap1 (Kelch-like ECH-associated protein 1) and thus lead to acti-
vation of the redox-sensitive Nrf2 (Croft, 2016; Forman et al., 2014). The consump-
tion or supplementation of dietary polyphenols has indeed been shown to restore the 
redox homeostasis, inducing an antioxidant response in target cells using the Nrf-2/
ARE (Nrf-2/antioxidant responsive element) pathway and thus inducing detoxifying 
enzymes.

Resveratrol, for instance, demonstrates a wide range of biological effects, of 
which many are related to the ability to scavenge radicals and activate the Keap1/
Nrf2/ARE signaling system. Additionally, it inhibits transcription factors NF-κB, 
AP-1, p53 and activates kinases MAPK, Akt, AMPK, PI3K as well as SIRT1. 
Flavonoids, including catechins like EGCG and hydroxytyrosol from olive, also are 
seen to induce this antioxidant-signaling system (Zenkov et al., 2016). Modulation 
of such antioxidant-signaling cascades by polyphenols recently has been evidenced 
extensively in vitro and animal models (Goszcz et al., 2017). Flavonoids modulate 
different signaling cascades such as phosphoinositide 3-kinase (PI 3-kinase), Akt/
PKB, tyrosine kinases, protein kinase C (PKC) and MAPK (Ferri et al., 2015). In 
addition, flavonoids also modulate the expression of various genes through activa-
tion of a broad range of transcription factors (Mansuri et al., 2014). Curcumin acti-
vates the Keap1/Nrf2/ARE system and induces the expression of antioxidant genes 
(Zenkov et al., 2016). The vascular protection and antioxidative effect of soy isofla-
vone diets is attributed mostly to an upregulation of eNOS expression and activity, 
increased NO bioavailability associated with Nrf2 accumulation and ARE depen-
dent activation of antioxidant defense enzymes (Upadhyay and Dixit, 2015). Cocoa 
flavanols can directly interact with ROS but exhibit antioxidant effects indirectly 
through modulation of crucial oxidative stress-related enzymes: induction of antioxi-
dant enzymes and inhibition of pro-oxidant enzymes like NADPH oxidase (Martin 
and Ramos, 2016). Anthocyanin-rich beverages increased superoxide dismutase and 
catalase, and decreased malondialdehyde, a biomarker of lipid peroxidation, without 
affecting inflammatory biomarkers in healthy women (Kuntz et al., 2014).
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Moreover, flavonols and isoflavones can regulate aryl hydrocarbon receptor 
(AhR)-mediated signaling in cells, thus influencing (Nrf)-2 translocation (Zhang 
and Tsao, 2016).

Chlorogenic acid is seen to protect against HOCl-induced oxidative damage in 
mouse endothelial cells ex vivo, via increased production of NO and induction of 
heme oxygenase 1 (Hmox-1). Hmox-1 is a key regulator of endothelial function and is 
involved in vascular protection against ROS-induced oxidative damage, and AMPK 
activation results in its expression through the Nrf2/ARE pathway (Jiang et al., 2016).

Additionally, dietary polyphenols can also suppress oxidative stress by interfering 
with inflammatory signaling cascades controlled by nuclear factor kappa B (NF-κB) 
and mitogen-activated protein kinase (MAPK). Activation of these cellular processes 
leads to induction of regulatory immune responses. As a result, proinflammatory 
cytokines, including interleukin (IL)-1β, IL-6, IL-8, tumor necrosis factor (TNF)-α 
and interferon (IFN)-γ are released (Zhang and Tsao, 2016). Figure 3.4 shows modu-
lation by dietary polyphenols of oxidative/antioxidative pathways involved in arterial 
stiffness.

3.2.5.3 � Anti-Inflammatory Activity
Antioxidant and anti-inflammatory pathways influenced by dietary polyphenols are 
largely intertwined and can affect similar biomarkers (Zhang and Tsao, 2016).

NF-κB is a central factor in inflammation. It is a transcription factor that stimu-
lates the encoding of several genes, including those responsible for producing cyto-
kines, chemokines, immunoreceptors, cell adhesion molecules and acute-phase 
proteins. The activation of NF-κB is redox-sensitive. Direct inhibition of NF-κB by 
polyphenols (e.g. resveratrol and curcumin analogues) is an important mechanism 
for their anti-inflammatory effect (Goszcz et al., 2017).

FIGURE 3.4  Overview of oxidative/antioxidative pathways involved in arterial stiffness 
etiology and interactions of dietary polyphenols. Stimulation is denoted by +; inhibition by −.
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The nucleotide-binding oligomerization domain, leucine-rich repeat contain-
ing gene family and pyrin-domain containing 3 (NLRP3) inflammasome is a key 
node that links the signaling cascades between antioxidant response and inflam-
mation and has recently been shown to be modulated by polyphenols. Increased 
ROS activates NLRP3, which induces IL-1β, and via toll-like receptor (TLR)-1, it 
triggers NF-κB-activated and MAPK-induced proinflammatory signaling, produc-
ing inflammatory cytokines such as IL-1β, IL-6, IL-8, TNF-α and IFN-γ (Zhang 
and Tsao, 2016). Several reports on the modulation of NLRP3 activation by poly-
phenols (e.g. resveratrol, procyanidin B2, chlorogenic acid) resulting in an anti-
inflammatory effect have been published recently (Misawa et al., 2015; Shi et al., 
2018; Yang et al., 2014).

Anthocyanins also target the MAPK pathway (Goszcz et al., 2017). Polyphenols, 
including flavonoids, have also been reported to stimulate PPAR-γ (peroxisome 
proliferator-activated receptor γ) or SIRT1-mediated signaling and to interfere with 
TNF-α-induced MAPKs and NF-κB proinflammatory signaling transductions, 
resulting in the repression of inflammation (Zhang and Tsao, 2016). In a small study 
in two different diabetic rat models (insulin-deficient and insulin-resistant), baicalein 
ameliorated blood pressure elevations and exhibited both antiglycation (AGEs) and 
anti-inflammatory (NF-κB, TNF-α) mechanisms (El-Bassossy et al., 2014).

Curcumin is a potent multi-targeted polyphenol that modulates multiple cell sig-
naling pathways linked to different chronic diseases. It has been shown to exhibit 
anti-inflammatory effects by downregulating various cytokines, such as TNF-α, IL-1, 
IL-6, IL-8, IL-12, monocyte chemoattractant protein (MCP)-1 and IL− 1β, and vari-
ous inflammatory enzymes and transcription factors (Kunnumakkara et al., 2017).

Dietary polyphenols can also modulate proinflammatory NF-κB signaling 
through targeting of the RelB/AhR complex, which is also involved in redox man-
agement due to binding with the xenobiotic responsive element. Dietary flavonoids 
are known as AhR modulators (Zhang and Tsao, 2016).

Cell adhesion molecules, including intercellular adhesion molecule-1 (ICAM-1), 
vascular cell adhesion molecule-1 (VCAM-1) and endothelial selectin (E-selectin) 
are glycoproteins involved in tissue integrity, cellular communication and interac-
tions, and extracellular matrix contact. They are increased in endothelial dysfunc-
tion, vascular remodeling and obesity (Mozos et al., 2017a). Polyphenols also display 
anti-inflammatory properties by inhibiting adhesion molecule production (VCAM, 
ICAM-1) by the endothelium. In vitro, 14 phenolic acid metabolites and six flavonoids 
were screened for their relative effects on sVCAM-1 secretion by HUVECs stimu-
lated with tumor necrosis factor alpha (TNF-α). Protocatechuic acid was the most 
active of the phenolic metabolites, while native flavonoids showed no activity in 
HUVECs (Warner et al., 2016). In vivo, conflicting results exist on modulation of cell 
adhesion molecules (VCAM and/or ICAM) after interventions with polyphenol con-
taining foods (Amiot et al., 2016). Resveratrol ameliorates aortic stiffness (PWV) in 
mice with metabolic syndrome by activation of vascular smooth muscle sirtuin-1, 
associated with a decrease in NF-κB activation and VCAM-1 (Fry et al., 2016).

The expression of other proinflammatory mediators like cyclooxygenase 2 (COX-2) 
is suppressed by various flavonoids and anthocyanins (Goszcz et al., 2017); for example, 
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the beneficial effect of flavonoids on intestinal inflammation has directly been related 
to the suppression of proinflammatory enzyme expression, such as COX-2 and iNOS 
(Gil-Cardoso et al., 2016). Polyphenols from red wine and black tea (quercetin, EGCG, 
epicatechin gallate and theaflavins) are able to inhibit COX-2 and lipoxygenase in a 
dose-dependent manner in lipopolysaccharide (LPS)-activated murine macrophages 
(Upadhyay and Dixit, 2015).

CRP and hsCRP values were associated with arterial stiffness in patients with 
metabolic syndrome, renal transplant, diabetes mellitus and rheumatoid arthritis 
(Mozos et al., 2017a).

Resveratrol significantly reduced CRP while increasing Total Antioxidant Status 
(TAS) values in smokers (Bo et al., 2013). Resveratrol was tested in various studies, 
sometimes combined with grape extract, and generally showed a decrease in CRP, 
IL-1β, ICAM, TNF-α expression and IL-10 in different populations (Rangel-Huerta 
et al., 2015). Red wine phenolics decreased serum levels of ICAM-1, E-selectin and 
IL-6 (Chiva-Blanch et al., 2012).

In a, 2011 meta-analysis, Dong and coworkers concluded that there was insuf-
ficient evidence for the significant reduction of CRP by soy isoflavones in postmeno-
pausal women in general. However, soy isoflavones may reduce CRP significantly 
among postmenopausal women with elevated CRP (Dong et al., 2011). Several other 
inflammatory biomarkers have been investigated after isoflavone consumption but 
without consistent conclusions (Rangel-Huerta et al., 2015). Lignans, however, are 
not efficient in reducing CRP in the general population but do show a significant 
decrease in obese subjects (Ren et al., 2016).

Cocoa powder and epicatechin decreased several inflammatory markers like 
TNF-α, IL-6, IL-10 and CRP. Flavonoid-rich fruit and vegetable intake reduced 
CRP, E-selectin and VCAM in men with increased CVD risk (Macready et al., 2014).

Pomegranate juice did not exhibit a significant effect on CRP levels in a meta-
analysis of five prospective trials (Sahebkar et al., 2016).

Olive oil polyphenols are able to decrease inflammatory markers such as throm-
boxanes, leukotrienes, cytokines, CRP and soluble adhesion molecules in humans 
(Scoditti et al., 2014). A traditional Mediterranean diet, including polyphenol-rich 
virgin olive oil, decreased plasma oxidative and inflammatory status and the cor-
responding gene expression in peripheral blood mononuclear cells of healthy vol-
unteers, indicating that the benefits associated with a Mediterranean diet and olive 
oil polyphenol consumption on cardiovascular risk can be mediated, at least in part, 
through nutrigenomic effects (Konstantinidou et al., 2010).

Catechins and curcumin, for instance, are found to regulate matrix metallopro-
teinases (MMPs) expression in diverse models, including in VSMC (Upadhyay 
and Dixit, 2015). Also, red grape skin extracts and their polyphenols (trans-
resveratrol, trans-piceid, kaempferol and quercetin) inhibit endothelial invasion 
as well as the MMP-9 and MMP-2 (gelatinases) release in stimulated endothe-
lial cells and MMP-9 production in monocytes, at concentrations likely to be 
achieved after moderate red grape skin consumption (Calabriso et al., 2016). 
Figure 3.5 represents interactions of dietary polyphenols with inflammatory 
pathways in AS.
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3.2.5.4 � Antiglycation/AGEs
Advanced glycation end products (AGEs) are the end products of the Maillard reac-
tion, in which proteins or amino acids react with reducing sugars. The crosslinking 
of vascular collagen by AGEs increases arterial stiffness. Soluble receptors for AGE 
(sRAGE) levels are inversely correlated with the urinary excretion of isoprostanes 
(8-iso-PGF2α), a biomarker of lipid peroxidation, suggesting a link between vascular 
stiffness and oxidative stress (Santilli et al., 2015).

Polyphenols can exhibit antiglycation function through their influence on glucose 
metabolism (aldose reductase inhibition), antioxidant properties (free radical scav-
enging, metal chelating), protein and receptor binding, modulation of gene expres-
sion and dicarbonyl (e.g. methylglyoxal = a highly reactive intermediate) trapping 
properties (Khangholi et al., 2016).

A bulk of evidence exists for the in vitro antiglycation properties of polyphenols. 
Some polyphenols show to be even more effective than aminoguanidine in inhibiting 
glycation in vitro (Vlassopoulos et al., 2014). Xie and Chen reviewed in vitro and ani-
mal studies on the antiglycation activity of polyphenols to extract a structure-activity 
relationship (Xie and Chen, 2013). Lemon balm (Melissa officinalis) has been selected 
as the most active extract from 681 hot water extracts in a pentosidine formation assay, 
with higher potency than the reference compound aminoguanidine. Rosmarinic acid 
has been identified as the major active compound herein (Yui et al., 2017).

Redox-active transition metals such as Cu 2+, Fe 2+, Mn 2+ and Zn 2+ catalyze 
carbonyl formation in proteins. Inhibitors of AGE formation, which have been suc-
cessful at decreasing arterial stiffness, have known ability to chelate metals (Sell and 
Monnier, 2012).

Pomegranate (Punica granatum) extract and its polyphenolic constituents puni-
calin, punicagalin and ellagic and gallic acid significantly suppressed AGE formation 

FIGURE 3.5  Overview of inflammatory pathways involved in arterial stiffness etiology, 
and interactions of dietary polyphenols. Stimulation is denoted by +; inhibition by −.
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in vitro and in a mouse model (Kumagai et al., 2015). Also rambutan (Nephelium 
lappaceum) extract exhibited antiglycation activity in vitro, which correlated to its 
antioxidant activity. The main compounds were geraniin and ellagic acid (Zhuang 
et al., 2017). Similarly, glucitol-core containing gallotannins isolated from maple 
(Acer) species inhibit AGEs, mediated by their antioxidant (radical trapping) poten-
tial (Ma et al., 2016).

For quercetin, researchers demonstrated that the antiglycation activity in vitro 
was due to its metal-chelating, methylglyoxal-trapping and ROS-trapping properties. 
It was the most active polyphenol tested (Bhuiyan et al., 2017).

In a recent review on polyphenols with antiglycation activity, Yeh et al. reported 
on the antiglycation potential of different polyphenol classes. The number of -OH 
groups seems important for the activity. Simultaneous use of multiple polyphenol 
types could add to their efficacy (Yeh et al., 2017). This is also illustrated by the 
in vitro antiglycation activity of an olive leaf extract and two characterized frac-
tions. Both inhibition of early and advanced-stage glycation was observed. However, 
each fraction separately was not able to show the same activity, indicating that com-
pounds from both fractions are necessary for the effect. Hydroxytyrosol in synergy 
with minor compounds with similar polarity seemed responsible for the activity in a 
hepatic cell line (Navarro and Morales, 2017; Navarro et al., 2017).

More in vivo studies should clarify the relevance of dietary polyphenols in protec-
tion against AGE-depending conditions like arterial stiffening.

3.2.5.5 � Autophagy
Natural compounds with anti-inflammatory and antioxidant activity like polyphe-
nols are potentially useful to prevent arterial stiffness by promoting autophagy. The 
mammalian target of rapamycin (mTOR) is a central protein kinase which represses 
autophagy and is under control of kinase signaling cascades, including the autoph-
agy-activating AMPK pathway (Zenkov et al., 2016).

Limited results are available for resveratrol, activating SIRT1 and AMPK in endo-
thelial and smooth muscle cells in vitro, inducing smooth muscle cell differentiation and 
thus maintaining vascular plasticity (De Meyer et al., 2015). Also, in rhesus monkeys, 
resveratrol, known to activate endothelial autophagy, reduced arterial ageing (Sasaki 
et al., 2017). Curcumin and analogues are effective stimulators of autophagy by modu-
lating several transcription factors (NF-κB, Nrf2, AP-1, HIF-1). Green tea polyphenols 
alleviated autophagy inhibition induced by high glucose, which may be involved in 
the endothelial protective effects of green tea against hyperglycemia (Zhang et al., 
2016). EGCG was able to enhance autophagy-dependent survival through modulation 
of mTOR-AMPK pathways (Holczer et al., 2018). However, modulation of autophagy 
by EGCG seems dependent of cell type, stress condition and concentration: low levels 
of EGCG increase autophagy, while higher levels decrease this process (Kim et al., 
2014). EGCG increased formation of LC3-II and autophagosomes and therefore stimu-
lated autophagy in bovine endothelial cells (Kim et al., 2013).

Hydroxytyrosol (HT) is able to induce autophagy, and this is associated with a 
lower inflammatory response in vascular adventitial fibroblasts (Wang et al., 2018). 
The activation of the Sirtuin 1 (SIRT1) signaling pathway is thought to play an impor-
tant role in this process (Cetrullo et al., 2016; Wang et al., 2018; Yang et al., 2017). 
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HT has been reported to induce autophagosome formation but at the same time to 
inhibit their degradation by lysosomes in cancer cells; as of yet, there are no reports 
in endothelial cells or VSMC (Zenkov et al., 2016).

Additionally, oleuropein (OLE)-aglycone has been shown to induce autophagy 
through AMPK/mTOR-mediated signaling (Rigacci et al., 2015).

3.3 � CONCLUSION

Arterial stiffness is an important risk factor for cardiovascular morbidity and mor-
tality, and is reflected by structural and functional changes in the vessel wall. It has 
received considerable interest as relevant target for patients with increased cardio-
vascular risk. Nutrition and food-related compounds can offer a suitable strategy in 
the prevention or reversal of AS.

Considering the different mechanisms involved in the pathophysiology of arterial 
stiffness, dietary polyphenols offer an array of relevant activities, interfering with 
vascular, oxidative, inflammatory, glycation and autophagy pathways, and are there-
fore potentially interesting to counteract or prevent age-induced vascular stiffening. 
The elucidation of the exact mechanism of action and targets for native polyphe-
nols, but more importantly for their metabolites, stays largely neglected and should 
receive more attention. In vivo beneficial effects of polyphenols on arterial stiff-
ness, and therefore protective effects against cardiovascular risk, have been reported, 
although findings often have been inconclusive or even inconsistent. Most evidence 
exists on cocoa and the flavanols therein, isoflavones and anthocyanins.

However, available trials are predominantly small-scale studies with limited 
duration. Moreover, they profoundly differ in tested compounds or composition of 
extracts or foods, dosage, intervention schemes, population, endpoints and markers. 
There is a need for more randomized, placebo-controlled trials using validated bio-
markers, and with sufficient follow-up.

Additionally, polyphenol composition of food is a result of cultivation, processing, 
storage and cooking parameters, implicating a large variability. Often no or inad-
equate polyphenol composition has been assessed.

Furthermore, it is difficult to identify the bioactivity of a single polyphenol, since 
clinical effects of foodstuffs are likely to be the result of interactions between dif-
ferent polyphenols and of polyphenols with other food components, interfering with 
different molecular targets simultaneously.

Additionally, the extensive metabolism of polyphenols adds substantially to the 
potential bioactive compound array. Most studies do not take into account bioavail-
ability data, and levels and activities of polyphenol phase I and II and microbial 
metabolites, though this is of major importance. Detailed monitoring of polyphenol 
bioavailability is therefore required. Apart from the biological activities of those 
metabolites, an intracellular deconjugation metabolism of phase II metabolites 
has to be taken into account, releasing parent polyphenols in cells and tissues and 
provoking local activity. In gut metabolism, the individual microbial community 
adds variability to the metabolite pool and thus to the biological or clinical effect 
observed.
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Application of metabolomics approaches could identify all polyphenolic metab-
olites involved in an observed effect, and will help to elucidate mechanisms and 
targets of their activity in arterial stiffness. However, it should be considered that 
even the use of valid biomarkers and metabolomics can be biased by several factors, 
including those influencing microbial metabolism (e.g. by use of antibiotics). Also 
24 h urine samples could afford a better reflection of the bioavailable metabolites 
throughout time, which sampling at a given timepoint cannot provide.

ABBREVIATIONS

5-CGA	 	5-chlorogenic acid/5-caffeoylquinic acid
ACE	 	angiotensin-converting enzyme
AGE	 	advanced glycation endpoint
AhR	 	aryl hydrocarbon receptor
Aix	 	augmentation index
Akt	 	protein kinase B
AMPK	 	AMP-activated protein kinase
Ang I	 	angiotensin I
Ang II	 	angiotensin II
AP-1	 	activator protein 1
ARE	 	antioxidant responsive element
AS	 	arterial stiffness
AT-1	 	angiotensin II receptor type 1
baPWV	 	brachial-ankle pulse wave velocity
BP	 	blood pressure
CAT	 	catalase
CAVI	 	cardio-ankle vascular index
COMT	 	catechol-O-methyltransferase
COX-2	 	cyclooxygenase 2
CRP	 	C-reactive protein
CV	 	cardiovascular
CVD	 	cardiovascular disease
DHA	 	docosahexaenoic acid
DNA	 	deoxyribonucleic acid
DBP	 	diastolic blood pressure
EFSA	 	European Food Safety Authority
EGCG	 	epigallocatechin gallate
eNOS	 	endothelial nitric oxide synthase
EPA	 	eicosapentaeneoic acid
ERK	 	extracellular signal-regulated protein kinase
ET-1	 	Endothelin-1
FMD	 	flow mediated dilation
FRAP	 	ferric reducing ability of plasma
GLP-1	 	glucagon-like peptide 1
GPx	 	glutathione peroxidase
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GR	 	 glutathione reductase
GSH	 	 reduced glutathione
GSL	 	 glutamyl-cysteine ligase
GST	 	 glutathione-S-transferase
HIF-1α	 	 hypoxia-inducible factor 1α
Hmox-1	 	 heme oxygenase 1
hsCRP	 	 high sensitive C-reactive protein
HT	 	 hydroxytyrosol
HUVEC	 	 human umbilical vein endothelial cells
ICAM-1	 	 including intercellular adhesion molecule-1
IFN-γ	 	 interferon-γ
IGF-1	 	 insulin-like growth factor 1
IL	 	 interleukin
iNOS	 	 inducible nitric oxide synthase
Keap1	 	 Kelch-like ECH-associated protein 1
L-NAME	 	 N(ω)-nitro-L-arginine methyl ester
LDL	 	 low-density lipoprotein
LOX	 	 lysyl oxidase
LOX-1	 	 lectin-like oxidized low-density lipoprotein receptor 1
LV	 	 left ventricular
MAPK	 	 mitogen-activated protein kinases
MCP	 	 monocyte chemoattractant protein
MMP	 	 matrix metalloproteinase
mTOR	 	 mammalian target of rapamycin
NAD(P)H	 	 nicotinamide adenine dinucleotide phosphate
NF-κB	 	 nuclear factor kappa B
NLRP3	 	� nucleotide-binding oligomerization domain, leucine-rich repeat 

containing gene family, and pyrin-domain containing 3
NO	 	 nitric oxide
Nrf2	 	 Nuclear factor (erythroid-derived 2)-like 2/NFE2-related factor 2
OLE	 	 oleuropein
oxLDL	 	 oxidized low-density lipoprotein
p53	 	 tumor protein p53
PACE4	 	 paired basic amino acid-cleaving enzyme 4
PI3K	 	 phosphoinositide 3-kinase
PKC	 	 protein kinase C
PON	 	 paraoxonase
PPAR-γ	 	 peroxisome proliferator-activated receptor γ
PWV	 	 pulse wave velocity
RAAS	 	 Renin-angiotensin-aldosterone system
RAGE	 	 receptor of AGE
RNA	 	 ribonucleic acid
ROS	 	 reactive oxygen species
SBP	 	 systolic blood pressure
SIRT1	 	 sirtuin 1
SOD	 	 superoxide dismutase
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TAS	 	 Total Antioxidant Status
TBARS	 	 thiobarbituric acid-reactive substances
TNF-α	 	 tumor necrosis factor-α
TRX	 	 thioredoxin
VCAM-1	 	 vascular cell adhesion molecule-1
VSMC	 	 vascular smooth muscle cells
XO	 	 xanthine oxidase
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Potential Therapeutic Uses of the Genus Cecropia

4.1 � INTRODUCTION

In several Latin-American countries, many species of the genus Cecropia (Urticaceae) 
have been widely used in folk medicine as diuretic, cardiotonic, antioxidant, antitussive 
and expectorant, as well as for the treatment of cough, asthma, diabetes, inflammation, 
anxiety, depression and hypertension (Costa et al., 2011a; Gazal et al., 2014; Pacheco 
et al., 2014; Pio-Corrêa, 1978; Matos, 1989; Gupta, 1995; Caballero-George et al., 2001). 
Souccar et al. (2008) have also made claims of the efficacy of plant-derived material 
from Cecropia glaziovii in wound healing, analgesic and antimicrobial activities.

Even though the exact mechanism by which these plants reduce blood pressure is 
still unclear, there is scientific evidence that support the use of Cecropia glaziovii, 
C. hololeuca, C. obtusifolia, C. pachystachya (Syn.: C. adenopus, C. lyratiloba, 
C. catarinensis) and C. peltata as antihypertensive agents. This evidence will be 
discussed in this chapter.

4.2 � TAXONOMY AND GEOGRAPHICAL 
DISTRIBUTION OF THE GENUS CECROPIA

Trees of the genus Cecropia are generally dioecious, with few branches (usually with 
a candelabrum-like branching system) and a hollow trunk. These trees can have stilt 
roots, fully amplexicaul stipules, peltate blades with one to two trichilia at the base of 
the petioles and inflorescences arranged in digitate clusters (or a single inflorescence) 
often enveloped by a spathe until anthesis. In such trees, the interfloral bracts are 
generally absent, flowers have two stamens and trees have small dry fruits enveloped 
by a tubular greenish perianth (Berg et al., 1990; Berg and Franco-Rosselli, 2005).

These generally fast-growing trees are widespread and abundant. They are distributed 
across the tropical and subtropical rainforests of Mexico, Central America and South 
America at elevations below 2,600 m (Franco-Rosselli and Berg, 1997). The genus 
Cecropia includes 61 species (Berg and Franco-Rosselli, 2005), including species popu-
larly known as “yarumo,” “guarumo,” “guarumbo,” “embaúba,” “ambay,” “torém,’’ and 
“trumpet tree.” (Luengas-Caicedo et al., 2007; Costa et al., 2011a; Ospina Chávez et al., 
2013; Hernández-Carvajal and Luengas-Caicedo, 2013; Montoya Peláez et al., 2013).

The ecological significance of the trees within the genus Cecropia is associated with 
their rapid growth rate, which makes them the primary colonizers of deforested tropi-
cal areas (Monro, 2009) and invasive species in non-native regions. (Conn et al., 2012). 
In addition, most species within the genus Cecropia are ant-plants or Myrmecophytes 
(Gutiérrez-Valencia et al., 2017). They may live in a symbiotic relationship with a col-
ony of symbiotic ants, especially ants of the genus Azteca (Treiber et al., 2016). They 
possess specialized structures for offering shelter and food to ants in exchange for 
protection against natural enemies (Dejean et al., 2010; Oliveira et al., 2015).

4.2.1 � Cecropia glaziovii Snethl.

This species is characterized by trees of 20 m height. Their petioles have fused 
trichilia, are 20–55 cm long, usually puberulous to sub-hispidulous or sub-glabrous; 
their stipules usually are 15–27 cm long, bright to dark red to purplish or sometimes 
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greenish. Their lamina is subcoriaceous to chartaceous with 8–12 segments, the 
upper surface scabrous, hispidulous to strigose, the lower surface usually minutely 
puberulous on the main veins; with lateral veins in the free part of the medial seg-
ment usually 12–16 pairs. This species has staminate inflorescences with a dark 
to pale red or greenish spathes, 9–22 cm long; with spikes usually 8–12 per inflo-
rescence, yellow, sometimes pink. Their pistillate inflorescences have red or green 
spathes, which are 10–15 cm long; with 4–9 spikes per inflorescence. Their fruit 
is ellipsoid to oblongoid, 2–2.5 mm long, smooth, pale or dark brown (Figures 4.1 
and 4.2) (Berg and Franco-Rosselli, 2005).

4.2.2 � Cecropia hololeuca Miq.

Cecropia hololeuca species are trees up to 25 m high. They have petioles without 
trichilia, 30–95 cm long, glabrous, with arachnoid indumentum or hirsute to subvil-
lous at the base, sometimes only with brown pluricellular hairs; and yellowish-white 
to brownish stipules of 10–40 cm long. Their coriaceous lamina has 8–10 segments, 
the upper surface is glabrous, with dense arachnoid indumentum, the lower surface 
with arachnoid indumentum in the areoles and on the smaller veins or also on the 
main veins. There are 12–15 pairs of lateral veins in the free part of the medial 

FIGURE 4.1  Inflorescences of Cecropia glaziovii Snethl. (Urticaceae); embaúba. Location: 
Praia Laranjeiras; Balneário Camboriú, Santa Catarina, Brazil, June 26, 2018. (Courtesy of 
Oscar Benigno Iza.)
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segment. This species has staminate inflorescences without spathes (sometimes with 
bracts on the upper part of the peduncle); with 9–17 red-wine to dark purple or black 
spikes per inflorescence. It also has pistillate inflorescences without spathes, but with 
1 or 2 bracts on the upper part or the apex of the peduncle; 1 or 2 (rarely 3) spikes per 
inflorescence, red to purplish, turning blackish. Fruit ellipsoid to oblongoid, 3–4 mm 
long, tuberculate, dark brown (Figure 4.3) (Berg and Franco-Rosselli, 2005).

FIGURE 4.2  Habitat of Cecropia glaziovii Snethl. (Urticaceae); embaúba. Location: Praia 
Laranjeiras; Balneário Camboriú, Santa Catarina, Brazil, June 26, 2018. (Courtesy of Oscar 
Benigno Iza.)

FIGURE 4.3  Leaves and inflorescences of Cecropia hololeuca Miq. (Urticaceae). (Courtesy 
of Harari Lorenzi, Instituto Plantarum, Brazil.)
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4.2.3 � Cecropia obtusifolia Bertol.

The trees of this species are up to 12 m high. Their petioles have a fused trich-
ilia, usually 20–80 cm long, puberulous to hirtellous, occasionally with arachnoid 
indumentum or sub-glabrous; red or yellowish stipules of 5–15 cm long. They also 
have a chartaceous to subcoriaceous lamina, usually with 10–13 segments, the 
upper surface scabrous, hispidulous, the lower surface puberulous to hirtellous 
to subtomentose on the veins, with arachnoid indumentum in the areoles; with 
usually 15–25 pairs of lateral veins in the free part of the medial segment. Their 
staminate inflorescences have red, pink, purple or yellowish 5–20 cm long spathes; 
with usually 8–18 spikes per inflorescence. Their pistillate inflorescences have red-
dish to yellowish 12–22 cm long spathes; spikes usually 2–4 per inflorescence. 
Fruit ellipsoid, 2–2.5 mm long, smooth, dark brown (Figures 4.4 and 4.5) (Berg 
and Franco-Rosselli, 2005).

4.2.4 � Cecropia pachystachya Trécul (Syn.: C. adenopus Mart. Ex 
Miq., C. lyratiloba Miq. and C. catarinensis Cuatrec.)

This species is characterized by trees of 20 m height. Their petioles have fused trich-
ilia, 10–55 cm long, puberulous to hirtellous, mostly with sparse to dense arachnoid 
indumentum; stipules usually 10–22 cm long, white to pale green. Lamina subcoria-
ceous to chartaceous with 9–13 segments, the upper surfaces scabrous, hispidulous 
or partly hirtellous, the lower surfaces puberulous to sub-hirtellous to sub-tomen-
tose, with arachnoid indumentum in the areoles; with 10–20 pairs of lateral veins 
in the free part of the medial segment. Their staminate inflorescences have a white 

FIGURE 4.4  Pistillate inflorescences of Cecropia obtusifolia Bertol (Urticaceae).  
Location: Panamá Oeste Province; Cerro Campana, Panama, June 2016. (Courtesy of Orlando 
O. Ortíz.)
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to pale green 3–18 cm long spathes; 5–20 spikes per inflorescence. Their pistillate 
inflorescences have greenish-white spathes, 3–10 cm long; usually 3–6 spikes per 
inflorescence. Fruit oblongoid, 2–2.2 cm long, tuberculate, dark brown (Figure 4.6) 
(Berg and Franco-Rosselli, 2005).

4.2.5 � Cecropia peltata L.

Cecropia peltata are trees usually of 15 m height. Their petiole has fused trich-
ilia, usually 20–50 cm long, puberlous or also with arachnoid indumentum; with 
pinkish or reddish stipules 3–10 cm long. This psecies has a chartaceous to subco-
riaceous lamina, usually with 8–10 segments; the upper surfaces is scabrous and 
hispidulous, the lower surface minutely puberulous, intermixed with sparse longer 
hairs, with arachnoid indumentum in the areoles; with usually 10–15 pairs of lat-
eral veins in the free part of the medial segment. Their staminate inflorescences 
have pinkish, greenish or whitish 2.5–7 cm long spathes; usually with 15–25 spikes 
per inflorescence. Their pistillate inflorescences have pinkish or greenish-white 
spathes, 3.5–6 cm long; usually with 3–4 spikes per inflorescence. Their fruit is 
ovoid to ellipsoid, 2 mm long, tuberculate, dark brown (Figures 4.7 and 4.8) (Berg 
and Franco-Rosselli, 2005).

FIGURE 4.5  Habitat of Cecropia obtusifolia Bertol (Urticaceae). Location: Eastern 
Panama; Cerro Azul, Panama, June 2016. (Courtesy of Orlando O. Ortíz.)



113Potential Therapeutic Uses of the Genus Cecropia

4.3 � BIOLOGICAL ACTIVITIES AND PHYTOCONSTITUENTS 
THAT SUPPORT ETHNOMEDICAL USES OF THE 
GENUS CECROPIA AS ANTIHYPERTENSIVE AGENT

With an objective of understanding the mechanism by which different extracts of 
Cecropia species have the capacity to reduce blood pressure, numerous studies have 
been carried out and are summarized vide infra in this review.

4.3.1 � Cecropia glaziovii.

Early pioneer experiments on C. glaziovii from Brazil by Lapa and collaborators 
showed that oral administration of the water decoction of its leaves (0.5 g/kg/bid) 
and the corresponding n-butanol fraction (0.1 g/kg/day) induced hypotension in nor-
motensive rats, decreased hypertension in spontaneous hyptertensive rats (SHR) and 
induced (by L-NAME and unilateral reduction of renal blood flow). These effects 
were established after 4–15 days treatment (Lapa et al., 1999; Lima-Landman et al., 
2007).

FIGURE 4.6  Inflorescences of Cecropia pachystachya Trécul (Urticaceae); embaúba. 
Location: Praia Laranjeiras; Balneário Camboriú, Santa Catarina, Brazil, June 26, 2018. 
(Courtesy of Oscar Benigno Iza/UNIVALI.)
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Additionally, the n-butanol fraction (100 µg/ml) blocked the peak Ca++ current in 
cromaffin cells of a PC12 cell line after five minutes and decreased smooth muscle 
contraction (Lapa et al., 1999). Moreover, intravenous administration of the n-buta-
nol fraction to anesthetized rats induced a transient hypotension and inhibited the 
pressor responses to angiotensin II, noradrenaline and angiotensin I by 42.8 ± 11.7%, 
45.6 ± 10.8% and 47.6 ± 12.2%, respectively (Lima-Landman et al., 2007).

Additional studies showed that hot methanol extract (0.33 mg/ml) of the spit-
ules of C. glaziovii inhibited 91 ± 9% the activity of angiotensin converting enzyme 

FIGURE 4.7  Leaves and pistillate inflorescences of Cecropia peltata L. (Urticaceae). Location: 
Eastern Panama; Cerro Azul, Panama, June 2016. (Courtsey of  Orlando O. Ortíz.)

FIGURE 4.8  Young leaves and pistillate inflorescences of Cecropia peltata L. (Urticaceae). 
Location: Panamá Oeste Province; Cerro Campana, Panama, June 2016. (Courtesy of  
Orlando O. Ortíz.)
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(ACE), while a similar type of extract of its leaves inhibited only half of this activity 
(Lacaille-Dubois et al., 2001). In contrast, in vivo experiments suggested that hypo-
tension induced by the aqueous extract of the leaves of C. glaziovii was unrelated to 
inhibition of ACE (Ninahuaman et al., 2007).

The above described active n-butanol fraction contained catechin, epicate-
chin, procyanidin B2, procyanidin B5, procyanidin C1, isoorientin and isovitexin 
(Tanae et al., 2007), while the active methanol extract from the spitules con-
tained, in addition, isoquercitrin but did not contain isovitexin nor procyanidin 
B5 (Lacaille-Dubois et al., 2001).

4.3.2 � Cecropia hololeuca Miq.

At a concentration of 0.33 mg/ml, the methanolic extracts of the leaves and the bark 
of C. hololeuca inhibited 40 ± 4% and 33 ± 3% the activity of angiotensin converting 
enzyme (ACE), respectively. Major components within this extract were identified as 
orientin, isoorientin, (+)-catechin, (–)-epicatechin and two (–)-epicatechin-derived 
oligomeric procyanidins (procyanidin B2, procyanidin C1) chlorogenic and protocat-
echic acids (Lacaille-Dubois et al., 2001).

4.3.3 � Cecropia obtusifolia Bertol.

Evidence for the blood-pressure-lowering effect of the leaves of C. obtusifolia was 
seen after intravenous administration of 10 mg/kg of lyophilized ethanol extract to 
normotensive anesthetized male rats (Vidrio et al., 1982). Additionally, 50 mg/kg of 
an aqueous extract administered intravenously produced a fall in mean arterial blood 
pressure of 23.5% when it was administered to conscious SHR (Salas et al., 1987). 
Both acid and neutral methanol and dichloromethane fractions of the aerial parts of 
this plant caused relaxation of endothelium-intact aorta pre-contracted with phenyl-
ephrine. Methanol fractions showed a greater effect (>53.3 ± 3.3%) when compared 
to dichloromethane fractions (<42.2 ± 3.4%) (Guerrero et al., 2010).

A preliminary biological screening by radioligand-binding techniques revealed 
that both methanol/dichloromethane (1:1) and ethanol extracts from stems and leaves 
of C. obtusifolia at 100 µg/ml inhibited angiotensin II binding to the angiotensin II 
type 1 receptor by 80 ± 16% (stems) and 58 ± 2% (leaves), and endothelin-1 binding to 
the endothelin-1 type A receptor by 51 ± 12% (stems) and 63 ± 7 (leaves) (Caballero-
George et al., 2001).

Chlorogenic acid and isoorientin are the main compounds identified in the aque-
ous extract and the butanolic fraction of the leaves of C. obtusifolia (Andrade-Cetto 
and Wiedenfeld, 2001). The leaves of this plant contain five anthraquinones (aloe-
emodin, emodin, rhein, chrysophanol and physcion) (Yan et al., 2013), two saturated 
fatty acids (palmitic and stearic acid) (Guerrero et al., 2010), five steroids (β-sitosterol, 
stigmasterol (Andrade-Cetto and Heinrich, 2005), stigmast-4-en-3-one, 4-choles-
tene-3,24-dione and 4,22-cholestadien-3-one (Guerrero et al., 2010), and vanillic 
acid (Guerrero et al., 2010) have been identified in a small amount and only for 
the plant in these studies. Besides these, 4-vinyl-2-methoxy-phenol, 2-methylbenz-
aldehyde, 2,3-dihydrobenzofuran, 3ʹ-methoxyacetophenone (Guerrero et al., 2010), 
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1-(2-methyl-1-nonen-8-il)-aziridine and 4-ethyl-5-(n-3-valeroil)-6-hexahydrocou-
marin (Andrade-Cetto and Heinrich, 2005) have also been described.

4.3.4 � Cecropia pachystachya Trécul (Syn.: C. adenopus Mart. ex 
Miq., C. lyratiloba Miq. and C. catarinensis Cuatrec.)

The ethanol extract (0.33 mg/ml) of the leaves of C. pachystachya inhibited 42 ± 2% 
the activity of ACE (Lacaille-Dubois et al., 2001).

The aqueous extract of the leaves (300 mg/kg) of this plant decreased blood pres-
sure up to 46.2% of basal and increased heart rate up to 133% of basal on Wistar rats 
(Consolini and Migliori, 2005). These results may be explained by central block-
age of sympathetic nerves of vessels and central cholinergic inhibition of the heart, 
respectively. In this study, the activities were not associated to specific compounds. 
Furthermore, a 500 µg/ml flavonoid fraction of the methanol extract of leaves 
induced cardiac depression (reduction to 56.7 ± 5.1%) and inhibited adrenaline-
induced contractions of the aorta (34.2 ± 6.9%) in Wistar rats (Oliveira et al., 2003; 
Ramos Almeida et al., 2006).

The main flavonoids isolated from the flavonoid fraction were orientin, isoori-
entin, isovitexin and apigenin-6-galactosyl-6ʹʹ-O-galactopyranoside (Oliveira et al., 
2003; Ramos Almeida et al., 2006).

The main compounds identified in the aqueous and ethanol extracts of the leaves 
were chlorogenic acid and orientin (Maquiaveli et al., 2014).

The potential use of this plant in the treatment of renal chronic diseases was dem-
onstrated by reducing the inflammation and renal lesions in male Wistar rats submit-
ted to 5/6 nephrectomy. These effects were associated with ACE inhibition (67%), 
reduction of macrophage (ED-1 positive cells) infiltration, angiotensin II (AII) and 
c-Jun N-terminal kinase (p-JNK) expression and arginase activity in renal cortex of 
rats. (Maquiaveli et al., 2014).

Compounds found in the methanol extract of the leaves of C. pachystachya 
included isoorientin, isovitexin, protocatechic acid, chlorogenic acid, catechin, epi-
catechin and isoquercitrin (Lacaille-Dubois et al., 2001).

4.3.5 � Cecropia peltata L.

Even though traditional medicine in Brazil and Trinidad and Tobago claim C. pel-
tata is useful to treat heart diseases and hypertension (Lans, 2006; Agra et al., 
2007) there are no studies available supporting its antihypertensive properties. 
Nevertheless, since its chemistry is similar to that of other Cecropia species (Costa 
et al., 2011b), it can be suggested to also have antihypertensive potential.

4.4 � PROPOSED MECHANISMS OF ACTION

The overall composition of aqueous and alcoholic extracts of the aerial parts of these 
plants mainly contains procyanidins, phenolic acids, triterpenes and C-glycosylflavones. 
Literature describing the effect of these groups of compounds evaluated individually 
on different targets involved in blood pressure regulation is discussed below.



117Potential Therapeutic Uses of the Genus Cecropia

4.4.1 �A CE Inhibition

The renin-angiotensin system is a bioenzymatic cascade that plays a role in car-
diovascular homeostasis by influencing vascular tone, fluid and electrolyte bal-
ance (Mirabito Colafella and Danser, 2017). ACE is the key enzyme responsible 
for converting angiotensin I into the potent vasoconstrictor octapeptide angiotensin 
II (Studdy et al., 1983). The inhibition of this enzyme is a key factor for potential 
therapeutic interventions and, therefore, a target of selection when studying the anti-
hypertensive potential of drugs.

Major components of extracts from Cecropia hololeuca were identified as orien-
tin, isoorientin, (+)-catechin, (–)-epicatechin and two (–)-epicatechin-derived oligo-
meric procyanidins (procyanidin B2, procyanidin C1) chlorogenic and protocatechic 
acids (Lacaille-Dubois et al., 2001). All these compounds were tested individually 
at a concentration of 0.33 mg/ml, showing very little inhibition of ACE (< 48 ± 1). 
Interestingly, a fraction containing mainly procyanidins inhibited ACE activity by 
94 ± 4% at the same concentration (Lacaille-Dubois et al., 2001).

4.4.2 �I nteraction with Angiotensin and Endothelin Receptors

Angiotensin II AT1 and endothelin-1 ETA receptors are G-protein coupled recep-
tors involved in blood pressure regulation and two of the most common targets 
for the discovery of antihypertensive drugs (Timmermans et al., 1992; Takigawa 
et al., 1995).

Procyanidins have previously been shown to inhibit the binding of specific ligands 
to angiotensin II AT1 and endothelin-1 ETA receptors. Their effect depends on their 
degree of polymerization; thus, monomer and dimers showed less inhibition of bind-
ing than tetramers and procyanidins with higher polymerization degrees. Catechin, 
epicatechin, procyanidins B2 and B5 showed very little inhibitory activity over [3H] 
angiotensin binding to the AT1 receptor (Ki = 286 ± 1µM) and less than 56% bind-
ing inhibition to the ETA receptor at 100 µM. In contrast, procyaniding C1 inhibited 
76% the binding of the selective ETA receptor antagonist [3H] BQ123 but showed 
very little effect on the binding of [3H] angiotensin (Ki = 184 ± 19) (Caballero-George 
et al., 2002; Caballero-George, 2002).

Other compounds like ursolic acid and α-amyrin have also been studied for their 
ability to inhibit these two ligands. While 10 µg/ml ursolic acid inhibited 52 ± 2% 
[3H] BQ123 binding to the ETA receptor and 65 ± 27% [3H] angiotensin binding to 
the AT1 receptor, no activity was found with 10 µg/ml α-amyrin (Caballero-George 
et al., 2004).

4.4.3 � Vascular Smooth-Muscle Relaxation

Vasodilation produced by methanol and flavonoid fraction of Cecropia pachystachya 
is due to an endothelin-dependent effect probably by stimulation of NO production. 
Although a complex mixture like the crude extract showed activity, their main flavo-
noids isoorientin and a mixture of orientin/isovitexin did not seem to be active when 
tested individually (Ramos Almeida et al., 2006).
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4.5 � CONCLUSIONS

The therapeutic properties of the plants in this genus have generally been attrib-
uted to its chemical composition, consisting mainly in terpenoids, steroids (Ospina 
Chávez et al., 2013), chlorogenic and caffeic acids (Lacaille-Dubois et al., 2001), 
proanthocyanidins, flavonoids (Luengas-Caicedo et al., 2007) and other phenolic 
compounds (Gazal et al., 2014).

A mixture of phytoconstituents may be responsible for complex pharmacological 
effects, and this may be the reason it is difficult to correlate individual compounds 
with specific biological activities. In several studies, synergism has been suggested 
as the mechanism of action for these extracts (Ramos Almeida et al., 2006; Lacaille-
Dubois et al., 2001).

Caution must be used when comparing results from extracts obtained from dif-
ferent Cecropia species, since chemical composition may vary among species and 
geographical location.

Variation in chemical composition of extracts can depend on the method of extrac-
tion and on the species and the collection site. Although, some species of this genus have 
enough scientific support to be recommended as a phytomedicine to treat hypertension, 
additional studies regarding the methods to assure its quality need to be carried out.

Even though there are no studies available to support the use of Cecropia peltata 
in the treatment of hypertension, its chemical composition is similar to the well-
studied plants of this genus, thus it is possible to consider this plant as a valid option 
to this treatment.

While the medicinal use of the plants of this genus is officially recognized in 
National Pharmacopoeias and Formularies of several Latin-American countries, it 
is important to recognize that these phytomedicines are complex mixtures requiring 
a better understanding of their chemical composition and their correlation with the 
biological activities to assure their quality, safety and efficacy.
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5 Berries and Lipids in 
Cardiovascular Health

Arpita Basu, Nancy Betts, Paramita Basu 
and Timothy J. Lyons

5.1 � INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of global mortality and a grow-
ing worldwide public health problem. Among the multiple traditional risk factors 
of CVD, blood lipids, especially blood cholesterol level, is an established predic-
tor of CVD risks and subsequent complications. Low-density lipoprotein cholesterol 
(LDL-C) is a well-established risk factor for CVD and was recognized more than 
30 years ago by the National Heart, Lung, and Blood Institute when it created the 
National Cholesterol Education Program (NCEP) to educate both the medical com-
munity and the public about the need to lower levels of blood cholesterol to reduce 
the risk of major vascular events (NCEP, 1988). In a meta-regression analysis of 49 
clinical trials with 312,175 participants, each 1-mmol/L reduction in LDL-C level 
was associated with a 23% risk reduction of major vascular events for statins, and 
a 25% risk reduction for non-statin interventions, including dietary approaches to 
lower LDL-C (Silverman et al., 2016). Studies further reveal that residual cardiovas-
cular risk remains after LDL-C goals are achieved with lipid-lowering treatments, 
especially in high-risk patients such as those with type 2 diabetes or the metabolic 
syndrome. This residual risk can be attributed to low high-density lipoprotein 
(HDL) and high triglyceride-rich lipoprotein levels routinely measured in clinical 
care. Thus, in addition to LDL-C, triglyceride, HDL-C, non-HDL-C, total apolipo-
protein (apo) B, apoB/A-I and TC/HDL-C levels are considered significant predic-
tors of cardiovascular events and have been validated in large prospective studies in 
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cardiovascular and diabetes epidemiology (Arsenault et al., 2009; Kastelein et al., 
2008; Ray et al., 2009). Further, qualitative changes in lipids, such as shifts among 
low, medium and large lipid particle size and molar concentrations, have been asso-
ciated with CVD risks and events beyond conventional lipid profiles (Basu et al., 
2016; Garvey et al., 2003). Thus, lipid and lipoprotein subclasses based on size and 
density have been widely examined in lipid-lowering interventions. 

Dietary and food-based approaches of lowering lipids have been widely practiced 
as a secondary or adjunct strategy, especially in achieving weight loss and healthy life-
style goals associated with favorable lipid profiles. Among these dietary approaches, 
several foods and supplements containing phytosterols, fiber and polyphenols have 
gained recognition for their lipid-lowering effects. In this context, berry fruits and 
their products have shown much promise in offering several cardiovascular benefits, 
including those related to favorable lipid profiles. In a meta-analysis of clinical stud-
ies on Vaccinium berries, significant lipid-lowering effects were observed based on a 
pooled analysis of 16 clinical studies in 1,109 participants (Zhu et al., 2015). This brief 
review aims to provide further insights into the role of dietary berries in blood lipid 
management, with special emphasis on the reported clinical studies. 

5.2 � BERRIES: COMPOSITION AND NUTRITIONAL VALUE

Berries have a wide range of nutrients and bioactive compounds that have been 
extensively reviewed for their protective effects against CVD (Basu et al., 2010c). 
The commonly consumed berries in the United States include blackberry, black 
raspberry, blueberry, cranberry, red raspberry and strawberry. Less commonly con-
sumed berries include acai, black currant, chokeberry and mulberry. In general, 
berries are low in calories and are high in moisture and fiber, and contain natu-
ral antioxidants, such as vitamins C and E, and micronutrients such as folic acid, 
calcium, selenium, alpha and beta carotene and lutein. For example, 100g fro-
zen unsweetened strawberries provide only 35 kcal and thus can be included as a 
low-calorie fat-free nutrient-dense snack in the dietary management of CVD (Basu 
et al., 2014a). Berries, including commonly consumed blueberries and strawberries, 
are naturally rich in polyphenolic flavonoids, with high proportions of flavonoids, 
including anthocyanins and ellagitannins. Anthocyanins comprise the largest group 
of natural, water-soluble, plant pigments and impart the bright colors to berry fruits. 
Approximately 400 individual anthocyanins have been determined, and these are 
generally more concentrated in the skins of fruits, especially berry fruits. However, 
red berry fruits, such as strawberries and cherries, also have anthocyanins in their 
flesh. Studies suggest that Americans consume an average of 12.5–215 mg of antho-
cyanins per day (Manach et al., 2004).

5.3 � BERRIES: MECHANISMS OF ACTION 
OF BIOACTIVE CHEMICALS

Dietary berries are a rich source of several categories of phytochemicals with struc-
tural properties that confer antioxidant functions that have been associated with 
health benefits of berries. The bioactive compounds in berries are constituted by 
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mainly phenolic compounds (phenolic acids, flavonoids, such as anthocyanins and 
flavonols, and tannins) and ascorbic acid. These compounds, either individually or 
combined, are responsible for various health benefits of berries, such as prevention 
of inflammation disorders, CVD or protective effects to lower the risk of various 
cancers. Phenolics represent a large group of secondary metabolites, consisting of 
one or more aromatic rings with variable degrees of hydroxylation, methoxylation 
and glycosylation, contributing to fruit color, astringency and bitterness. Phenolic 
compounds in berries especially include flavonoids, such as anthocyanins (i.e., 
cyanidin glucosides and pelargonidin glucosides), flavonols (quercetin, kaempferol, 
myricetin) and flavanols (catechins and epicatechin). Furthermore, phenolic acids 
(hydroxybenzoic acids and hydroxycinnamic acids) and hydrolysable tannins, such 
as ellagitannins, act as important bioactive compounds (de Souza et al., 2014). These 
components, either individually or combined, are mainly responsible for berry 
health benefits and are also associated with their antioxidant properties. Among the 
commonly consumed dietary berries, blueberries have one of the highest antioxidant 
capacities, and this antioxidant activity of blueberries depends on their phytochemi-
cal complex, being mainly represented by anthocyanins, procyanidins, chlorogenic 
acid and other flavonoid compounds. It is supposed that the major contributors to 
their antioxidant activity are mainly anthocyanins, responsible for about 84% of total 
antioxidant capacity (TAC), and not ascorbic acid. Ascorbic acid, which is present 
in blueberries in a significant amount, was found to contribute to antioxidant capac-
ity only with a small portion up to 10% (Moyer et al., 2002). In another detailed 
comparative study of anthocyanin composition of dark-colored berries, especially 
blackberries, black currants and blueberries, cyanidin-3-O-glucoside accounted for 
94% of blackberry anthocyanins, and as one of the strongest antioxidants present in 
these three berries, it contributed to approximately 96% TAC of blackberries. This 
was followed by delphinidin-3-O-rutinoside and cyanidin-3-O-rutinoside in black 
currants and blueberries (Lee et al., 2015). Hydroxyl groups on these anthocyani-
dins have been shown to be the main functional groups for radical scavenging and 
thus their antioxidant activities. Data further show that flavonoids with free phenolic 
hydroxyl groups showed effective radical scavenging activity, while compounds hav-
ing only a methoxyl group did not exhibit such effects (Lee et al., 2015). As a result, 
anthocyanidins with B ring o-diphenyl patterns, such as cyanidin and delphinidin in 
blueberries, have higher antioxidant activity than malvidin, pelargonidin, petunidin 
and peonidin, for example, found in strawberries (Manganaris et al., 2014). Thus, 
based on these differences in chemical structures and corresponding antioxidant 
activities, it is largely recommended that a combination of different colored ber-
ries be consumed in the human diet for their protective functions against chronic 
diseases.

5.4 � BERRIES AND LIPIDS: ANIMAL MODELS

Animal models provide mechanistic insights into the role of berries in lipid and 
lipoprotein metabolism. Berries and their bioactive constituents, such as poly-
phenolic flavonoids and phenolic acids, have been shown to increase paraoxonase 
(PON) activity associated with antioxidant function of HDL-cholesterol, and to 
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increase hepatic synthesis of apolipoprotein A-I. For example, acai berry native to 
the Amazon region has been reported to increase serum activity of PON1 and lev-
els of HDL-cholesterol and to increase fecal cholesterol excretion in rat models of 
hyperlipidemia and hepatic steatosis (de Souza et al., 2010; de Souza et al., 2012; 
Pereira et al., 2016). Commonly consumed dietary berries, such as blueberries and 
strawberry extracts, were also demonstrated to improve lipid profiles by downreg-
ulating the activity of genes related to fatty acid synthesis, causing regression of 
aortic lesions and decreasing inflammation and oxidative damage in these animals 
(Mandave et al., 2017; Ströher et al., 2015). Strawberry and blueberry pomace, a 
by-product from industrial fruit processing, has emerged as a promising source of 
antioxidants and micronutrients and has been tested for its health benefits by many 
researchers mainly as an alternative and cost-effective way of supplementing human 
diet with berry polyphenols. In two separate studies, blueberry and strawberry pom-
ace supplementation improved multiple metabolic parameters, including plasma and 
liver cholesterol, insulin resistance and abdominal fat content in fructose-fed animals 
(Jaroslawska et al., 2011; Khanal et al., 2012). As expected, the polyphenol content 
of the berry pomace was shown to play an important role in its lipid-lowering effects 
based on larger decreases in liver cholesterol content in the high-polyphenol pomace 
group when compared to the regular pomace-fed animals (Jaroslawska et al., 2011). 
Thus, these studies provide evidence for the protective action of polyphenols and 
fiber mediated by berries in rat models of hyperlipidemia. Further studies are needed 
to assess the possible role of these compounds in the prevention of metabolic and 
lipid disorders in humans. 

5.5 � BERRIES AND LIPIDS: EPIDEMIOLOGICAL STUDIES

More than a decade ago, Djoussé et al. reported a large epidemiological study on the 
inverse association of fruit and vegetable intake with serum LDL cholesterol concen-
tration in participants from the National Heart, Lung, and Blood Institute (NHLBI) 
Family Heart Study (Djoussé et al., 2004). Since then, accumulating epidemiological 
evidence further reveals the inverse association of dietary berries with chronic dis-
ease outcomes linked to dyslipidemia and hyperlipidemia, especially insulin resis-
tance, type 2 diabetes, coronary artery disease and non-fatal myocardial infarction 
(MI) in large prospective studies of adult men and women (Cassidy et al., 2013; 
Jennings et al., 2014; Wedick et al., 2012). Among the bioactive compounds in ber-
ries, anthocyanins responsible for the red/blue hue in these fruits have been mainly 
linked to their protective effects. These compounds have been shown to directly 
improve dyslipidemia and lipoprotein profiles and to decrease surrogate markers of 
atherosclerosis in reported clinical trials (Qin et al., 2009; Zhu et al., 2011). In one of 
the epidemiological studies, food-based analyses revealed a trend toward a reduction 
in risk of MI with increasing intake of the two main sources of anthocyanins from 
strawberries and blueberries, with a 34% decrease in risk for those who consumed 
>3 portions per week compared to those who consumed these berries less than once 
a month. These data are important from a public health perspective because these 
fruits can be readily incorporated into the habitual diet (Cassidy et al., 2013). In 
another longitudinal study, higher intakes of red/purple fruits and vegetables were 
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associated with significantly lower serum total cholesterol in adults (Mirmiran et al., 
2015). In the Women’s Health Study, strawberry intake was specifically associated 
with marginally significant but lower levels of C-reactive protein, a stable marker of 
inflammation shown to be elevated with higher serum lipids (Sesso et al., 2007). Of 
practical relevance was that these significant associations were observed at intakes 
as low as two servings/week of strawberry in women. Thus, on the basis of this epi-
demiological evidence and the related mechanistic insights, adding red and purple 
berries may be considered a prudent dietary choice in combating lipid abnormalities 
that explain much of the underlying causes of cardiovascular complications in adults. 

5.6 � BERRIES AND LIPIDS: CLINICAL STUDIES

As summarized in Tables 5.1 and 5.2, dietary berries as whole fruits and in differ-
ent processed forms have been shown to decrease circulating levels of conventional 
lipids and shift lipid and lipoprotein subclasses to a less atherogenic profile in adults 
with one or more cardiovascular risks. In most of these studies, berry intervention 
was consistently shown to decrease total and LDL-cholesterol (Basu et al., 2014b; 
Broncel et al., 2010; Kianbakht et al., 2014; Lee et al., 2008; Qin et al., 2009; Soltani 
et al., 2014; Zhu et al., 2011; Zunino et al., 2012) and increase HDL-cholesterol 
(Kianbakht et al., 2014; Qin et al., 2009; Ruel et al., 2006; Zhu et al., 2011), thereby 
lowering cardiometabolic risks in these adults. While lipid-lowering effects of whole 
berries may be supported by several bioactive compounds in the fruit, including 
their fiber and phytosterol content, studies using commercially available berry juice 
products, especially the low-calorie cranberry juice (Novotny et al., 2015; Ruel et al., 
2006), also showed similar beneficial effects of lowering triglycerides and increasing 
HDL-cholesterol. These clinical findings have been supported by epidemiological 
data from the NHANES (2005–2008) survey, which reports a higher proportion of 
cranberry beverage consumers (approximately 221mL/day) were predicted to be nor-
mal weight (BMI < 25 kg/m2) with lower waist circumference and had significantly 
lower triglycerides and CRP than non-consumers (Duffey and Sutherland, 2013). 
These data provide evidence on the hypolipidemic and anti-atherosclerotic actions 
of berry fruits and juices in humans. 

In addition to measuring lipid outcomes related to conventional lipids, find-
ings reported by Qin et al. (2009) and Zhu et al. (2015) provide further mecha-
nistic insights on the hypolipidemic effects of purified berry extracts in adults 
with independent cardiovascular risks such as dyslipidemia/hyperlipidemia and 
type 2 diabetes. In a 12-week randomized placebo-controlled trial in adults with 
dyslipidemia, purified anthocyanins derived from bilberries and black currants 
were shown to decrease the mass and activity of cholesteryl ester transfer protein 
(CETP) (Qin et al., 2009). CETP is a plasma protein that mediates the removal 
of cholesteryl esters from HDL in exchange for a triglyceride molecule derived 
primarily from either LDL, VLDL or chylomicrons. Thus, CETP inhibition has 
been shown to be a possible mechanism for the elevation of HDL cholesterol and 
decrease of LDL cholesterol (Inazu et al., 1990). In another study in participants 
with type 2 diabetes, supplementation of a similar berry anthocyanin extract was 
shown to decrease specific plasma apolipoproteins, especially apolipoprotein B 
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and CIII that have been associated with increased risks of atherosclerotic CVD in 
epidemiological observations (Jiang et al., 2004; Wyler von Ballmoos et al., 2015; 
Zhu et al., 2015).

Table 5.3 highlights clinical studies examining the role of dietary berries in 
decreasing biomarkers of inflammation related to CVD and atherosclerosis. Our 
group has previously reported the role of blueberries, strawberries and low-calorie 
cranberry juice in lowering biomarkers of oxidative stress and adhesion molecules 
following supplementation in free-living adults with the metabolic syndrome 
(Basu et al., 2010a,b, 2011). However, few studies using berry supplementation 
have shown an effect on key biomarkers of inflammation, such as C-reactive 
protein (CRP) and interleukin-6 (IL-6), associated with increased CVD risks. 
Inflammation, demonstrated primarily by the elevated levels of serum CRP, has 
been associated with insulin resistance and the metabolic syndrome (Festa et al., 
2000). Adipose tissue also secretes adiponectin, a protein showing anti-inflamma-
tory activity, which inhibits tumor necrosis factor-α, adhesion molecule expression 
and nuclear transcriptional factor kB signaling, a pivotal pathway in inflamma-
tory reactions in endothelial cells and in the propagation of atherosclerosis (Ouchi 
et al., 1999, 2000). In a few reported studies, cranberry juice has been shown to 
increase levels of circulating adiponectin and to decrease CRP in adults with fea-
tures of the metabolic syndrome (Novotny et al., 2015; Simão et al., 2013), while 
biomarkers of inflammation were not altered in other reported studies, as shown 
in Table 5.3. Thus, based on the known differences in polyphenol composition 
among different dietary berries, we may expect to see differential effects in modu-
lating biomarkers of CVD risks. Nonetheless, all berry products show consistent 
evidence of lowering one or more biomarkers of conventional lipids in reported 
studies assessing lipid outcomes. 

5.7 � CONCLUSIONS

Reported studies show a consistent role of dietary whole berries, berry juices and 
extracts in decreasing blood total and LDL-C and triglycerides, and/or increasing 
HDL-C in subjects with one or more elevations of lipid biomarkers. A few studies 
further show that dietary supplementation of freeze-dried whole berries can also 
improve qualitative changes in lipids, such as by decreasing small HDL and LDL 
particle concentrations and increasing LDL size, thus conferring less atherogenic-
ity and reducing CVD risks. These clinical observations have been explained by 
mechanistic studies demonstrating the role of dietary berries in modulating lipid 
metabolism, mainly by increasing hepatic synthesis of apolipoprotein A-I, down-
regulating the activity of genes related to fatty acid synthesis, causing regression of 
aortic lesions and decreasing inflammation and oxidative damage in experimental 
animals. In addition to lowering lipids, clinical studies also provide evidence on the 
role of dietary berries in decreasing surrogate markers of atherosclerosis, including 
biomarkers of oxidative stress and inflammation. However, there is a large hetero-
geneity in the biomarkers reported by each study and thus further investigation is 
needed on the role of berries in markers of atherosclerosis and endothelial function 
in clinical settings. 



133Berries and Lipids in Cardiovascular Health﻿

TA
B

LE
 5

.3
 

Ef
fe

ct
s 

of
 D

ie
ta

ry
 B

er
ri

es
 a

nd
 M

ar
ke

rs
 o

f A
th

er
os

cl
er

os
is

 a
nd

 I
nfl

am
m

at
io

n:
 C

lin
ic

al
 S

tu
di

es

A
ut

ho
r 

(y
ea

r)
St

ud
y 

D
es

ig
n

Pa
rt

ic
ip

an
ts

In
te

rv
en

ti
on

Si
gn

ifi
ca

nt
 E

ff
ec

ts
 o

n 
Su

rr
og

at
e 

M
ar

ke
rs

 o
f 

A
th

er
os

cl
er

os
is

Si
gn

ifi
ca

nt
 E

ff
ec

ts
 o

n 
B

io
m

ar
ke

rs
 o

f I
nfl

am
m

at
io

n

B
as

u 
et

 a
l. 

(2
01

0a
)

R
an

do
m

iz
ed

 p
ar

al
le

l 
tr

ia
l; 

8 
w

ks
A

du
lts

 w
ith

 M
S 

(n
=

27
)

FD
S 

(5
0g

/d
ay

) 
vs

. 
co

nt
ro

l b
ev

er
ag

e
D

ec
re

as
es

 in
 V

C
A

M
-1

N
ot

 r
ep

or
te

d

B
as

u 
et

 a
l. 

(2
01

0b
)

R
an

do
m

iz
ed

 p
ar

al
le

l 
tr

ia
l; 

8 
w

ks
A

du
lts

 w
ith

 M
S 

(n
=

48
)

FD
B

 (
50

g/
da

y)
 v

s.
 

co
nt

ro
l b

ev
er

ag
e

D
ec

re
as

es
 in

 p
la

sm
a 

ox
id

iz
ed

 
L

D
L

 a
nd

 M
D

A
; n

o 
ef

fe
ct

s 
on

 a
dh

es
io

n 
m

ol
ec

ul
es

N
o 

ef
fe

ct
s 

on
 C

R
P 

an
d 

IL
-6

B
as

u 
et

 a
l. 

(2
01

1)
R

an
do

m
iz

ed
 p

ar
al

le
l 

tr
ia

l; 
8 

w
ks

A
du

lts
 w

ith
 M

S 
(n

=
31

)
L

C
C

J 
(4

80
m

L
/d

ay
) 

vs
. m

at
ch

ed
 p

la
ce

bo
D

ec
re

as
es

 in
 p

la
sm

a 
ox

id
iz

ed
 

L
D

L
 a

nd
 M

D
A

N
o 

ef
fe

ct
s 

on
 C

R
P 

an
d 

IL
-6

Si
m

ão
 e

t a
l. 

(2
01

3)
R

an
do

m
iz

ed
 p

ar
al

le
l 

tr
ia

l; 
60

d
A

du
lts

 w
ith

 M
S 

(n
=

56
)

C
ra

nb
er

ry
 ju

ic
e 

vs
. 

no
 ju

ic
e 

(u
su

al
 d

ie
t 

as
 c

on
tr

ol
 g

ro
up

)

D
ec

re
as

e 
in

 h
om

oc
ys

te
in

e,
 

hy
dr

op
er

ox
id

es
 a

nd
 A

O
PP

 
In

cr
ea

se
 in

 a
di

po
ne

ct
in

; n
o 

ch
an

ge
 in

 C
R

P,
 I

L
-1

,6
 &

 
T

N
F-

α
N

ov
ot

ny
 e

t a
l. 

(2
01

5)
R

an
do

m
iz

ed
 p

ar
al

le
l 

tr
ia

l; 
8 

w
ks

O
ve

rw
ei

gh
t a

du
lts

 (
n=

56
)

L
C

C
J 

or
 m

at
ch

ed
 

pl
ac

eb
o 

be
ve

ra
ge

 
(4

80
m

L
)/

da
y

N
o 

ch
an

ge
s 

in
 a

dh
es

io
n 

m
ol

ec
ul

es
D

ec
re

as
e 

in
 C

R
P

Jo
hn

so
n 

et
 a

l. 
(2

01
5)

R
an

do
m

iz
ed

 p
ar

al
le

l 
tr

ia
l; 

8 
w

ks
Po

st
m

en
op

au
sa

l w
om

en
 

w
ith

 h
yp

er
te

ns
io

n 
(n

=
48

)
FD

B
 (

22
g/

da
y)

 v
s.

 
co

nt
ro

l p
ow

de
r

In
cr

ea
se

 in
 n

itr
ic

 o
xi

de
N

o 
ef

fe
ct

s 
on

 C
R

P

A
O

PP
: A

dv
an

ce
d 

ox
id

at
io

n;
 C

R
P:

 C
-r

ea
ct

iv
e 

pr
ot

ei
n;

 F
D

B
: f

re
ez

e-
dr

ie
d 

bl
ue

be
rr

ie
s;

 F
D

S:
 f

re
ez

e-
dr

ie
d 

st
ra

w
be

rr
ie

s;
 p

ro
te

in
 p

ro
du

ct
s;

 I
L

-6
: i

nt
er

le
uk

in
-6

; L
C

C
J:

 lo
w

-c
al

o-
ri

e 
cr

an
be

rr
y 

ju
ic

e;
 M

D
A

: m
al

on
di

al
de

hy
de

; M
S:

 m
et

ab
ol

ic
 s

yn
dr

om
e;

 T
N

F-
α:

 tu
m

or
 n

ec
ro

si
s 

fa
ct

or
-a

lp
ha

; V
C

A
M

-1
: v

as
cu

la
r 

ce
ll 

ad
he

si
on

 m
ol

ec
ul

e-
1.



134 ﻿Natural Products and Cardiovascular Health

5.8 � FUTURE RESEARCH AND RECOMMENDATIONS

Based on the emerging evidence, dietary berries and berry products hold promise as 
a natural and alternative means to lower blood lipids in adults with CVD risks. On 
the basis of epidemiological and clinical findings, including two cups of low-calorie 
cranberry juice or half to one cup of whole berries in the daily diet may provide these 
health benefits in adults. However, it is important to note that these recommendations 
are made in the context of the existing diet and the presence of the magnitude of 
CVD risks in specific individuals. Most of the studies reviewed herein were in over-
weight/obese but otherwise healthy adults and thus recommendations might differ 
for those with advanced CVD and type 2 diabetes. Also, some of the clinical studies 
used a large dose of berries not feasible to consume on a daily basis. Thus, future 
studies must address the dose-response effects of berry products in modulating lip-
ids and related cardiometabolic variables with or without changes in background 
diet and lifestyle. Studies comparing the effects of berry products with conventional 
lipid-lowering medications, especially targeting LDL-C, will be useful in assessing 
the magnitude of absolute risk reduction of CVD among different therapies. 

In addition to the determination of blood lipids and lipoproteins, future studies 
must also examine the effects of berry supplementation on changes in the gut micro-
biome that have been significantly associated with risks of chronic diseases, includ-
ing blood lipids (Fu et al., 2015; Madeeha et al., 2016). Interindividual variations in 
diet, lifestyle factors and gut microbiome may further explain and modify lipid and 
metabolic responses to dietary berry interventions, and such studies will help iden-
tify personalized approaches for optimal lipid management in lowering CVD risks.
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Cardiovascular Protection Effects of Proanthocyanidins

6.1 � INTRODUCTION

The leading cause of death worldwide is cardiovascular disease (Deaton et al., 2011). 
Cardiovascular diseases include myocardial infarction, stroke, cardiomyopathy, aortic 
aneurysms, hypertension and heart failure (Mensah et al., 2014). Because of its enormous 
societal burden, there is growing interest in dietary intervention to mitigate the severity 
of cardiovascular disease. Proanthocyanidins–polyphenolic compounds found in extracts 
from grape skins, grape seeds, chocolate, pomegranates, bilberries, cranberries and other 
plant-derived sources—have shown promise in preventing cardiovascular disease. The 
information cited here was compiled using research-specific search engines such as 
PubMed and SciFinder, filtered for content and used on the basis of the research strength.
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•	 Proanthocyanidin A1
		  Proanthocyanidin A1 is an epicatechin-(2β→7,4β→8)-epicatechin 

dimer commonly found in cranberries, bilberries, hawthorn and peanut 
skins. A-type linkage is a relatively uncommon formation in proanthocy-
anidins with both 4β→8 and 2β→O→7 bonds. Proanthocyanidin A1 is the 
most common formation of A-type proanthocyanidins (Neto et al., 2007).

6.2.1.2 � Proanthocyanidins with 4→8 Bonds

    

Compound R1 R2

Procyanidin B1 OH H

Procyanidin B2 H OH

Procyanidin B3 OH H

Procyanidin B4 H OH

•	 Proanthocyanidin B1
		  Proanthocyanidin B1 is a B-type proanthocyanidin represented by the 

formula epicatechin-(4β→8)-catechin. It is found in the common grape 
vine, Vitis vinifera, and the fruit of peeled pomegranate, Punica granatum 
(de Pascual-Teresa et al., 2000).

•	 Proanthocyanidin B2
		  Proanthocyanidin B2 is a B-type proanthocyanidin structurally repre-

sented as (−)-epicatechin-(4β→8)-(−)-epicatechin. It is the most common 
subclass of proanthocyanidin molecular groups with 4→8 bonding and 
occurs in the leaves and stems of Vitis vinifera.

•	 Proanthocyanidin B3
		  Proanthocyanidin B3 is a B-type proanthocyanidin with a catechin-

(4α→8)-catechin structure. Proanthocyanidin B3, a molecular dimer, is 
mainly found in red wine. Proan-thocyanidin dimer B3 is also found in 
pomegranate juice at a rate of 0.16 mg/100 g (Eren et al., 2014).
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•	 Proanthocyanidin B4
		  Proanthocyanidin B4 is a B-type proanthocyanidin whose molecular 

structure is represented by catechin-(4α→8)-epicatechin. It is isolated pri-
marily from grape seeds rather than from the skin.

6.2.1.3 � Proanthocyanidins with 4→6 Bonds

    

Compound R1 R2

Procyanidin B5 H OH

Procyanidin B6 OH H

Procyanidin B7 OH H

Procyanidin B8 H OH

•	 Proanthocyanidin B5
		  Proanthocyanidin B5—or epicatechin-(4β→6)-epicatechin—is an epi-

catechin dimer encountered in grape seeds, cocoa and chocolate.
•	 Proanthocyanidin B6
		  Proanthocyanidin B6 is a catechin-(4α→6)-catechin dimer detected in 

grape seeds.

These bioactive proanthocyanidin groups exhibit cardioprotective effects. 
Unfortunately, most research projects do not discriminate between these groups, so 
the current understanding of the relative protections offered by specific compounds 
is limited.
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6.3 � CARDIOPROTECTIVE MECHANISMS

The following are confirmed mechanisms of action of proanthocyanidins in human 
subjects:

Proanthocyanidin extract 
effects in human test subjects

Grape Seed BilberryCranberryCocoa Pomegranate

Reduces cholesterol 
levels 

Reduced lipid levels 

Improvement in 
Ox-LDL levels  

Reduced LDL-C 
levels 

Decrease in systolic 
and diastolic BP 

Increase in flow-
mediated dilation

Increase in 
catechin 
concentration 

Increase in 
Vitamin C 
concentration 

Increase in 
plasma 
antioxidant 
capacity

Reduction in 
circulating 
Ox-LDL 
concentrations 

Decrease in LDL-
C/TG

Increase in HDL-
C levels

Decrease in 
plasma levels of 
high-sensitivity C-
reactive protein 
(hsCRP)

Improvement in 
platelet function

Improvement in high-
density lipoprotein 
(HDL)-cholesterol 
levels

Improved LDL/
HDL cholesterol 

Improvement in 
total/HDL ratios 

Antioxidant and 
cardioprotective 
effects 

Reduction of 
oxidative stress 
and atherogenesis

Increase in 
plasma 
prostacyclin

Decrease in 
plasma 
leukotrienes 

Decrease in 
platelet activation 

Antioxidant 
effects

Cumulative protection of 
cardiovascular health in human

test subjects

6.3.1 �E ffects on Total Cholesterol, Lipids and Low-Density Lipoprotein 
(LDL-C) and/or Oxidized Low-Density Lipoprotein (OX-LDL)

6.3.1.1 � Grapes (Vitis vinifera L.)
6.3.1.1.1 � In Vivo Studies
Five studies reported in vivo experiments assessing the effect of grape seed proantho-
cyanidin extract (GSPE) or grape seed and skin extract (GSSE) on total cholesterol 
and LDL-C levels in rats. Administering 375 mg/kg of low molecular weight GSPE to 
rats on a high-fat diet improved hypertriglyceridemia (Pons et al., 2014). Improvement 
in cholesterol and triglyceride profiles were seen in rats treated with GSPE. GPSE has 
also been shown to inhibit lipid buildup in rats. Rats placed on a high-fat diet were 
provided with 25 mg/kg GSPE for 10 days and subsequently demonstrated decreased 
levels of hepatic lipid synthesis (Baiges et al., 2010). Lipid profile improvement in rats 
has also been seen at a dose of 250 mg/kg GSPE (Quesada et al., 2009). Therefore, sev-
eral studies suggest that treating rats with varying doses of GSPE results in decreased 
total cholesterol, lipid and LDL-C levels. Similar benefits have been noted with grape 
skin extract. In obese male Wistar rats on a high-fat diet, GSSE reduced oxidative 
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stress and cholesterol levels. A high-fat diet is associated with the accumulation of 
triglycerides, total cholesterol and oxidative stress on the hearts and livers of rats. 
After administering GSSE, the researcher concluded that “GSSE efficiently protected 
these organs against fat-induced disturbances” in addition to lowering cholesterol and 
oxidative stress levels in the heart and the lungs (Charradi et al., 2013). Similar effects 
can be demonstrated in other species of rodents.

Atherosclerotic hamsters given GSPE at 100 mg/kg body weight for 10 weeks 
showed reduced plasma cholesterol levels (Vinson et al., 2002). When hamsters on 
a standard or high-fat diet were given GSPE at a dose of 25 mg/kg for 15 days, 
they showed an improvement in their collective lipid profiles (Caimari et al., 2013). 
Caimari’s study used a lower dose and shorter incubation time in non-atherosclerotic 
hamsters, but the conclusion supported Vinson’s findings. Hamsters are less com-
monly used in laboratory experiments than are rats, but the data suggest that GSPE 
reduces total cholesterol levels and lipid buildup in both species of rodents.

6.3.1.1.2 � Clinical Studies
Human subjects have exhibited reduced cholesterol and lipid levels after consuming 
concentrated doses of GSPE. In one experiment, 52 hyperlipidemic subjects admin-
istered 200 mg/day red grape seed extract for eight weeks showed reductions in total 
cholesterol, LDL-C, and Ox-LDL levels (Razavi et al., 2013). Years earlier, 40 hyper-
cholesterolemic subjects receiving 200 mg/day GSPE with niacin-bound chromium 
demonstrated lower total cholesterol with no significant change in blood pressure 
(Preuss et al., 2000). In an almost identical study, treating 40 hypercholesterolemic 
subjects (210–300 mg/dL) with 200 mg/day of GSPE reduced levels of Ox-LDL 
(Bagchi et al., 2003). To further evaluate the effect of GSPE at varying doses on 
Ox-LDL levels, 61 subjects with elevated LDL-C levels (100–180 mg/dL) received 
200 or 400 mg/dL grape seed extract for 12 weeks and showed signs of reduced 
Ox-LDL levels (Sano et al., 2007). Ox-LDL levels improved at both doses. Lipid 
profiles in humans also respond to GSPE. Seventeen hypercholesterolemia subjects 
receiving 600 mg/day GSPE showed improvements in lipid profiles (Vinson et al., 
2001). Interestingly, GSPE may improve the cardiovascular health of chronic smok-
ers. Twenty-eight male smokers given 200 mg GSPE for eight weeks had reduced 
total cholesterol and LDL-C levels (Weseler et al., 2011), contradicting a much ear-
lier study from 2003. Twenty-four healthy heavy smoker male subjects taking 150 
mg/day GSPE for four weeks showed no significant change in total cholesterol, tri-
glycerides, high-density lipoprotein (HDL-C) or LDL-C levels—although thiobar-
bituric acid reactive substances (TBARS) concentration was reduced (Vigna et al., 
2003). It is notable that Weseler’s study involved a much higher dosage of GSPE, 
suggesting that GSPE’s cardioprotective effects are dose-related. In summary, GSPE 
administration reduces total cholesterol, lipid levels and Ox-LDL levels in human 
subjects, although the effect may be dependent on dosage.

6.3.1.2 � Chocolate (Theobroma cacao L.)
6.3.1.2.1  �In Vitro Studies
Cholesterol and triglycerides are also decreased by procyanidins found in chocolate. 
An in vitro experiment tested cocoa extract, pine bark extract and GSPE on hepatic 
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cells. The cocoa proanthocyanidin extract was derived from a cocoa powder contain-
ing monomeric (23.7%), dimeric (15.8%), trimeric (18.4%), tetrameric (13.9%) and 
oligomeric proanthocyanidins (36.2%). HepG2 cells were treated with 25 mg/L of 
the extracts. Decreases in the levels of free cholesterol, triglycerides and cholesterol 
ester synthesis in HepG2 cells were noted. The cocoa extract induced a significant 
decrease in free cholesterol and triglycerides because of higher concentrations of 
procyanidins (Guerrero et al., 2013).

Cocoa procyanidins have been shown to decrease LDL oxidation. Six healthy 
subjects between the ages of 23 and 39 ingested 37.5 g of cocoa in 400 mL of water, 
with each gram of cocoa containing 12.2 mg of monomers, 9.7 mg of dimers and 
20.2 mg of trimers through decamers. Centrifuged plasma was cultured with procy-
anidins to assess the effect of procyanidin chain length on LDL oxidation. Results 
demonstrated an inverse correlation: as chain length of procyanidins increased, the 
susceptibility of LDL to oxidation decreased. However, each procyanidin length 
exhibited a similar level of inhibition when their monomeric units were equivalent. 
Therefore, procyanidins’ antioxidant activity is due to their ring structures and cat-
echol groups rather than chain length or delocalization of charge through polymeric 
bonds (Steinberg et al., 2002).

Anti-inflammatory cytokine production is accelerated by cocoa procyanidins. 
Procyanidins show anti-inflammatory effects on the heart by limiting the produc-
tion of pro-inflammatory cytokines in peripheral blood cells and enhancing the pro-
duction of anti-inflammatory cytokines (Vestraeten et al., 2005). That study used 
cocoa procyanidin fractions prepared from cocoa using acetone and water extraction 
and cultured with peripheral blood cells from healthy volunteers. Each culture was 
treated with 25 μg/mL of cocoa fractions. Monomers, dimers and trimers produced 
the most change on cytokines, while tetramers showed minimal effect. Hexamers 
and heptamers significantly increased IL-1 beta expression by 23% and 20%, respec-
tively (Mao et al., 2000).

Procyanidins inhibit lipoxygenases, as well. Cocoa oligomers at a concentration 
of 29 μg/mL were tested on rabbit 15- LOX-1 and soybean lipoxygenase, and the size 
of the oligomers correlated with the lipoxygenase activity. Lipoxygenase inhibition 
potency decreased from the monomer, was at a minimum at the trimer and tetramers 
and then increased through the decamers. The researchers determined that procy-
anidins and other flavanols directly inhibit mammalian 15-lipoxygenase-1 (Schewe 
and Sies, 2005).

6.3.1.2.2 � Clinical Studies
A study of 30 human volunteers indicates that chocolate with a high procyanidin content 
of 147 mg is more beneficial than chocolate with low procyanidin content of 3.3 mg on 
leukotriene and prostacyclin levels (Arranz et al., 2013). A second study confirmed these 
findings. Ten healthy individuals consumed 37 g of low-procyanidin (0.09 mg/g) and 37 
g of high-procyanidin chocolate (4.0 mg/g) in the form of Dove Dark Chocolate bars with 
the two trials separated by one week. Plasma samples were collected before treatment 
and two and six hours after treatment. The high-procyanidin chocolate caused greater 
increases in plasma prostacyclin and decreases in plasma leukotrienes. These results sug-
gest a role for procyanidins in decreasing platelet activation (Schramm et al., 2001).
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6.3.2 �E ffects on Blood Pressure, Heart Rate and/or 
Plasma Oxidative Status

6.3.2.1 � Grapes
6.3.2.1.1  �In Vivo Studies
GSPE lowers blood pressure levels in rats. In 2014, rats on a high-fat diet were admin-
istered GSPE at a dose of 375 mg/kg and subsequently demonstrated decreased blood 
pressure (BP) and reduced oxidative stress levels (Pons et al., 2014). Additionally, 
ouabain-induced hypertensive rats treated with GSPE at 250 mg/kg for five weeks 
showed reduced systolic blood pressure levels and improved vascular endothelial 
function (Liu et al., 2012). That same year, rats given 250 mg/kg GSPE for five weeks 
had lowered BP levels. The researchers concluded that GSPE improved hypertension 
in rats (Cui et al., 2012). There is also evidence that GSPE improved BP by influenc-
ing hormonal activity. Estrogen-depleted female rats with spontaneous hypertension 
showed a decrease in arterial hypertension in response to 0.5% GSPE for 10 weeks 
(Peng et al., 2005). 

GSSE has been shown to improve lipotoxicity, inflammation and oxidative stress 
in rats. Large doses of GSSE administered for 45 days to rats on a high-fat diet 
demonstrated reduced pancreas lipotoxicity, oxidative stress and inflammation 
(Aloui et al., 2016). That same year, another study drew a connection between GSSE 
and oxidative stress. According to this study, GSSE efficiently counteracted almost 
all bleomycin-induced oxidative stress as well as biochemical and morphological 
changes in lung tissue (Khazri et al., 2016).

Cardioprotective, renoprotective and neuroprotective properties have been 
attributed to GSSE through reduced oxidative stress and anti-inflammatory ben-
efits. In a 2016 study, oxidative stress levels were diminished by high-dose GSSE 
(Oueslati et al., 2016). Additionally, both GSPE and GSSE can actively inhibit 
inflammation (Xia et al., 2010). A previous study evaluating short-term adminis-
tration of GSPE and GSSE stated that “a high dosage [of] GSSE protected the brain 
efficiently against ischemic stroke and should be translated to humans” (Safwen 
et al., 2015). Finally, lab rats injected with large doses of doxorubicin recovered 
when the drug was neutralized with an equal dosage of GSSE (Mokni et al., 2012). 
The experiments as a group support the theory that beneficial oxidative stress and 
blood pressure levels decreases are seen with GSPE or GSSE administration. 

6.3.2.1.2 � Clinical Studies
Human subjects also show decreased BP levels with GSPE. When 119 hypertensive 
adults ingested 150 and 300 mg/day GSPE for 16 weeks, they showed improvements 
in BP, heart rate (HR) and plasma oxidative and microcirculatory status (Belcaro 
et al., 2013). Similarly, 70 healthy subjects with a systolic BP between 120 and 
159 received 300 mg/d grape seed extract for eight weeks; however, these subjects 
showed no decrease in ambulatory BP (Ras et al., 2013). Perhaps significantly, Ras’s 
study administers GSPE dosage for half as long as does Belcaro’s, again suggesting 
that GSPE benefits are dose-related or time-related. Findings from an earlier study 
bolster Belcaro’s results; in 2009, 27 adults with metabolic syndrome were given 150 
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or 300 mg grape seed extract for four weeks and showed a total decrease in systolic 
and diastolic BP (Sivaprakasapillai et al., 2009). Ras’s study notwithstanding, GSPE 
does seem to lower blood pressure in humans.

6.3.2.2 � Cranberry (Vaciniun macrocarpon L.)
6.3.2.2.1 � In Vitro Studies
Cranberry intake is also associated with cardioprotective activity resulting from the 
presence of proanthocyanidin (PAC) type A (Baranowska and Bartoszek, 2016). 
Cranberries are unique among fruits in that they are rich in A-type proanthocy-
anidins (PACs) in contrast to the B-type PACs present in most other fruit. There is 
encouraging but limited evidence of a cardioprotective effect of cranberries medi-
ated via actions on antioxidant capacity and lipoprotein profiles (Blumberg et al., 
2013). In a 2005 study, 20 healthy female volunteers between the ages of 18 and 
40 were recruited for an experiment exploring the link between cranberries and 
plasma antioxidant activity. Subjects consumed 750 mL/day of cranberry juice rich 
in proanthocyanidin type A for two consecutive weeks. Blood and urine samples 
were tracked over a period of four weeks, with the total phenolic, proanthocyanidin 
and catechin content of the supplements and plasma measured. Upon comparing 
the subjects’ lab results with the effects of a placebo, researchers discovered that 
Vitamin C, total phenolic, total proanthocyanidin and total catechin concentrations 
were significantly higher within the cranberry juice-subgroup compared with the 
placebo-receiving group (Duthie et al., 2006).

6.3.3 �E ffects on Flow-Mediated Dilation (FMD) 
and Vascular Relaxation

6.3.3.1 � Grapes
6.3.3.1.1 � In Vitro Studies
Using 100 μM/L GSPE to test flow-mediated dilation (FMD) and vascular relaxation 
in a rabbit model demonstrated a dose-dependent aortic ring dilation (Edirisinghe 
et al., 2008). This experiment suggests that the cardioprotective properties of GSPE 
are not limited to only one species. 

6.3.3.1.2 � Clinical Studies
Similar studies have been attempted on humans. Thirty-five male subjects took 
800 mg/day wine, grape and grape seed polyphenols for two weeks and showed no 
major effect on FMD (van Mierlo et al., 2010). That same year, 50 adults with cardio-
vascular risk were given 1300 mg/day muscadine grape seed extract for four weeks 
and subsequently showed no evidence of FMD, although a significant increase in 
resting brachial diameter was noted (Mellen et al., 2010). A 2004 study corroborated 
this experiment when 32 adults at high cardiovascular risk (smoking, high choles-
terol, hypertension) given 2000 mg/day grape seed extract for four weeks showed 
improved FMD (Clifton, 2004). All three experiments supported the conclusion that 
GSPE improves flow-mediated dilation and overall vascular activity.
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6.3.3.2 � Bilberry (Vaccinium myrtillus L.)
6.3.3.2.1 � In Vitro Studies
A 2016 study was published linking bilberry consumption to cardiovascular dis-
ease (CVD) prevention and a reduction in total LDL-C and triglyceride levels. The 
research involved men (n=11) and women (n=25) who consumed 150 g of frozen 
stored bilberries three times a week for six weeks. Anthropometric parameters, 
blood pressure, lipid profile, glucose, liver enzymes, creatinine, albumin, magne-
sium and anti-radical activity were measured before and after the conclusion of the 
experiment. According to the data, the consumption of bilberries led to a decrease 
in the following parameters among women: total cholesterol (P=.017), LDL-C 
(P=.0347), TG (P=.001), glucose (P=.005), albumin (P=.001), γ-glutamyltransferase 
(P=.046) and HDL-C. In men, favorable changes were observed in total cholesterol 
(P=.004), glucose (P=.015), albumin (P=.028), aspartate aminotransferase (P=.012), 
γ-glutamyltransferase (P=.013) and HDL-C (P=.009). In other words, the regular 
intake of bilberries can reduce the incidence of cardiovascular disease by decreasing 
LDL-C/TG and increasing HDL-C levels, due in large part to their high levels of 
proanthocyanidins (Habanova et al., 2016). Notably, significant decreases were seen 
in plasma levels of high-sensitivity C-reactive protein (hsCRP), a sensitive biomarker 
of subclinical inflammation and a predictor of CVD (Karlsen et al., 2010).

6.3.4 �E ffects of Lipoxygenases on Oxidative Status

6.3.4.1 � Chocolate
6.3.4.1.1 � In Vitro Studies
Procyanidins benefit oxidative status by inhibiting lipoxygenases. Cocoa seed pro-
cyanidins ranging in size from monomers to decamers were used at a concentra-
tion of 29 μg/mL on rabbit 15- LOX-1 and soybean lipoxygenase. The size of the 
oligomers of procyanidins were correlated with lipoxygenase activity. Lipoxygenase 
inhibition potency decreased from the monomer, was at a minimum at the trimer and 
tetramers, and then increased through the decamers. The researchers determined 
that procyanidins and other flavanols directly inhibit mammalian 15-lipoxygenase-1 
(Schewe and Sies, 2005).

6.3.5 �E ffects on Oxidative Phosphorylation and Nitric-
Oxide Synthase on Vascular Smooth Cells

6.3.5.1 � Chocolate
6.3.5.1.1 � In Vitro Studies
Procyanidin B2 effects have also been tested on rat heart mitochondria. Procyanidin 
B2 (0.7–17.9 ng/mL) increased State 2 rate of respiration of the mitochondria while 
inhibiting State 3 respiration. Because it possesses a concentration-dependent uncou-
pling effect on oxidative phosphorylation, procyanidin B2 may be advantageous in 
the prevention of cardiovascular disease. Procyanidin B2 may also indirectly affect 
ROS production (Kopustinskiene et al., 2015).
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A study assessing the effect of procyanidins on vascular smooth-muscle cells was 
completed using New Zealand White rabbit aortic rings and defatted cocoa powder 
procyanidins. The rings were cultured with 0.0001 mol/L of procyanidins. Monomer 
through trimer-sized procyanidins did not elicit endothelium-dependent relaxation, 
while tetramers through decamers did. Polymeric compounds therefore have the 
ability to cause endothelium-dependent relaxation due to activation of endothelial 
nitric oxide synthase (Karim et al., 2000).

6.3.5.1.2 � Clinical Studies
Flavanol-rich cocoa was tested in 27 healthy human subjects. In the study, 920 mL 
of cocoa containing 0.682 mg/g procyanidin oligomers was given daily. Eighteen of 
the participants received 100 μg/kg of nitric oxide synthase inhibitor intravenously, 
causing an increase in systolic blood pressure and a small increase in diastolic blood 
pressure. After five days, pulse wave amplitude increased. The results showed that 
cocoa-induced vasodilation is caused by the activation of nitric oxide. The nitric-
oxide synthase inhibitor reversed the vasodilation caused by the cocoa, boosting 
endothelial function (Fisher et al., 2003).

6.3.5.2 � Cranberry
6.3.5.2.1 � In Vitro Studies
A 2011 study further linked plasma antioxidant capacity with A-type proanthocy-
anidin—rich cranberries. In a randomized, double-blind, placebo-controlled trial, 
participants identified with metabolic syndrome (n=15–16/group) were assigned 
to one of two groups: cranberry juice (480 mL/day) or placebo (480 mL/day) for 
eight weeks. Anthropometrics, blood pressure measurements, dietary analyses and 
fasting blood draws were conducted at the introductory screening and the eight 
weeks of the study. The cranberry juice group demonstrated significantly increased 
plasma antioxidant capacity and decreased oxidized low-density lipoprotein and 
malondialdehyde after eight weeks compared to the placebo group. The researchers 
concluded that two cups/day of concentrated cranberry juice significantly reduces 
lipid oxidation and increases plasma antioxidant capacity due to the rich concentra-
tion of proanthocyanidins (Basu et al., 2011). An additional study also correlated 
cranberry consumption and overall antioxidant effects; in this study, 10 healthy, 
nonsmoking men and postmenopausal women age 50–70 years with a body mass 
index (BMI) of 18.5–29.9 kg/m2 consumed polyphenol-rich fruits 48 hours before 
an examination and underwent antioxidant testing afterwards. The researchers con-
cluded that cranberry juice concentrate increased antioxidant capacity in healthy 
older adults (McKay et al., 2015). In 2000, researchers determined that in nine vol-
unteers consuming 500 mL of cranberry juice, a significant increase in the ability of 
plasma to reduce potassium nitrosodisulphonate followed. This increase in plasma 
antioxidant capacity following consumption of cranberry juice was related to the 
phenolic compounds within cranberries, specifically A-type proanthocyanidins 
(Pedersen et al., 2000). A 2005 study tested the effects of flavonoid-rich cranberry 
juice supplementation on plasma lipoprotein levels and LDL oxidation. Twenty-one 
men were enrolled in a 14-day intervention and instructed to drink cranberry juice 
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7 mL/kg body weight per day. Physical and metabolic measures, including plasma 
lipid and oxidized LDL (Ox-LDL) concentrations as well as antioxidant capacity, 
were performed before and after the intervention. The intervention led to a sig-
nificant reduction in plasma Ox-LDL levels (−9.9% ± 17.8%, P: 178 = .0131) and 
an increase in antioxidant capacity (+6.5% ± 10.3%, P: 180 = .0140). Short-term 
cranberry juice supplementation is therefore associated with significant increase in 
plasma antioxidant capacity and reduction in circulating Ox-LDL concentrations 
(Reul et al., 2005).

6.3.5.3 � Bilberry
6.3.5.3.1 � In Vivo Studies
Plasma triglyceride levels decreased in rats fed with an extract of bilberry leaves 
(3 g/kg/day) for four days (Cignarella et al., 1996). In a human study, 35 subjects 
who took 100 g of whole bilberries each day showed an improvement in plate-
let function, blood pressure and high-density lipoprotein (HDL)-cholesterol lev-
els (Erlund et al., 2008). In another human study, mixed proanthocyanins from 
bilberry were given as an extract (320 mg/day) for 12 weeks to 60 middle-aged 
dyslipidemic Chinese subjects; the results showed significant improvements in low-
density lipoprotein (LDL)-cholesterol (average decrease of approximately 14%) 
and HDL-cholesterol (average increase of approximately 14%) (Shao et al., 2009). 
Bilberry fruit proanthocyanins have also been reported to inhibit smooth-muscle 
contraction and platelet aggregation, increasing the body’s overall vascular health. 
Proanthocyanins from bilberry were reported to protect against ischemia reperfu-
sion injury in rats that were fed bilberry proanthocyanin extract for 12 days prior to 
inducing hypertension (Detre et al., 1986). Bilberry proanthocyanidins, therefore, 
have a variety of antioxidant and anti-inflammatory effects related to their high 
concentration of proanthocyanidins.

6.3.6 �E ffects on Plasma Thiobarbituric Acid Reactive 
Substances (Antioxidant Capacity)

6.3.6.1 � Chocolate
6.3.6.1.1 � Clinical Studies
Human subjects consumed high- and low-procyanidin-containing chocolate, and 
investigators measured antioxidant activity by analyzing plasma ThioBarbituric 
Acid Reactive Substances (TBARs). The procyanidins were found to cause a 
decrease in plasma TBARs, corresponding to an increase in plasma antioxidant 
capacity after the consumption of milk chocolate containing 168 mg of flavanols 
(Arranz et al., 2013). 

In another experiment, 20 healthy male and female volunteers were split into four 
groups and given different amounts of procyanidin-rich chocolate in the form of 0, 
27, 53, or 80 g M&M’s®. The 27 g sample contained 186 mg of procyanidins. In the 
control group that did not consume chocolate, there was a decrease in time of inhibi-
tion produced by the plasma; however, these decreases were improved in subjects 
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that did consume chocolate. With each increase in amount of chocolate consumed, 
there was a trend for an increase in the time of inhibition six hours after the con-
sumption. Also in the control group, plasma TBARs measurements increased in the 
two hour and six hour intervals. This was reversed in those who consumed choco-
late. It was concluded that a diet rich in procyanidins can improve the antioxidant 
potential of plasma (Wang et al., 2000).

6.3.7 �E ffects of Procyanidins on Platelets with 
Regard to Oxidative Status

6.3.7.1 � Chocolate
6.3.7.1.1 � In Vitro Studies
In an in vitro study, procyanidin trimers and pentamers from cocoa were cultured 
with peripheral whole blood cells collected from healthy subjects; platelet agonists 
were added to some samples. With a concentration of 3 and 10 μg/L, procyanidins 
increased the fibrinogen binding conformation of the GPllb-llla and hindered platelet 
activation response to epinephrine (Rein et al., 2000b).

6.3.7.1.2 � Clinical Studies
One study showed that the ingestion of a cocoa beverage containing a total of 
897 mg of cocoa flavanols including high weights of procyanidins provided for 
an inhibition of platelet activation and function. The trimers and the pentamers 
were found to be partly responsible for this. These findings were used to con-
clude that these compounds have anti-inflammatory effects on the human heart 
(Rein et al., 2000a).

6.3.8 �E ffects on Inflammation Markers, Enzymes, Nitrous Oxide 
Production and Tumor Necrosis Factor (TNF) Secretions

6.3.8.1 � Grapes
6.3.8.1.1 � In Vivo Studies
An early experiment tested the effect of GSPE on markers of inflammation in 
mice. Female Swiss-Webster mice were treated with GSPE (25, 50, and 100 mg/kg) 
alone and in combination with vitamins C, E, and beta-carotenes after induc-
tion of peritoneal macrophages using tetra-decanoylphorbol-13-acetate (TPA). 
GSPE exhibited superior dose-dependent effectiveness in protecting against lipid 
peroxidation and in preventing DNA fragmentation of the brain (Bagchi et al., 
1998). In a later study, GSSE exerted efficient anti-inflammatory effects (Aloui 
et al., 2016). Another interesting study gauged if GSPE and GSSE protect against 
arsenic trioxide-induced oxidative stress in rat hearts. In that experiment, rats 
were infused with arsenic trioxide for 21 days, and then given a dose of GSSE. 
The GSSE effectively neutralized the arsenic (Sfaxi et al., 2015). As female 
Swiss-Webster mice were treated with GSPE, they exhibited resistance to lipid 
peroxidation. 
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6.3.8.1.2 � Clinical Studies
Two studies involving humans tested GSPE’s effect on inflammatory markers. The 
first involved 32 diabetic adults at significant cardiovascular risk taking 600 mg/day 
grape seed extract for four weeks; the human test subjects showed improvement in 
inflammatory markers and glycemia (Kar et al., 2009). A subsequent study yielded 
conflicting results. Fifty adults with cardiovascular risk received 1300 mg/day 
muscadine GSPE for four weeks and subsequently showed no significant change 
in biomarkers of inflammation, antioxidant capacity or lipid peroxidation, although 
there was an increase in resting brachial diameter of uncertain clinical significance 
(Mellen et al., 2010). Mellen concluded that additional study was warranted to assess 
clinical benefits of grape-derived nutritional supplements.

6.3.9 �E ffects on Angiotensin-Converting Enzyme (ACE) 
in Cardiovascular Smooth-Muscle Cells

6.3.9.1 � Grapes
6.3.9.1.1 � In Vivo Studies
Rats on a high-fat diet were given low molecular weight GSPE at a dose of 375 mg/kg 
and killed after six hours; no alterations in glutathione or plasma ACE were noted 
(Pons et al., 2014). This is the only available study at present, in either rats or humans, 
assessing the effect of GSPE on ACE in endovascular smooth-muscle cells.

6.3.10 �E ffects on Nitrous Oxide (NO) Production 
in Cardiovascular Cells

6.3.10.1 � Grapes
6.3.10.1.1 � In Vivo Studies
GSPE has a clear effect on nitrous oxide production. Rats given GSPE at a dose of 
250 mg/kg body weight for five weeks increased NO production (Cui et al., 2012). An 
earlier study is confirmatory. GSPE was given to rats at doses up to 1g/L, producing 
synthesis and release of nitrous oxide in rat isolated aortic rings (Mendes et al., 2003).

6.3.11 �E ffects on TNF-Alpha Secretion in Inflammation

6.3.11.1 � Chocolate
6.3.11.1.1 � In Vitro Studies
Proanthocyanidin compounds isolated from chocolate were cultured with periph-
eral blood cells from volunteers at a concentration of 25 μg/mL. Secretion of TNF-
alpha was then measured, with monomers and dimers providing the lowest secretory 
increase. Tetramers through octamers, however, produced a threefold or fourfold 
increase, while other fractions doubled the baseline amount of secretion. TNF-alpha 
is a substance essential for infection response; therefore, an increase in its secretion 
helps decrease inflammation (Mao et al., 2002).
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6.3.12 �E ffect on Foam Cells, Endothelial Cells, Lung 
Cells, Kidney Cells and Smooth-Muscle Cells

6.3.12.1 � Grapes
6.3.12.1.1 � Effects on Atherosclerosis/Foam Cells
6.3.12.1.1.1  In Vivo Studies  GSPE at a dose of 45 μg/mL attenuated foam cell 
development in the macrophages of mice, implying a benefit in atherosclerosis 
(Terra et al., 2009).

Hamsters given GSPE at 18.4 mg/kg -70 μg/mL (in bath) for 12 weeks had less 
plasma cholesterol and atherosclerosis in their aortic rings (Auger et al., 2004). An 
earlier study treating atherosclerotic hamsters with GSPE at 100 mg/kg body weight 
for 10 weeks demonstrated reduced foam cells (Vinson et al., 2002). Unfortunately, 
no comparable study involving humans is available.

6.3.12.1.1.2  In Vitro Studies (Protective Effects on Endothelial Cells)  Proan
thocyanidins applied at 1–20 μM to human umbilical endothelial cells demonstrated 
a protective effect against peroxynitrile damage, suggesting significant antioxidant 
effects (Aldini et al., 2003).

6.3.12.1.1.3  In Vivo Studies (Effects on Cardiac Cells)  GSPE demonstrates 
beneficial effects on cardiac cells. GSPE applied at 25–100 μM to rat cardiac 
H9C2 cells increased resistance to cardiac cell apoptosis elicited by reactive 
oxygen species (Du et al., 2007). According to a 2008 study, both grape flesh 
and grape skin extracts (when administered orally) improved aortic flow and 
protected hearts from ischemic reperfusion, and both dietary interventions 
reduced myocardial infarction size—suggesting both grape flesh and grape skin 
are equally cardioprotective (Leifert and Abeywardena, 2008). Leifert’s study 
concluded that both grape seeds and grape skin cells are equally effective at car-
diovascular protection and have a measurable positive effect on cardiovascular 
cellular strength. 

6.3.12.1.1.4  In Vivo Studies (Effects on Lung Cells)  Khazri tested putative GSSE 
protective effects on oxidative stress levels in rat lungs. Twenty-four male Wistar rats 
were pre-treated for three weeks with vehicle (ethanol 10% control) or GSSE (4 g/kg) 
prepared from a northern Tunisian cultivar, and then administered a single dose of 
bleomycin (15 mg/kg) at the seventh day before examining the effects on the lungs. 
The researchers concluded that GSSE exhibited significant protective properties, and 
that GSSE exerts potent antioxidant properties that could find potential application 
in lung protection processes (Khazri et al., 2016).

6.3.12.1.1.5  In Vivo Studies (Effects on Kidney Cells)  GSSE treatment offers 
effective protection against diabetes-induced kidney dysfunction in both virgin and 
pregnant rats (Oueslati et al., 2016). GSSE corrected the surrogate markers of kidney 
function, as well as the biomarkers of oxidative stress, by acting as a highly potent 
antioxidant. 
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6.3.12.2 � Chocolate
6.3.12.2.1 � In Vitro Studies (Effects on Vascular Smooth-Muscle Cells)
Chocolate procyanidins also exert beneficial effects on vascular smooth-muscle 
cells. Human aortic vascular smooth-muscle cells were cultured and treated with 
procyanidin B2 (50 μg/mL) or cocoa procyanidin fractions (30 μg/mL). Cocoa pro-
cyanidins exhibited inhibitory effects on thrombin-mediated activation and expres-
sion of MMP-2 in vascular smooth-muscle cells. Procyanidin B2 could contribute to 
the inhibition of invasion and migration of vascular smooth-muscle cells treated with 
red wine polyphenol compounds (RWPC) (Lee et al., 2008).

6.3.13 �A ntioxidant and Cardioprotective Effects of Pomegranates

6.3.13.1 � In Vitro Studies
In a 2000 study, researchers concluded that pomegranate juice (PJ) shows anti-
oxidant capacities of up to three times the capacity of red wine (Gil et al., 2000). 
A subsequent study showed that PJ had the highest antioxidant capacity of all 
available polyphenol-rich beverages (Seeram et al., 2008). Three years later, a 
separate study confirmed that Mediterranean pomegranates had the highest anti-
oxidant capacity of the seven selected polyphenol-rich fruits (Shams Ardekani 
et al., 2011). The polyphenols tested included proanthocyandins, tannins, cate-
chin and epicatechin, with the proanthocyanidins in PJ being more effective than 
those of similar fruits. A 2011 study specifically tested the antioxidant proper-
ties of pomegranates and found a significant correlation between the total anti-
oxidant activity and the proanthocyanidin content. A high correlation (r2= 0.80) 
between antioxidant capacity and proanthocyanidin content was found, suggest-
ing that proanthocyanidins are the principal contributor to the antioxidant capac-
ity of pomegranates (El Kar et al., 2011). Additionally, evidence suggests that 
polyphenolic antioxidants (composed mainly of proanthocyanidins) contained in 
PJ can cause reduction of oxidative stress and atherogenesis through the activa-
tion of redox-sensitive genes and increased eNOS expression (Fuhrman et al., 
2010). These studies demonstrate the antioxidant, anti-diabetic and cardiopro-
tective capacity of proanthocyanidins found in pomegranates and pomegranate 
juice. Additionally, a 2012 study showed that there was a definite correlation 
between the proanthocyandins on the skin of pomegranates and the overall anti-
oxidant effect on the test subject (Wissam et al., 2012). A pilot study in type 
2 diabetic patients with hyperlipidemia found that concentrated PJ decreased 
cholesterol absorption, had a favorable effect on enzymes concerned in cho-
lesterol metabolism, drastically reduced LDL cholesterol and improved LDL/
HDL cholesterol and total/HDL ratios (Esmaillzadeh et al., 2006). In that study, 
22 diabetic patients were recruited from the Iranian Diabetes Society and were 
given a diet high in pomegranate juices with large extracts of proanthocyandins 
(specifically, 40 g concentrated PJ) for eight weeks. After consumption of con-
centrated pomegranate juice, significant reductions were seen in total cholesterol 
(p < 0.006), low-density lipoprotein-cholesterol (LDL-C) (p < 0.006), LDL-C/
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high-density lipoprotein-cholesterol (HDL-C) (p < 0.001) and total cholesterol/
HDL-C (p < 0.001). The presence of proanthocyanidins within pomegranates 
and PJ produces antioxidant and cardioprotective effects.

6.3.14 � Conclusion

Proanthocyanidin extracts from grape seeds, grape skins, cranberries, bilberries, 
pomegranates and cocoa demonstrate significant benefits on cardiovascular health 
markers in humans and animals. Beneficial effects include decreases in total choles-
terol, total triglyceride and total lipid levels as well as reductions in blood pressure, 
oxidative stress levels and inflammatory markers. Furthermore, cardiac recovery, 
endothelial tissue repair and endothelial cellular strength is improved in the presence 
of these extracts. Additional studies indicate that proanthocyanidin extract prevents 
cardiac hypertrophy, fibrosis, inflammation, oxidative stress, hypertension and dia-
stolic dysfunction in both rodent and human test subjects. Studies testing the cardio-
protective effects of proanthocyanidins invariably indicate a proportional increase 
in proanthocyanidin intake and cardiovascular health. Although the data regarding 
proanthocyanidin effects in pomegranates and bilberries is limited, the early returns 
are encouraging and offer pharmacological potential. Proanthocyanidins show 
promise in effectively preventing cardiovascular diseases in humans.

6.3.15 � Perspective

The preponderance of basic science research on proanthocyanidins suggests ben-
eficial antioxidant effects on multiple organ systems, including the cardiovascular 
system. Since the leading cause of death globally is cardiovascular disease, the 
implications for clinical research are clear. If proanthocyanidins are to gain a place 
in our clinical armamentarium, however, we will need additional research on the 
relative value of the different proanthocyanidin types, as well as standardization of 
dosage amounts. We believe that clinical research into the value of proanthocyani-
dins in the near future is warranted.
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7.1 � INTRODUCTION

Hypertension is recognized at present as a major health problem and one of the 
main risk factors for stroke in industrialized countries (Lackland and Weber, 2015). 
Although developed countries present the fastest increment in blood pressure, cur-
rent evidence shows it is a global problem in all regions of the world (Pearson, 1999). 
The accelerated rate of this global burden needs a global response for hypertension 
that includes the identification of the risk population, design of prevention strategies 
and the implementation of cost-effective treatment. In this sense, the use of natural 
products and diet could be an effective management tool to use in preventing the 
development of hypertension and could be associated with a reduction in hyperten-
sion related outcomes, including metabolic syndrome and stroke. Indeed, the reduc-
tion in blood pressure levels is mainly the result of changes in lifestyle and other 
nonpharmacologic interventions (Lackland et al., 2014).
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The high risk of adverse cardiovascular outcomes associated with high blood 
pressure is the result of individuals unaware of uncontrolled hypertension for pro-
longed periods of time (Lackland and Weber, 2015; Tibazarwa and Damasceno, 
2014). This concept has led to the implementation of public programs and health 
strategies to control blood pressure in the population and reduce cardiovascular and 
renal disease, including the control of body weight, dietary sodium intake, level of 
physical activity and other dietary factors as fruit and vegetable intake, alcohol con-
sumption and the amount of fat in the diet. For example, the reduction in mean blood 
pressure through a decrease in salt intake represents a cost-effective approach to 
prevent hypertension and cardiovascular diseases (Beaglehole et al., 2012). These 
strategies are implemented to reduce blood pressure values in individuals in the pre-
hypertension category (systolic blood pressure 120–129 mmHg or diastolic blood 
pressure 80–89 mmHg).

On the basis of the results of the Oxford Vascular Study, Rothwell et al. postulated 
in 2004 that strokes and ischaemic attacks were related to episodic hypertension and 
blood pressure variability rather than chronically high mean blood pressure (Poulter 
et al., 2015; Rothwell et al., 2004). Several trials suggested that various types of 
drugs exerted differential effects on blood pressure variability, with calcium-channel 
blockers seemingly the most effective and the β-blockers the least (Webb et al., 
2010). Episodic hypertension with very low levels of mean systolic blood pressure is 
associated with a higher risk of a cardiovascular event than a constant hypertension 
without blood pressure variability. Long-term variability in blood pressure could be 
associated with the use of drugs with short duration of action (Rothwell et al., 2010; 
Webb et al., 2010). 

Conventional antihypertensives are usually associated with many side effects. 
However, for primary health care, natural products are better accepted by the human 
body and have fewer side effects. During recent decades, a number of concerted 
efforts have been made to search for plants with hypotensive and antihypertensive 
therapeutic values. Dietary and lifestyle changes, as well as drugs, can improve 
blood pressure control and decrease the risk of cardiovascular disease (Tabassum 
and Ahmad, 2011).

7.2 � DIETS AND HYPERTENSION

The Dietary Approach to Stop Hypertension (DASH diet) has been recommended 
by the American Heart Association for the non-pharmacological management of 
hypertension since the last decade of the 20th century (Appel et al., 2006; Moore 
et al, 2001; Sacks et al., 1995; Siervo et al., 2015). This dietary pattern promotes 
the intake of vegetable foods, including fruits, whole grains and nuts; low-fat dairy 
products, poultry and fish; and attempts to reduce the consumption of red meat, 
sweets, high-sugar beverages and high saturated fat and cholesterol. Thus, the DASH 
diet promotes high intake of protective nutrients such as fiber, vegetable protein, 
K, Ca and Mg, and a lower intake of saturated fatty acids, cholesterol, refined car-
bohydrates and sodium. The DASH diet has been demonstrated to significantly 
reduce systolic and diastolic blood pressure in hypertensive subjects when compared 
with a standard American diet (Appel et al., 1997). At the same time, it improved 
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cardiovascular risk factors and also appeared to have beneficial effects in individuals 
with high cardio-metabolic risk on insulin sensitivity (Shirani et al., 2013), inflam-
mation (Azadbakht et al., 2011), oxidative stress (Asemi et al., 2013a), fasting glucose 
(Azadbakht et al., 2005) and total plasmatic cholesterol (Chen et al., 2010). However, 
these effects on cardio-metabolic biomarkers are unclear, and other studies have 
observed non-significant effects on blood pressure (Asemi et al., 2013b; Nowson 
et al., 2004, 2005), fasting glucose (Appel et al., 2003; Lopes et al., 2003) and total 
cholesterol (Blumenthal et al., 2010).

Another dietary pattern useful in stopping hypertension is the Mediterranean 
Diet (MD), which coincides with the more relevant nutrient levels for hypertension 
prevention. The MD was identified as a healthy diet when Ancel Keys et al. (1986) 
established the relationship between the diet and different coronary risk factors in 
the Seven Countries Study. The results of this study demonstrated the protective 
effects of the traditional Mediterranean diet on mortality and cardiovascular disease. 
The MD was ascribed to the list of Intangible Cultural Heritage of UNESCO in 
November 2010 (decision 5.COM 6.41). However, from 1960 to the present, the prev-
alence of cardiovascular and metabolic diseases has increased globally, as well as in 
the north of Europe and in the Mediterranean countries, probably associated to a loss 
of the healthy lifestyle, including mainly the traditional dietary pattern (Beaglehole, 
1999). The main risk factor for developing cardiovascular disease is high blood pres-
sure. Different studies have demonstrated that when subjects adopt a MD diet during 
at least one year, both systolic and diastolic levels were reduced in individuals with 
normal blood pressure or mild hypertension; the effect was higher for systolic blood 
pressure (Nissensohn et al., 2016). The results from the PREDIMED study (Primary 
Prevention of Cardiovascular Disease with a Mediterranean Diet) showed that the 
difference in the reduction of blood pressure between each of two MD groups (one 
supplemented with olive oil and the other with nuts) and a low-fat diet group was sim-
ilar after two years of study (Estruch et al., 2013). It s interesting to take account of 
the fact that subjects used olive oil as the main added fat even in the fat-reduced diet, 
which is in keeping with the high consumption of olive oil in Spain (around 4 L of 
extra-virgin olive oil per capita in 2013). On the other hand, hypertension is a hetero-
geneous disorder, and several factors may contribute to its development: endothelial 
dysfunction, insulin resistance, sodium intake, stress and genetics (Chobanian et al., 
2003). Finally, the MD health benefits cannot be attributed to a single food, and sev-
eral components of this diet have been associated with an effect on blood pressure. 
The nutrients most relevant for hypertension are fats, such as olive oil and fish oil, as 
well as the phytochemicals and the antioxidants (Ortega, 2006; Schwingshackl et al., 
2011; Widmer et al., 2015).

7.3 � EXTRA-VIRGIN OLIVE OIL COMPOSITION

Extra-virgin olive oil is composed primarily of triacylglycerols (99%), free fatty 
acids, mono- and diacylglycerols and others compounds, such as hydrocarbons, 
sterols, aliphatic alcohols, tocopherols and pigments. However, the compounds that 
contribute to the unique character of this oil are a set of phenolic and volatile com-
pounds (Figure 7.1).
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The main fatty acids present in olive oil are oleic (C18:1), linoleic (C18:2), linole-
nic (C18:3), stearic (C18:0), palmitic (C16:0), palmitoleic (C16:1) and myristic (C14:0) 
acids. Other fatty acids are found in trace amounts (heptadecanoic and eicosanoic) 
(Scano et al., 1999).

The fatty acid composition of different extra-virgin olive oil may differ depend-
ing on the latitude, the climate, the variety and the stage of maturity of the fruit. 
Oleic acid is the first one to be synthetized in the fruit, and there is an antagonistic 
relationship between oleic and palmitic, palmitoleic and linoleic acids (Ninni, 1999). 
Spanish extra-virgin olive oils have a high percentage of oleic acid but are low in 
linoleic and palmitic.

The presence of partial glycerides (diacylglycerols and monoacylglycerols) in 
these oils is due either to incomplete triacylglycerol synthesis or hydrolytic reactions. 
Storage conditions affect the distribution of fatty acids, and their ratio depends on oil 
acidity (Pérez-Camino et al., 2002; Spyros et al., 2004).

Two hydrocarbons are present in considerable amounts in extra-virgin olive oil 
(squalene and β-carotene). Squalene is the major constituent of the unsaponifiable 
matter partially responsible for the beneficial health effects of olive oil and its chemo-
preventive action against certain cancers (Rao et al., 1998). The main carotenoids pres-
ent in olive oil are lutein and β-carotene, and the other pigment present is chlorophyll.

The E-vitamer α-tocopherol is found in the free form. The levels reported indicate 
a wide range of milligrams of α-tocopherol per kg oil that depends on the cultivar 
and technological factors, and refining or hydrogenation causes loss of tocopherols 
(Belitz et al., 2004).

The most important aliphatic and aromatic alcohols are fatty alcohols and diter-
pene alcohols. Alkanols and alkenols with less than ten carbon atoms in their mol-
ecules, which are present in free and esterified form, and some aromatic alcohols 
(benzyl alcohol and 2-phenylethanol) are constituents of the olive oil volatile fraction.

Four classes of sterols can be found in olive oil: common sterols (4-desmethylster-
ols), 4α-methylsterols, triterpene alcohols (4, 4-dimethylsterols) and triterpene dial-
cohols. The maincomponents of this sterol fraction are β-sitosterol and campesterol.

The phenolic substances are secondary plant metabolites, chemically charac-
terized by the presence of one or more aromatic rings with one or more hydroxyl 
substituents (Stefani and Rigacci, 2014). The olive tree (Olea europaea L., family 
Oleaceae) produces its own battery of polyphenols that includes flavonols, lignans 
and glycosides (Rigacci and Stefani, 2016).

These polyphenols are found in the lipid and water fractions of extra-virgin olive 
oil and include the phenolic alcohols, hydroxytyrosol (3,4-dihydroxyphenylethanol, 
3,4-DHPEA) and tyrosol (p-hydroxyphenylethanol, p-HPEA) and their secoiridoid 
precursors, including oleuropein, the main responsible for the bitter taste of olive 
leaves and drupes, and oleocanthal, the main responsible for the burning sensation 
when consuming extra-virgin olive oil (Dinda et al., 2011). Phenolic concentration in 
extra-virgin olive oil depends on several variables, such as the olive cultivar and the 
ripening stage of fruit (Ranalli et al., 2009), environmental factors, extraction condi-
tions, systems and storage conditions, and time (Servili and Montedoro, 2002). All 
these compounds have demonstrated antioxidant and anti-inflammatory activities, 
which play an important role in the health properties of extra-virgin olive oil.
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7.4 � EFFECTS OF EXTRA-VIRGIN OLIVE OIL ON BLOOD PRESSURE

Different observational epidemiological and experimental studies support the evi-
dence that olive oil, as the main fat source of the MD, is associated with a reduced 
risk of cardiovascular disease and a lower prevalence of hypertension (Lopez et al., 
2016). The population–based International Study of Macro/Micronutrients and 
Blood Pressure (INTERMAP), a cross-sectional epidemiological study of 4,680 
men and women aged 40–59 years from Japan, the People's Republic of China, the 
United Kingdom and the United States, has demonstrated that oleic acid intake from 
vegetable (mainly olive oil) but not animal sources is inversely related to diastolic 
blood pressure, and this effect was more intense in subjects without pharmacological 
treatment (Miura et al., 2013).

This observation is in agreement with previous results that indicated positive 
effects of extra-virgin olive oil intake on hypertension. In a randomized double-
blind crossover trial, a daily intake of extra-virgin olive oil (30 g/day in women and 
40 g/day in men) was able to significantly reduce systolic and diastolic blood pres-
sure, and reduced by 48% the dosage of pharmacological treatment (Ferrara et al., 
2000). This effect of extra-virgin olive oil was also found in a cohort of non-diabetic 
hypertensive elderly people who reduced their systolic blood pressure after a extra-
virgin olive oil intake of 60 g/day during four weeks, getting values comparable to 
those in normotensive subjects (Perona et al., 2004). The effects of olive oil on blood 
pressure were also analyzed in a sub-study of the PREDIMED trial. After admin-
istration of a MD supplemented with 51 g/day of olive oil during a one-year period, 
the composition of the plasmatic membrane of erythrocytes from hypertensive par-
ticipants had undergone changes, with increased levels of phosphatidylethanolamine 
and decreased levels of lysophosphatidylcholine and sphingomyelin, affecting mem-
brane molecular morphology and packaging (Barceló et al., 2009). Although the evi-
dence derived from human studies also supports the concept that extra-virgin olive 
oil may exert an antihypertensive activity, these reports are limited.

7.5 � EXTRA-VIRGIN OLIVE OIL AND MEMBRANE FUNCTION

The first study which demonstrated the effect of olive oil on hypertension in an 
animal model was carried out on Dahl salt-sensitive rats (Ganguli et al., 1986). This 
effect has also been demonstrated in spontaneously hypertensive rats (SHR) after 
feeding six weeks on a diet with 10% of extra-virgin olive oil. Aortic rings of SHR 
animals had attenuated phenylephrine-induced contractions and a greater relaxation 
in response to acetylcholine, which suggested an improvement of endothelial func-
tion consistent with a change in membrane composition (Herrera et al., 2001).

The changes in lipid composition have also been established in adipose tissue, 
where a diet enriched in extra-virgin olive oil and high oleic sunflower normalized the 
altered composition of triglyceride molecular species and phospholipid fatty acids in 
SHR compared to animals fed a chow diet (Perona and Ruiz-Gutierrez, 2004). 

When Spontaneously Hypertensive Rats (SHR) were fed with high-fat diets con-
taining 15% of refined olive oil, pomace olive oil or pomace olive oil supplemented 
in oleanolic acid during 12 weeks, no significant differences were found in blood 
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pressure. However, diets rich in pomace olive oil improved endothelial dysfunction in 
SHR aorta by mechanisms associated with enhanced eNOS expression; these effects 
were most likely associated with some minor components from pomace olive oil 
(Rodriguez-Rodriguez et al., 2007). The hypotensive effects of extra-virgin olive oil, 
triolein and oleic acid have also been studied in SHR rats. Both oleic acid and triolein 
mimicked the hypotensive effects of extra-virgin olive oil and showed a high impact 
on biophysical and functional membrane properties of aortas (Terés et al., 2008).

7.6 � EXTRA-VIRGIN OLIVE OIL AND THE 
RENIN-ANGIOTENSIN SYSTEM

Several pathophysiologic factors are involved in the relationship between hyperten-
sion and the other components of cardiovascular disease, including inappropriate 
activation of the renin-angiotensin system (RAS). There is growing evidence that 
enhanced activation of this hormonal system is a key factor in the development of 
endothelial dysfunction and hypertension. Systemic and local renin-angiotensin sys-
tems interact in the control of blood pressure. The role of intra-renal angiotensin in 
the regulation of sodium and water balance is well known (Prieto et al., 2003), and 
brain angiotensin plays a major role in blood pressure control (Banegas et al., 2006). 
On the other hand, the aminopeptidases that participate in the enzymatic cascade of 
the RAS also play an important role in blood pressure control, and their study offers 
new perspectives for the understanding of central blood pressure control and the 
treatment of hypertension (Banegas et al., 2006).

A high-fat diet enhances the expression of RAS components (Schüler et al., 2017), 
induces an increase of Angiotensin Converting Enzyme (ACE) serum concentrations 
(Li et al., 2015) and enhances the hypertensive response to angiotensin II admin-
istration. This response is mediated, at least in part, by increased activity of the 
brain renin-angiotensin system and proinflammatory cytokines (Xue et al., 2016), 
establishing a link between dietary fat, the RAS, hypertension and cardiovascular 
disease. However, these effects depend on the kind of fat source. The intake of extra-
virgin olive oil, a fat that has been demonstrated to exert beneficial effects on hyper-
tension and cardiovascular disease, also affects several components of plasmatic and 
local RAS, but these changes are not related to the development of hypertension 
(Figure 7.2).

When mice fed diets with different degrees of dietary fatty acid saturation, serum 
total cholesterol levels are higher in mice fed diets containing saturated fat (lard and 
coconut) than in those fed diets with unsaturated fat (sunflower, fish and olive oil). 
Serum Aspartyl and Glutamyl Aminopeptidase activities are increased progressively 
also with the degree of saturation of the dietary fatty acids. Glutamyl and Aspartyl 
Aminopeptidases play a major role in the regulation of RAS. Glutamyl Aminopeptidase 
(Angiotensinase A) metabolizes Angiotensin II in Angiotensin III, and Aspartyl 
Aminopeptidase converts Angiotensin I in Angiotensin 2–10, which is further converted 
in Angiotensin III by the ACE enzyme. Therefore, the increase of serum Glutamyl and 
Aspartyl Aminopeptidase activities suggest a heightened metabolism of Ang I and II, 
which leads to an increase in Ang III levels (Arechaga et al., 2001).
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Significant differences were also found in mice fed with a diet enriched in olive 
oil (20% by weight), where serum Glutamyl Aminopeptidase activity decreased 
more than 50% compared with animals fed with a standard diet. These changes 
also affected Glutamyl and Aspartyl Aminopeptidase Activities in different tissues, 
including lung, adrenal, atrium and testis, indicating functional changes in systemic 
and locals RAS (Ramírez-Expósito et al., 2001).

It has been proposed that dietary fat composition influences physiologic and 
metabolic functions modifying the cholesterol-phospholipid composition of cellular 
membranes. Modifications in the composition and physical properties of the mem-
branes may lead to alterations in the activities of membrane-bound enzymes. These 
effects have been demonstrated, for example, in testis, where the type of fat used in 
the diet influences the local activities of Glutamyl and Aspartyl Aminopeptidase 
and, therefore, may influence the autocrine/paracrine functions of locally synthe-
sized angiotensin (Arechaga et al., 2002). More recently, Domínguez-Vías et al. 
(2017) have demonstrated in male Wistar rats that a diet enriched (20%) in butter 

FIGURE 7.2  The Renin-Angiotensin pathway, with the main peptides and enzymes, and 
the most important effects of extra-virgin olive oil intake on both systemic and locals sys-
tems (brain, kidneys and testis). ACE=Angiotensin Converting Enzyme; ACE2=Angiotensin 
Converting Enzyme 2; GluAP=Glutamyl Aminopeptidase Activity; AlaAP=Alanyl 
Aminopeptidase Activity; AspAP=Aspartyl Aminopeptidase Activity.
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plus cholesterol increased membrane-bound Glutamyl Aminopeptidase activity 
in testis after 24 weeks, and significant and positive correlations were established 
between plasma triglycerides and total cholesterol. In contrast, a diet enriched in 
extra-virgin olive oil increased soluble DPPIV (T-cell activation antigen CD36), an 
enzymatic activity that influences testis development/spermatogenesis by regulating 
the immune states, and is considered as co-stimulator of T-cells to participate in 
immunoreaction.

The kind of fat in the diet also modifies the profile of fatty acids in the brain 
and affects aminopeptidase activities in this tissue, and a relationship has been 
described between specific brain fatty acid changes and angiotensin metabolism in 
adult male rats (Segarra et al., 2011). After an experimental period with different fat 
sources (fish, olive or coconut oil), the distribution of fatty acids in the frontal cortex 
reflects the composition of the diets. Although there were no significant differences 
in Aminopeptidase Activities between the three diets, highly significant correla-
tions between fatty acids in the cortex and soluble and membrane Aminopeptidase 
Activities were found. Fish and coconut oils particularly affected the correlation of 
fatty acids with membrane-bound Glutamyl Aminopeptidase Activity, whereas olive 
oil influenced Aspartyl Aminopeptidase Activity. 

Nevertheless, the main local RAS implicated in the control of blood pressure is 
the intra-renal RAS. Villarejo et al. demonstrated in 2015 that the intake of a diet 
enriched in extra-virgin olive oil (20%) during 12 weeks delayed the progressive 
increase in systolic blood pressure in male SHR rats, compared with a standard chow 
diet. This effect was related to changes in local renal aminopeptidases, suggesting 
an opposite response between the renal cortex and medulla: while in the renal cortex 
the AngII effects may be counterbalanced, in the renal medulla it may be potenti-
ated. The lower levels in systolic blood pressure in the extra-virgin olive oil were 
parallel with lower amounts of urine nitric oxide and 8-isoprostanes, which may 
suggest a decrease in the levels of oxidative stress in these animals, probably associ-
ated with the effect of different minor components of extra-virgin olive oil, such as 
hidroxytyrosol and oleouropeine.

The role of the gut microbiota in the development of hypertension has also 
been related to the intake of high-fat diets. However, the fat source seems to be 
more important than the amount. Swiss Webster mice fed with standard chow 
or two high-fat diets enriched with extra-virgin olive oil or butter, respectively, 
showed a distinctive pattern on the intestinal microbiome as indicated by next-
generation sequencing. The butter diet elicited the highest values of systolic blood 
pressure, correlating positively with the percentage of Desulfovibrio sequences 
in feces, which in turn showed significantly higher mean values in the butter diet 
than in the extra-virgin olive oil diet (Prieto et al., 2018). Additionally, the ben-
eficial effect of extra-virgin olive oil on the development of hypertension in SHR 
rats is associated to specific changes in gut microbiota, with significant differ-
ences between a standard chow diet and a diet enriched in extra-virgin olive oil, 
when selected bacterial groups were quantified by RT-PCR using Lactobacillus, 
clostridia XIV and universal primers. Interestingly, the results suggested an 
increase in the microbial diversity of the feces of the SHR rats fed the extra-
virgin olive oil diet, and a significant inverse correlation between the abundance 
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of Clostridia XIV and the systolic blood pressure values (Hidalgo et al., 2018). 
These results indicate a link between the diet and the prevalence of some taxa 
in the gut microbiome, and support the possibility that, at least in part, the effect 
of extra-virgin olive oil on blood pressure may be mediated by the modulation of 
intestinal microbiota.
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8 Role of Herbs and Spices 
in Cardiovascular Health

Haroon Khan, Ada Popolo, Marya and Luca Rastrelli

8.1 � INTRODUCTION

Cardiovascular diseases (CVDs) are considered the leading cause of morbidity and 
mortality in developed and developing countries. According to the World Health 
Organization (WHO), every year about 17.1 million people die from cardiovascu-
lar problems like heart attack, stroke and heart failure, and it is estimated that the 
occurrence of deaths may increase to 23.6 million by 2030 (WHO, 2009). CVDs 
are mainly associated with various factors such as elevated serum total cholesterol, 
raised LDL and an increase in LDL oxidation, high platelet aggregation, hyperten-
sion and smoking (Rahman and Lowe, 2006). Augmented oxidative stress also plays 
a crucial role in the pathophysiology of CVDs such as atherosclerosis, heart fail-
ure, hypertension, cardiac hypertrophy and ischemia-reperfusion (Cave et al., 2006). 
A number of bioactive compounds obtained from terrestrial plants may reduce 
the risk of cardiovascular diseases due to their anti-inflammatory, anti-ischemic, 
anti-angiogenic, antioxidative, anti-hypercholesterolemic and antiplatelet activities 
(Pastor-Villaescusa et al., 2015).

There are several synthetic therapeutic agents currently available for the treat-
ment of different cardiovascular disorders, but most of them have undesirable side 
effects, are inefficient and have pharmacokinetic problems. Moreover, the interac-
tion of cardiovascular medication with other drugs limits the use of certain medica-
tions. The identification of alternative therapies with several clinical applications, 
efficacy and a reasonable safety profile is the target of several research groups 
around the world (Rangel-Huerta et al., 2015).
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Role of Herbs and Spices in Cardiovascular Health

About 30% of known drugs are based on natural products (Xie et al., 2015). 
Research on natural products continues to explore a variety of lead structures that 
may be used as templates by pharmaceutical industries for the development of new 
drugs (de Fátima et al., 2014). It is important to mention here that some success 
has been achieved with natural products for the treatment of a variety of CVDs. 
Therefore, numerous research groups are focusing their attention on exploring natu-
ral products for that purpose.

8.2 � ROLE OF FRUITS AND VEGETABLES IN CVDS

Sufficient consumption of fruits and vegetables efficiently decreases the risk of car-
diovascular diseases, as fruits and vegetables are a rich sources of flavonoids which 
have significant ability in the protection of coronary heart diseases (Wang et al., 
2011). For centuries, soybeans have been used extensively as food and medicine in 
Asia. Epidemiologists have long noted that Asian populations who consume soy 
foods as a dietary staple have a lower incidence of CVDs than those who consume 
a typical Western diet (D’Adamo and Sahin, 2014). Soy contains various classes of 
bioactive compounds, isoflavones being particularly important. The three major iso-
flavones found in soybeans are genistein, daidzein and glycitein. These isoflavones, 
which are weak estrogens, may act as antiestrogens by competing with the most 
potent naturally occurring endogenous estrogens, 17β-estradiol, for binding to the 
estrogen receptor and reduced risk of cardiovascular diseases like atherosclerosis 
(González Cañete and Durán Agüero, 2014). Researchers analyzed the functional 
and anatomopathological effects of soybean extract and isoflavones on post-myo-
cardial ischemia (MI) and observed a protective effect 30 days after the MI in the 
soybean extract group (Miguez et al., 2012) (Table 8.1).

Isoflavones have been shown to mitigate hypertension by targeting mechanisms 
involving vasodilation; in particular, interaction with the estrogen-response ele-
ment of genes related to endothelial nitric oxide (NO) synthase increases endog-
enous NO production, which improves brachial artery flow (Jackson et al., 2011). 
However, data of epidemiological studies are controversial and have not clarified 
the correlation between soy intake and prevention of CVD mortality In fact, it 
appears that different soy foods may vary in their biological efficacy and protec-
tive effects. For example, soy isoflavones for their estrogenic activity may pro-
tect against the sharp rise in CVD incidence after menopause, when endogenous 
estrogen concentrations are depleted (Vitale et al., 2013). It has been shown that in 
postmenopausal women, six months of isoflavone supplementation improves endo-
thelial vasodilation and results in a significant reduction in cellular adhesion mol-
ecules such as Intercellular Adhesion Molecule 1, Vascular Cell Adhesion Protein 
1 and E-selectin (Colacurci et al., 2005).

Furthermore, there is emerging evidence on the diverging biological effects 
among individuals capable of metabolizing the soy isoflavone daidzein to the 
more bioactive metabolite equol. For example, in exploring the effect of soy on 
CVD risk factors, it was found that blood pressure, plasma triglycerides (TGs) and 
C-reactive protein (CRP) concentrations were significantly lowered among equol- 
and O-desmethylangolensin (ODMA)-producing pre-hypertensive, postmenopausal 
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Chinese women, compared to non-producers. In addition, racial differences in the 
ability to convert daidzein into equol have been reported (Liu et al., 2014).

Another possible explanation for the hypotensive effects could be the fact that soy 
foods and legumes in general are rich in arginine, which is a precursor of NO in the 
l-arginine-nitric oxide pathway (Moncada and Higgs, 1993). It is thought that argi-
nine aids in regulation of blood pressure through increased production and improved 
NO bioavailability in the vascular endothelium (Dong et al., 2011). Two meta-anal-
yses have concluded that supplementation with l-arginine significantly improves 
blood pressure and endothelial function in adults (Dong et al., 2011; Bai et al., 2009). 
Hypotensive activity of soy-containing foods could also have been related to the 
increased arginine content relative to lysine. In fact, both amino acids compete for 
the same transporter in the intestinal lumen, so increased lysine relative to arginine 
could limit uptake of the latter and thus affect its bioconversion and consequent 
downstream hypotensive effects (Vasdev et al., 2008). Although several studies have 
come to conflicting conclusions, it is clear that the hypotensive effect of isoflavones 
is best achieved in persons with established hypertension (Ramdath et al., 2017). 
Much of the focus on soy has been directed toward the hypocholesterolemic proper-
ties of bioactive peptides in soy protein, which exert their effects primarily through 
mechanisms involving the LDL-C receptor (LDLR), cholecystokinin secretion and 
consequent bile acid regulation (Torres et al., 2006; Maki et al., 2010).

Since it was recognized that isoflavones could be the bioactive component attrib-
uted to soy protein, isoflavones lacking soy bean was studied in seven trials and 
compared with casein or milk protein, or various animal proteins. Two of the studies 
showed small significant decreases in LDL cholesterol (Gil-Izquierdo et al., 2012). 
These studies were very carefully controlled feeding studies, all meals being formu-
lated according to strict nutritional specifications, and complete meals were provided 
to the participants. They were specifically designed to sort out the effects of the 
protein from the isoflavones and showed an effect of protein but not of isoflavones on 
LDL cholesterol (Sacks et al., 2006).

Nevertheless, there exists some controversy about the hypocholesterolemic effect 
of soy protein.

Although the lipid effects of soy protein are much more modest than initially 
reported, they are still relevant clinically. At population levels, as epidemiologic and 
intervention data suggest, for every 1% reduction in LDL-cholesterol, there is a cor-
responding 1%–2% reduction in cardiovascular events (CVEs), and for every 2%–3% 
increase in HDL-cholesterol, there is a reduction in CVEs by 2%–4% that is inde-
pendent of LDL-cholesterol (Ramdath et al., 2017).

Several meta-analyses, all reported by Ramdath and co-workers, support the ben-
eficial effects of soy in cholesterol lowering and have culminated in the U.S. Food 
and Drug Administration’s approval of a health claim that “25 g of soy protein a 
day, as a part of a diet low in saturated fat and cholesterol, may reduce the risk 
of cardiovascular disease” (Ramdath et al., 2017). Red fruits and vegetables like 
tomatoes, watermelon, apricot, pink guava and grapefruits are rich sources of lyco-
pene, which is a dietary carotenoid. It is actually the most potent antioxidant related 
with decreased risk of chronic diseases like CVDs (Nguyen and Schwartz, 1999). A 
clinical trial was conducted by adding tomato extracts to the treatment regimen of 
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hypertensive patients. The findings revealed that the combination therapy of tomato 
extracts with low-dose ACE inhibitors, inhibitors of calcium channels or with low-
dose diuretics showed significant decrease in systolic and diastolic blood pressure by 
more than 10 mmHg and 5 mmHg, respectively. Besides this, the compliance level of 
patients was high and no side effects were recorded (Paran et al., 2009).

Epidemiological studies provide indisputable evidence supporting the direct role 
of lycopene in prevention of CVDs. In fact, the Framingham Heart Offspring Study 
(Jacques et al., 2013), indicates that there is a strong inverse association between 
lycopene intake and incidence of myocardial infarction, angina pectoris and coro-
nary insufficiency. Furthermore, low plasma lycopene levels were reported in hyper-
tension, myocardial infarction, stroke and atherosclerosis. For this reason, decreased 
α-carotene and lycopene concentrations in the blood have recently been proposed 
as possible criteria for prognosis of public health in the United States. According to 
the results of meta-analysis, a plasma carotenoid level <1 μM translates into a very 
high risk of health consequences. Moderate health risk is proclaimed to be associ-
ated with carotenoid concentrations in the range 1.5–2.5 μM. Values for carotenoid 
concentrations from 2.5 to 4 μM suggest a moderate risk, whereas carotenoid con-
centrations over 4 μM are proposed to have the lowest risk of health consequences. 
According to the same report, over 95% of the US population falls into the moderate 
or high risk category of the carotenoid health index (Petyaev, 2016).

In another study, the cocoa products that are rich in dietary products significantly 
improved cardiovascular health by increasing HDL-cholesterol level and by decreas-
ing glucose and IL-1β level (Sarriá et al., 2015). Cocoa and chocolate have also been 
found to be rich sources of antioxidant flavonoids, mainly (−)-epicatechin and other 
flavan-3-ols (Figure 8.1).

Thus, cocoa products play a crucial role in cardiovascular protection by decreas-
ing inflammation, inhibiting platelet activity and reducing blood pressure and vaso-
dilation (Engler and Engler, 2006).

In a review of 28 human intervention studies conducted between 2000 and 2007 
on the effect of cocoa consumption (Cooper et al., 2008), the main outcomes were 
improved endothelial function, decreased susceptibility of low‐density lipoprotein 
(LDL) to oxidation, inhibition of platelet aggregation and activation and decreased 
levels of F2‐isoprostanes. In many studies, regular consumption of cocoa, or a fla-
vanol extract of cocoa, reduced blood pressure, blood cholesterol, F2‐isoprostanes 
and susceptibility of LDL to oxidation. At the molecular level, many of the effects 
are mediated through interactions with nitric oxide metabolism in the blood vessel 
endothelium (Kerimi and Williamson, 2015), improving endothelial dysfunction, 
increasing vasodilation and lowering blood pressure. Repeated administration of 
high-flavanol cocoa produces a longer-term effect that is characterized by an increase 
in the baseline level of brachial artery flow-mediated dilation (FMD). FMD value 
largely reflects NO-mediated arterial function (including that of coronary arteries), 
and low levels are associated with cardiovascular events and elevated risk factors 
for CVDs. This effect can be mediated by changes in gene expression and protein 
synthesis (endothelial nitric oxide synthase, eNOS) (Schewe et al., 2008). Besides 
the improvement of NO bioavailability and bioactivity, the positive endothelial 
effects of cocoa can be correlated with other mechanisms. Modulation of PGI2 and 
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leukotrienes, reduction of xanthine oxidase and myeloperoxidase activities, suppres-
sion of the pro-inflammatory cytokines IL-1β, IL-2 and IL-8 production and inhibition 
of ET-1 release (Kerimi and Williamson, 2015) seem to be involved. Furthermore, 
decrease of the biomarkers associated with vascular damage like monocyte CD62L 
expression and the formation of elevated endothelial microparticles (McFarlin et al., 
2015) and mobilization of functionally unaltered circulating angiogenic cells (EPCs) 
(Heiss et al., 2010) have been reported. These data indicate that the most significant 
changes remain as endothelial function, blood pressure and cholesterol levels, and, 
together with additional unpublished intervention studies, have enabled a claim on 
cocoa flavanols to be accepted by the European Food Safety Authority (EFSA NDA 
Panel, 2014) on endothelium‐dependent vasodilation (Williamson, 2017).

Recent randomized and placebo-controlled trials showed that utilization of 
pomegranate juice efficiently reduced the systolic and diastolic blood pressure inde-
pendently of dose and duration of consumption (Sahebkar et al., 2017). The hypo-
tensive effect seems to be attributable to the pomegranate’s ability to act as an ACE 
inhibitor. In fact, ACE inhibition induces blood vessels relaxation and dilatation, 
thus lowering blood pressure and allowing more blood and oxygen to get to the 
heart (Aviram and Rosenblat, 2012). Consumption of natural fruits and vegetables, 
such as grapes, decreased the risk of cardiovascular diseases, as it contains a wide 
variety of polyphenols, including flavonoids, phenolic acids and resveratrol. Several 
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studies suggest that grape-derived poliphenols could reduce the risk of atheroscle-
rosis through various mechanisms, such as inhibition of LDL oxidation and plate-
let aggregation, reduction of inflammation, and activation of sirtuin-1 a protein 
that prevent senescence (Castilla et al., 2006). Grapes, wine and resveratrol play a 
vital role in reducing morbidity and mortality risk due to cardiovascular complica-
tions. Wines obtained from grapes possess variety of antioxidants like resveratrol 
and proanthocyanidins, which play an important role in cardiac protection activi-
ties. Proanthocyanidins are mainly found in grape seeds, while resveratrol is found 
mainly in grape skin (Bertelli and Das, 2009). Various types of berry fruits, such 
as blueberry, cranberry, chokeberry and strawberry are rich in natural antioxidants 
(vitamin C and E), micronutrients (folic acids, calcium) and phytochemicals (poly-
phenols) (Bhagwat et al., 2011) and have a positive and profound impact on human 
health and diseases (Seeram, 2008). Vitamin E reduces cardiovascular diseases such 
as MI, stroke or cardiovascular death in individuals with DM and haptoglobin (Blum 
et al., 2010). Besides this, high glycemia, lipids and lipids oxidation are associated 
with coronary artery diseases (CAD). Therefore, human intervention studies proved 
that berry fruits have the ability to significantly decrease chances of CVD and main-
tain normal vascular function and blood pressure by improving LDL oxidation, lipid 
peroxidation, total plasma antioxidant activity, glucose metabolism and dyslipid-
emia (Krentz, 2003). In a clinical trial, the researchers suggested that consumption 
of anthocyanin-rich strawberries for one month improved lipid profile and platelet 
function in healthy volunteers (Alvarez-Suarez et al., 2014).

Olive oil is considered as the main source of fat in Mediterranean Diet, which is 
mainly associated with low morbidity and mortality rate for CVDs (Knoops et al., 
2004). Olive oil, particularly, the virgin olive oil-rich diets, decreases pro-throm-
botic environment, modifies platelet aggregation, coagulation and fibrinolysis (Covas  
et al., 2006).

8.3 � ROLE OF HERBS IN CVDS

Generally, the botanical term herb refers to plants with a non-woody stem that pro-
duce seeds and which die at the end of the growing season, but in herbal medicine, 
this term is used not only to refer to herbaceous plants but also to refer to vari-
ous parts of plants like bark, fruits, flowers, leaves and seeds of trees, shrubs and 
woody vines and their extracts (Eisenberg et al., 1993). In cardiovascular patients, 
the most commonly used herbs are echinacea, garlic, ginseng, ginkgo biloba and 
glucosamine, which are used to prevent hyperlipidemia, impaired blood flow and 
other cardiovascular problems (Yeh et al., 2006).

For centuries, garlic has been used as food and medicine. The active constitu-
ent of garlic is allicin, which shows a variety of pharmacological activities. Other 
organosulfur compounds stem from the decomposition of allicin produced by chop-
ping garlic and include diallyl trisulfide, diallyl disulfide, diallyl sulfide, ajoene 
and dithins I (Figure 8.2). Several studies suggest that regular use of garlic pre-
vents various cardiovascular disorders. In fact, garlic effectively reduces the risk 
of stroke and heart attack by lowering total and LDL-cholesterol and triacylglyc-
erol (Warshafsky et al., 1993), and exhibits cardioprotective properties against 
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cardiotoxicity, arrhythmia, hypertrophy, ischemia-reperfusion injury, cardiac and 
mitochondrial dysfunction and myocardial infarction (Khatua et al., 2013; Supakul 
et al., 2014). Furthermore, garlic contains ajoenes, allyl methyl trisulfide and vinyl-
dithins that increase fibrinolytic activity (Kendler, 1987), reduce serum levels of 
thromboxane B2 (Ali and Thomson, 1995), inhibit platelet aggregation (Bordia 
et al., 1977). Allicin from garlic may exhibit an antimyocardial fibrosis effect by 
downregulation of the TGF β/Smads signal transduction, which ultimately leads 
to production of adhesion glycoproteins (Li et al., 2016). S-propargyl-cysteine has 
shown cardioprotection in ischemic heart disease (Wen and Zhu, 2015), while gar-
lic-derived polysulfides may be useful in the treatment of myocardial ischemic dis-
ease (Lavu et al., 2011). In fact, Benavides et al. (2007) showed that garlic-derived 
polysulfides such as diallyl trisulphide (DATS) and diallyl disulfide (DADS) are 
H2S donors in the presence of thiols and thiol-containing compounds (i.e., gluta-
thione), independent of the H2S-forming enzymes cystathionine γ-lyase (CSE), cys-
tathionine β-synthase (CBS) and 3-mercaptopyruvate sulfurtransferase (3-MST). 
H2S, much like NO, is an endogenously produced gaseous signaling molecule that 
plays a critical role in many physiologic processes and has been shown to exert 
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cytoprotective actions in various models of CVD and cardiovascular injury (Kondo 
et al., 2013).

Onions contain α-sulfinyl disulfide group, which showed significant fibrinolytic 
activity by suppressing platelet aggregation (Kendler, 1987). The flavonoids and 
quercetin in onion could be recommended for preventing and treating various car-
diovascular diseases by controlling cholesterol level and enhancing antioxidant 
ability (Lu et al., 2015; Majewska-Wierzbicka and Czeczot, 2012). It has been dem-
onstrated that S-methylcysteine and flavonoids of onion can decrease the levels of 
blood glucose, serum lipids, oxidative stress and lipid peroxidation while increasing 
insulin secretion and antioxidant enzyme activity (Akash et al., 2014). Besides this, 
onion also efficiently inhibits arachidonic acid cascade in platelets (Kawakishi and 
Morimitsu, 1994). The flour derived from flaxseeds that are used in making bread 
and bakery products possesses low saturated and high polyunsaturated fat content. 
It also contains phytosterol and mucilage that significantly reduce total and LDL-
cholesterol concentration (Cunnane et al., 1993; Bierenbaum et al., 1993). The use 
of lemongrass (Cymbopogon citratus) effectively reduces cholesterol concentration 
in hypercholesterolemic patients, as they are rich in geraniol and citral (Elson et al., 
1989). The powdered fenugreek seeds also significantly reduced LDL-cholesterol 
and triacylglycerol concentration (Sharma and Raghuram, 1990). The non-saponin 
fractions present in ginseng roots remarkably inhibit platelet aggregation by inhibit-
ing thromboxane A2 production (Park et al., 1995). The evening primrose oil also 
exhibited significant activity due to presence of α- and γ- linoleic acids. The evening 
primrose oil has the ability to increase blood clotting time, reduce platelet aggrega-
tion and blood lipid concentration (Renaud et al., 1982). Besides this, other herbal 
medicines that are used to treat or prevent cardiovascular problems are mentioned 
in Table 8.2.

8.4 � ROLE OF SPICES IN CVDS

Various epidemiological studies revealed that certain diets rich in fruits, herbs 
and spices are related to low risk of cardiovascular diseases and play an impor-
tant role in the prevention and treatment of heart diseases. Garlic (Allium sati-
vum) is a common spice belonging to the family Alliaceae, which originated 
in Central Asia. It is mostly used as flavoring agent, in traditional medicine 
and as a functional food (Stavric, 1994). Indian physician Charaka, the father 
of Ayurvedic medicine born in 300 BC, claimed that garlic has the ability to 
strengthen the heart and maintain the fluidity of blood and, therefore, acts as 
heart tonic (Fenwick et al., 1985). It has also been proved that garlic has the 
ability to inhibit enzymes that are involved in lipid aggregation, decrease plate-
let aggregation, prevent lipid peroxidation of oxidized erythrocytes and LDL, 
increase antioxidant status and inhibit ACE inhibitors (Rahman, 2001). Allicin, 
the active constituent of garlic, efficiently lowers the fatty streaks formation 
in aortic sinus (Abramovitz et al., 1999). Another study revealed that it also 
increased blood fibrinolytic activity (Kleijnen et al., 1989). Hence, it is clear 
that garlic has multiple properties useful in the prevention of cardiovascular dis-
eases and therefore can be used as dietary supplement for prevention of cardiac 
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diseases. Curcumin (diferuloylmethane) is the chief component of turmeric and 
is derived from the rhizome of the East Indian plant Curcuma longa. Turmeric, 
a spice used in traditional medicinal system, is used as an anti-inflammatory 
agent, in stomach and liver problems and as a cosmetic (Aggarwal et al., 2007). 
It has been evidenced that curcumin has the ability to reduce thromboxane and 
platelet aggregation (Keihanian et al., 2018).

Curcumin also has the ability to decrease triglycerides, serum cholesterol and 
cardiomyocytic apoptosis. Furthermore, curcumin increases the level of HDL and 
pro-inflammatory cytokines while downregulating NF-κB COX (Soni and Kuttan, 
1992). Regular consumption of curcumin is probably an alternative way of modify-
ing cholesterol-related parameters, as evidenced by a study that measured the effect 
of curcumin extract on weight, glucose and lipid profiles in patients with metabolic 
syndrome. After 12 weeks of curcumin extract intake, there was an elevation in the 
high-density lipoprotein cholesterol level, whereas the level of low-density lipopro-
tein cholesterol was decreased significantly (Yang et al., 2014). (Figure 8.3) Ginger 
(Zingiber officinale) is a medicinal plant widely used almost all over the world since 
ancient times for various ailments such as rheumatism, muscular aches, cramps, sore 
throat, hypertension, fever, infectious diseases, vomiting and indigestion (Ali et al., 
2008). Gingerol is the active constituent present in ginger has the ability to relax 
blood vessels, stimulate blood flow and relieve pain. A study showed that gingerol 
obtained from Zingiber restrains the function of platelets by inhibiting thromboxane 
formation (Fuhrman et al., 2000). Black pepper is an extensively used spice and 

HO
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Demethoxycurcumin
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FIGURE 8.3  Structure of curcuminoids.
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is considered as the king of spices. It has been evidenced that its active constitu-
ent piperine, has the ability to protect against in vitro oxidative damage by inhib-
iting free radicals and ROS. It also has the ability to reduce lipid peroxidation in 
vivo (Srinivasan, 2007). Vanadium, mainly found in black pepper, is responsible for 
enhancing recovery of cardiac function in myocardial infarction (MI) and pressure 
overload-induced hypertrophy by activating Akt signaling through inhibition of pro-
tein tyrosine phosphatases (Bhuiyan and Fukunaga, 2009). The bark and leaves of 
cinnamon are extensively used as spice and may show antioxidant and antimicrobial 
activity (Table 8.3).

The Indian Materia Medica (Nadkarni, 1996) and Indian Medicinal Plants – A 
Compendium of 500 species (Vaidyaratnam, 1994) considered cinnamon as an 
herbal drug that has cardiovascular effects. The extracts of various species of 
Cinnamomum suppressed raised serum total cholesterol and triglyceride level. 
Furthermore, their chloroform fractions significantly inhibited HMG-CoA reduc-
tase in liver, an enzyme which is responsible for cholesterol biosynthesis (Amin 
and El-Twab, 2009). Traditionally, coriander is well documented in the treatment 
for diabetes and cholesterol patients (Burdock and Carabin, 2009). Its seeds have 
significant hypolipidemic action, which can reduce the level of triglycerides and 
cholesterol in the tissues of animals (Chithra and Leelamma, 1997). An in vivo 
study revealed that the coriander seed oil exhibited significant decrease in TC, 
TGs, TAG and LDL-c levels in plasma, while increasing HDL-c (Ramadan et al., 
2008). Besides this, the leaf spice extracts of coriander are rich with natural anti-
oxidants. Therefore, coriander can significantly inhibit human platelet aggregation 
in order to prevent thrombosis, which is an important event in cardiovascular dis-
eases (Suneetha and Krishnakantha, 2005).

8.5 � MICROALGAE

For thousands of years, algae have been part of the human diet. In addition to their 
nutritional value, algae are increasingly marketed as “functional foods” or “nutra-
ceuticals”; these terms describe foods that contain bioactive compounds, or phyto-
chemical products that, beyond the basic food role, may represent a health benefit. 
Macro- and microalgal biomass are an interesting natural source of a great variety 
of biologically active compounds, such as carotenoids, phycobilins, fatty acids, vita-
mins, polysaccharides and sterols. Carotenoids consumption is leading to a poten-
tial reduction of cardiovascular risk. Carotenoids are associated with blood pressure, 
reduction of pro-inflammatory cytokines and improvement of insulin sensitivity 
in muscle, liver and adipose tissues. Fucoxanthin is a carotenoid present in edible 
brown seaweed (Figure 8.4), and its beneficial effects on cardiovascular diseases were 
recently reviewed (Gammone et al., 2015). Animal studies have shown that long-
term intake of fucoxanthin causes weight loss. For example, in a study conducted by 
Maeda et al. (2005), it has been shown that fucoxanthin or dried powder of seaweed 
(Undaria pinnatifida) significantly reduced the white adipose tissue in in Male Wistar 
rats and female KK-Ay mice after four weeks of treatment. The mechanisms may 
be related to an upregulation of the mitochondrial uncoupling proteins (UCP) that 
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separate oxidative phosphorylation from ATP synthesis with energy dissipated as heat 
(Maeda et al., 2005) (Table 8.4).

Other mechanisms include suppression of the differentiation of the adipocytes 
and of lipid accumulation through the inhibition of glycerol-3-phosphate dehydroge-
nase or the inhibition of the PPAR-γ receptor related to side effects such as edema 
and body weight. PPARs are expressed in places in the cardiovascular system such 
as endothelial cells, vascular smooth muscle cells and monocytes/macrophages. It 
has been shown that they play an important role in the modulation of inflammatory, 
fibrotic and hypertrophic responses (Das and Chakrabarti, 2006).

Astaxanthin is a red color pigment belonging to the family xanthophylls. It is 
mainly found in marine sources such as in microalgae (Haematococcus pluvialis), 
krill, plankton, fish and other sea foods. Various astaxanthin isomers have been 
characterized on the basis of the configuration of the two hydroxyl groups on the 
molecule.

Humans cannot synthesize it and depend on food in order to obtain it (Schweigertm, 
1998). Astaxanthins are responsible for decreasing LDL-C and TG, increasing 
HDL-C and decreasing markers of lipid peroxidation, inflammation and thrombosis 
(Fassett and Coombes, 2012). Phlorotannins can also play a role in seaweeds’ antihy-
pertensive effects. Phlorotannins are phenolic compounds exclusive to brown algae 
that consist of dehydro-oligomers or dehydro-polymers of phloroglucinol in these 
derivatives molecular arrangements of phloroglucinol units and linkages between 
aryl-aryl or diaryl ether bonds and the number of hydroxyl groups give a wide assort-
ment of structures. Several of these compounds, such as phloroglucinol, eckol and 
dieckol, have shown antioxidant, anti-tumor and anti-cancer activities (Montero 
et al., 2016). (Figure 8.5).

HO

O

O

HO

OCOCH3

C

HO

OH

O

O

Fucoxanthin

Astaxanthin

FIGURE 8.4  Carotenoids fucoxanthin and astaxanthin from seaweed.
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8.6 � MISCELLANEOUS

Besides water, tea is the most consumed beverage globally. Depending on the level of 
fermentation, tea can be divided into green tea which is unfermented, black tea which 
is fully fermented and oolong which is partially fermented (Cheng, 2006). Green and 
black tea are considered to be the most promising tool for cardiovascular protection 
(Stangl et al., 2006). Generally, consumption of green tea is found to be greater than 
black tea and thus plays a vital role in health benefits. The (−)-epigallocatechin-
3-gallate (major catechin), mainly found in green tea, significantly improved the 
potential human health effects by improving cardiovascular health. Green tea also 
enhances weight loss and antioxidant effects. Besides tea, other food sources of cat-
echins, such as chocolate, apple, pear, grapes and red wine, are also very popular and 
highly consumed (Basu and Lucas, 2007). A local soft drink material and medicinal 
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herb, Hibiscus sabdariffa significantly exhibited antiatherosclerotic and hypolipid-
emic effects by reducing total cholesterol and triglycerides in rabbits (Chen et al., 
2003). Furthermore, coffee is an important source of caffeine and is also considered 
as the most widely used beverage globally. Various studies supported that moderate 
use of coffee confers cardiovascular benefit, while heavy consumption of coffee is 
toxic to the heart (Umemura et al., 2006).

8.7 � ADVERSE CARDIAC INTERACTIONS OF HERBAL PRODUCTS

Various problems arise with the consumption of herbal products. Most herbal prod-
ucts are not scientifically evaluated, and very limited information is available regard-
ing their safety and efficacy. The European Medicines Agency (EMA) pays great 
attention to herbal substances, preparations and combinations with a focus on safety 
and efficacy. The preparation of monographs is entrusted to the Committee on Herbal 
Medicinal Products (HMPC), which compiles and assesses scientific data on herbal 
substances. Furthermore, particular attention is paid to interactions between herbal 
products and drugs. A list of the most frequent interactions is reported in Table 8.5.

8.8 � CONCLUSIONS

It can be concluded with confidence that the natural products (NPs) are diverse in 
nature and have outstanding potential to effectively address the underlying CVDs. 
NPs are freely available and comparatively affordable to a majority of the communi-
ties of the world. Moreover, natural organic compounds are generally considered as 
harmless, but safety confirmation needs to be evaluated.
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9 Serum Albumin Binding 
of Natural Substances 
and Its Influence on the 
Biological Activity of 
Endogenous and Synthetic 
Ligands for G-Protein-
Coupled Receptors

Sarah Engelbeen and Patrick M.L. Vanderheyden

9.1 � SERUM ALBUMIN AS A BINDER OF MULTIPLE 
NATURAL AND SYNTHETIC MOLECULES

Serum albumin belongs to a family of soluble blood plasma proteins in mammals. 
It is produced in the liver and represents the most abundant protein in the blood. 
Its major biological function is to maintain the oncotic or colloid osmotic pressure, 
which is essential for the appropriate distribution of body fluids between the blood 
vessels and the tissues (Nicholson et al., 2000). The primary function of albumin is 
to act as a transporter protein for endogenous and apolar substances such as thyroid 
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Serum Albumin Binding of Natural Substances

hormones, steroids and fatty acids (Kragh-Hansen, 1981). The general structure of 
albumin encompasses several alpha helices and contains eleven distinct binding 
sites for apolar compounds. It possesses one heme group and can bind up to nine 
fatty acids in one serum albumin molecule (Fanali et al., 2012). Serum albumins 
are present in all mammals, and the bovine form, that is, bovine serum albumin 
(BSA) is used in a wide array of cellular and biochemical assays and procedures. 
They include immunodetection (such as Enzyme-Linked ImmunoSorbent Assay or 
ELISA), mammalian cell culture media, protein chemistry and screening for enzyme 
and receptor interacting substances (Mather, 1998; Vazquez et al., 2011; Xiao and 
Isaacs, 2012). These latter assays have enormously expanded our knowledge on the 
molecular mechanisms of endogenous molecules such as hormones, neurotransmit-
ters, enzyme substrates and synthetic analogues. These methodologies allow us to 
isolate and characterize active components of natural origin such as plants, inver-
tebrates, fungi and bacteria. Furthermore, such identified molecules can serve as 
leads to synthesize even more active and specific molecules. Traditional medicine, 
which is mainly based on phytotherapy, can benefit from knowledge of the molecular 
mechanism(s) and an accurate determination of the potency of these substances from 
certain plants and specific parts/extracts of them. In relation to this, serum albumin 
has the capability and flexibility to bind a very broad spectrum of natural substances, 
some of which are used in the treatment of hypertension, hypercholesterolemia or 
as antioxidant. In relation to this, we will focus in this paragraph on the ability 
of plant-derived polyphenols/tannins to interact with serum albumin. Several pro-
cessed food products and beverages such as black tea, matured red wine, coffee and 
cocoa contain these so-called polyphenolic compounds (Quideau et al., 2011). There 
have been numerous human intervention trials to investigate or provide evidence 
for the beneficial effects of these polyphenol-rich foods on cardiovascular diseases, 
neurodegeneration and cancer (Del Rio et al., 2013). In this context, most of the 
mechanistic properties of this large group of compounds have been studied in cell 
lines and/or in other in vitro models. A particular group of polyphenols, the green tea 
catechins, represent an example in which epidemiological, clinical as well as experi-
mental studies established the multiple effects of these compounds. They include 
cardioprotective and antioxidant effects, reduction of plasma lipids, improvement of 
endothelial functions and anti-inflammatory, anti-proliferative and anti-thrombotic 
effects (Babu and Liu, 2008). As any biological effect of these ingested compounds 
is mediated by their presence in the plasma, it is of great importance to be aware of 
their interaction with serum albumin and whether this might affect their biological 
activity. Several studies indeed revealed the serum binding capacity of tannins/poly-
phenols. A few of these studies are cited below.

Tannins, which are a group of polyphenolic compounds, include three major cat-
egories: gallic acid esters, phloroglucinol derivatives and flavone-derived substances 
(Hemingway and Karchesy, 1989). Initially, the BSA binding capacity of tannins 
was determined by immobilizing certain polyphenolics on chromatography paper 
followed by the quantification of the amount of BSA bound (Dawra et al., 1988). 
Ellagic acid and quercetin were found to bind BSA with a capacity of 297 and 78 
µg BSA/mg, respectively (Dawra et al., 1988). In a similar approach, the polyphe-
nols extracted from coffee pulp, that is, tannic acid, chlorogenic acid and catechin, 
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were found to bind to BSA (Vélez et al., 1985). Furthermore, sodium dodecyl sulfate 
(SDS) and native gel electrophoresis revealed the formation of BSA complexes with 
the water-soluble polyphenols oenotehin B, corilagin, (+)catechin, procyanidin B3 
and gallic acid derivatives (Kusuda et al., 2006). Polyphenolic compounds isolated 
from Opuntia ficus indica were found to elicit calcium response in T-cell lines, and 
this effect was reduced by including fatty acid free BSA, suggesting their interaction 
with serum albumin (Aires et al., 2004). By using the technique of quartz crystal 
microbalance, it was possible to monitor the binding of molecules to the surface of 
proteins, in which it was found that thearubigin, which is one of the major polyphe-
nols of black tea, can form complexes with BSA (Chitpan et al., 2007).

Catechins, which are the major polyphenolic compounds in green tea, are found 
to bind to human and bovine serum albumin (Zinellu et al., 2014). The flavonoids 
display higher affinity for human serum albumin when compared to BSA, and the 
galloyl moiety increases the binding affinity. The authors in this study suggest 
that the ability of serum albumin binding can modulate the plasma concentra-
tion and thus the biological activity of these compounds. In this context, the BSA 
binding of the polyphenols (+)-catechin, (−)-epicatexhin, (−)-epicatexhin-gallate, 
malvidin-3-glucoside, tannic acid, procyanidin B4, procyanidin B2 gallate and 
procyanidin oligomers were compared by measuring the quenching of the protein 
intrinsic fluorescence (Soares et al., 2007), in which it was found that binding 
affinity increased with the size of the molecules and with the presence of galloyl 
groups. Fluorescence quenching and circular dichroism were used to characterize 
the BSA binding of the polyphenols resveratrol, genistein and curcumin (Bourassa 
et al., 2010). This study indicated that these polyphenols elicited a change of the 
BSA conformation.

Another systematic study compared the BSA binding affinity of tea tannins, 
including tea catechins, grape seed proanthocyanidins, mimosa 5-deoxy proantho-
cyanidins and sorghum procyanidins (Frazier et al., 2010). These BSA binding inter-
actions were found to be exothermic and involved different binding sites. In this 
context, thirteen isoflavones isolated from Puerariae lobate flowers were found to 
bind to BSA (Liu et al., 2012). The binding affinity depended on the methoxylation 
and hydroxylation of these compounds and was applied to isolate active compounds 
from complex mixtures. Tannins isolated from grape seeds were also found to inter-
act with BSA (Ferrer-Gallego et al., 2012). Their affinity increased with their molec-
ular mass and according to their hydrophobicity. In the same way substitution of the 
C-3 of catechins has an important impact on their binding affinity to serum albumin 
(Ikeda et al., 2017). Moreover, the presence of a gallate moiety on catechin increases 
its affinity for BSA (Pal et al., 2012). Interestingly, it was found that while these 
catechins have moderate antioxidant activity, in the presence of BSA this activity 
was substantially enhanced (Almajano et al., 2007; Bonoli-Carbognin et al., 2008). 
Obviously it is not possible within the scope of this chapter to provide a complete 
overview of the serum binding properties of natural substances that might be ben-
eficial in the treatment of chronic diseases. However, the studies cited above stress 
the importance of evaluating the ability of serum albumin to modulate the biological 
activity of such components. In relation to this, in the next part we will discuss the 
ability of BSA to influence the interaction of natural and endogenous compounds 
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with the cellular/molecular targets and focus on G-protein-coupled receptors, in 
particular.

9.2 � INFLUENCE OF SERUM ALBUMIN ON CELLULAR 
AND BIOCHEMICAL READ-OUT SYSTEMS

In vitro biochemical assays to screen natural products/extracts include assays such as 
radioligand binding to receptors, functional read-out and/or viability assays on cells 
and enzyme measurements. In order to be able to appreciate the potency of these 
compounds, these in vitro determinations should approach the in vivo circumstances 
(Vergote et al., 2009; Vazquez et al., 2011). This chapter focusses on the influence of 
proteins and particularly serum albumin, on the binding of endogenous, synthetic and 
natural substances to their molecular target. Conceptually, two basic mechanisms can 
be discerned by which serum albumin can be able to influence the target binding of 
these molecules. As all the biochemical assays are carried out in water-based buffers at 
the physiological pH of 7.4, the solubilization of mainly hydrophobic substances may 
represent a serious hurdle in the screening of apolar extracts/compounds. Therefore, 
inclusion of serum albumin (mostly BSA) might be helpful during the solubilization step 
as well as during the incubation of the cells/membranes/proteins containing the receptor 
or enzyme of interest (Mather, 1998). Moreover, complexation with albumin might also 
enhance (or not) the stability of the compounds and eventually favor the active confor-
mation of larger peptides or proteins. Another benefit could come from the reduction 
of non-specific compound interactions such as with non-target membrane constituents, 
plastic or glass binding (Goebel-Stengel et al., 2011). On the other hand, serum albumin 
can also have an adverse effect on the enzyme/receptor binding by reducing the free 
concentration of the compounds (Kragh-Hansen, 1981; Fanali et al., 2012).

9.3 � INFLUENCE OF BSA ON LIGAND BINDING 
TO G-PROTEIN-COUPLED RECEPTORS

In the next part of this chapter we will discuss a few concrete examples in which 
the binding and effects of ligands on G-protein-coupled receptors can be influenced 
by serum albumins such as BSA. BSA can act at different levels of the ligand-
receptor interaction. For instance, Vergote et al. used the 125I-vasoactive intestinal 
peptide ([125I]-VIP) binding assay in rat lung membranes to systematically evaluate 
the effects of BSA on ligand adsorption as well as its total and non-specific bind-
ing (Vergote et al., 2009). These authors draw our attention to the importance of 
the experimental conditions and in particular the absence or presence of BSA on 
the screening of peptide receptor ligands. Below we discuss the current information 
regarding the ability of BSA to modulate the binding and potency of three differ-
ent GPCR ligands, that is, angiotensin II (AT1 receptors), cholecystokinin-8 (CCK 
receptors) and free fatty acids (FFA receptors).
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9.3.1 �I nfluence on the Binding of Ligands of 
the Renin-Angiotensin System

First, we will discuss the consequences of the interaction between BSA and angio-
tensins. The octapeptide angiotensin II is generated by the renin-angiotensin system 
(RAS) and is a potent vasoactive hormone with a wide range of (patho-)physiologi-
cal effects that include vasoconstriction, increase of the renal sodium re-absorption, 
increase of the production of the mineralocorticoid hormone aldosterone, enhance 
growth of smooth-muscle cells and cardiomyocytes and increase inflammation (De 
Gasparo et al., 2000). Most of these detrimental effects are mediated by its interac-
tion with angiotensin type 1 receptors (AT1R), a typical member of the large family 
of G-protein-coupled receptors. The first evidence that BSA influences ligand-AT1R 
interaction came from functional and binding studies in which angiotensin II recep-
tor activation was inhibited by non-peptide AT1R antagonists. It was found that the 
Ki values of biphenyl-tetrazoles containing two acidic groups such as BMS-18560 
and EXP3174 were substantially higher in the presence of 0.22% compared to 0.01% 
BSA (23 times for BMS-18560 and eight times for EXP3174 (Dickinson et al., 1994). 
Similarly, the binding affinity of two other diacid AT1R blockers, that is, DUP 532 and 
GR 117,289, were also decreased in the presence of BSA (Chiu et al., 1991; Robertson 
et al., 1992). Based on these results, these authors concluded that (at least partially) 
the presence of the diacid function results in substantial BSA binding of these drugs 
and therefore reduces their free concentration to bind to the AT1R. For instance, the 
group of Andrew T. Chiu demonstrated that up to 99% of DUP 532 is bound to BSA, 
while this was ‘only’ 60% for losartan (Chiu et al., 1991). In a later, more systematic 
study, Maillard, and colleagues studied the ability of different AT1R antagonists to 
compete with 125I-angiotensin II- AT1R binding in the absence or presence of human 
serum albumin. Interestingly, the fold decrease in affinity by serum albumin varied 
between only 1.2 for losartan (a non-diacidic molecule) up to  > 5000 for DUP-532 
and inversely correlated with their Kd for human serum albumin as determined by 
surface plasmon resonance measurements (Maillard et al., 2001). In other words, the 
stronger these antagonists bind to serum albumin, the more pronounced the receptor 
binding affinity is influenced. Such pronounced binding to plasma proteins (such as 
BSA) is hypothesized to increase the plasma residence of diacid AT1R antagonists 
and therefore prolong their receptor blockade. In order to gain insight into the molecu-
lar interactions between AT1R antagonists and human serum albumin (HSA), a dock-
ing and molecular dynamic simulation was undertaken by Jinyu Li and colleagues 
(Li et al., 2010). These analyses revealed that all non-peptide AT1R antagonists bind 
to two distinct binding sites on HSA with high- and low-affinity, respectively, corre-
sponding to site II (subdomain IIIA of HSA) and site I. Furthermore, the relative con-
tribution of electrostatic and hydrophobic interactions for valsartan, which possesses 
a typical the biphenyl-tetrazole moiety, was higher than that of telmisartan, which 
has a distinct bis-benzimidazole structure (Li et al., 2010). In this context, Dickinson 
et al. suggested that all di-acidic AT1R antagonists bind at two binding sites of BSA, 
respectively: the bilirubin site 3 and the common drug binding site 6, according to the 
classification of Kragh-Hansen (Kragh-Hansen, 1981; Dickinson et al., 1994).



206 ﻿Natural Products and Cardiovascular Health

Interestingly, the binding of angiotensin II to BSA (or human serum albumin) 
has not been investigated systematically. However, the in vivo peripheral hemody-
namic and central behavioral effects are investigated in rats after intraperitoneal 
administration of free angiotensin II and when it is covalently coupled to BSA or 
the calcium-binding neurospecific protein S100b, using the carbodiimide coupling 
method (Tolpygo et al., 2014, 2015). It was found that protein-angiotensin II com-
plexes induced a similar increase in goal-seeking drinking behavior as compared 
to the free peptide. These protein-angiotensin II complexes also caused a robust 
increase in systolic blood pressure, though it was slightly less compared to free 
angiotensin II (Tolpygo et al., 2014, 2015). Interestingly, these effects on blood pres-
sure were inhibited by the angiotensin-(1–7) fragment, which is proposed to behave 
as a functional antagonist of angiotensin II via interaction with a distinct GPCR 
(Mas-receptor). Moreover, these inhibitory effects were preserved by administration 
of angiotensin-(1–7)-BSA complex (Tolpygo et al., 2012).

Nevertheless, it is not known whether BSA modulates the ability of angiotensin II 
to activate AT1R. In order to systematically investigate this, we have measured angio-
tensin II-mediated calcium responses in the absence and presence of 0.1% BSA. As 
read-out system, we used CHO-K1 cells that are stably transfected with the biolumi-
nescent protein aequorin and that upon calcium binding emit a strong light signal that 
was measured in a 96-well reader (denoted as CHO-AEQ cells). Transfecting these 
cells with the human AT1R enabled us to measure characteristic transient calcium 
responses by angiotensin II. The response was determined by calculating the area 
under the curve of transient rise in luminescence after angiotensin II exposure (Bahem 

FIGURE 9.1  Angiotensin II concentration-response curves in CHO-AEQ cells transfected 
with the human angiotensin AT1 receptor in the absence (open symbol) and presence (closed 
symbol) of 0.1 % BSA. The potency of Angiotensin II is higher in the presence of BSA.
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et al., 2015). It appeared that the angiotensin II concentration-response curves were 
slightly leftward shifted in the presence of 0.1% BSA (Figure 9.1). The corresponding 
EC50 values were 0.31 and 4.54 nM, respectively, in the presence or absence of BSA, 
indicating that angiotensin II becomes more potent in the presence of BSA. Although 
this observation indicates that BSA is indeed capable of binding angiotensin II, the 
underlying mechanism needs to be further elucidated.

9.3.2 �I nfluence on the Binding of Cholecystokinins

In contrast to the small effect on angiotensin II, a more pronounced effect of BSA 
is observed for the octopeptide cholecystokinin-8 (CCK-8). Cholecystokinins are a 
group of brain-gut peptides involved in several peripheral effects, including gall-
bladder contraction and hepatic bile secretion as well as modulating (patho) physi-
ological processes like panic disorders or anxiety and satiety. Cholecystokinin is 
a long precursor which is cleaved into CCK-8 and other active fragments CCK-33, 
CCK-39 and CCK-58. CCK-8, of which the tyrosine can be sulphated (CCK-8s) and 
the C-terminal carboxylic groups is amidated, exerts its actions via binding to two 
distinct G-protein-coupled receptors that is, CCK1R and CCK2R, which have a dis-
tinct localization and selectivity for sulphated versus non-sulphated CCK peptides. 
Conflicting data were published regarding the effect of BSA on CCK-8 binding. BSA 
was shown to prevent the binding of 125I-labeled CCK-8 to CCK receptors in pan-
creatic acini membranes (mainly expressing CCK1R) (Huang et al., 1995). On the 
other hand, BSA was reported to specifically inhibit 125I-labeled CCK-8 binding to 
cerebral cortex (predominantly CCK2R) but not pancreatic membranes (Wennogle 
et al., 1985). Surprisingly, BSA increased the potency of CCK-8 to stimulate amy-
lase secretion in the pancreas as well as contraction of gastric smooth-muscle cells 
(Huang et al., 1995). While both studies indicate that CCK-8 can strongly bind to 
BSA, it appears that the complexed CCK-8 displays an enhanced potency to activate 
the CCK receptors. In agreement with these findings, we found that BSA profoundly 
enhanced the potency of CCK-8 to induce calcium responses as measured by the 
aequorin methodology in CHO-AEQ cells that were transfected with CCK1R (see 
Figure 9.2). The corresponding EC50 values for CCK-8s were 155 and 3.6 nM in 
the absence or presence of 0.1% BSA, respectively. BSA increased the potency of 
CCK-8 to inhibit the binding of [125-I]-CCK-8 to pancreatic acini, indicating the 
ability of BSA to convert low- to high-agonist affinity states of the CCK1R (Huang 
et al., 1995). Yet in this study, these authors proposed the ability of BSA to enhance 
the efficacy by which CCK-8 elicits the receptor responses, an alternative hypothesis 
that certainly merits further investigation.

9.3.3 �I nfluence on the Binding of Free Fatty Acids 
to G-Protein-Coupled Receptors

The third example deals with the influence of BSA on the receptor binding of free 
fatty acids. Relatively recently, a small cluster of four rhodopsin-like GPCR were 
deorphanized by the identification of small to large free fatty acids as their ligands.  
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INFLUENCE OF SERUM ALBUMIN ON THE BIOLOGICAL 
ACTIVITY OF ENDOGENOUS AND SYNTHETIC 

LIGANDS OF G-PROTEIN-COUPLED RECEPTORS

Human Serum Albumin as a Typical Example 
of a Binder for Free Fatty Acids

Serum albumins display an immense capacity to bind diverse endogenous 
and exogenous compounds. This property makes them crucial carriers and/or 
depots, which not only affects the pharmacokinetics of many drugs but also 
can protect against toxins. Structural and biochemical studies have been able 
to reveal the multidomain organization of albumins and their different bind-
ing sites. Although most of the biochemical assays are carried out with BSA  
(as are those discussed in this chapter), most of the structural information is 
available for human serum albumin (HSA). Notwithstanding this, the struc-
tures of BSA and of rodent and equine serum albumin display substantial simi-
larity to the structure of HSA. The sequence identity of BSA compared to HSA 
is 75.5%. Moreover, the root-mean-square deviation of atomic positions which 
is the measure of the average distance between the atoms (usually the back-
bone atoms) of superimposed proteins is only 1.1 Ångström when comparing 
HSA with BSA (Majorek et al., 2012). This, together with the lack of structural 
data on ligand-bound BSA, motivated us to provide a brief overview of infor-
mation regarding the ligand-binding sites of HSA with a focus on the sites for 
fatty acids. As a full listing of the structural data on HSA and all the character-
ized binding sites is outside the scope of this chapter, we refer to the excellent 
review article of Fanali et al. (2012) for further reading.

One of the first albumin binding components was suspected to “lipoidal in 
nature” (Kendall, 1941). Subsequently, a huge number of studies characterized 
the presence of up to nine so-called fatty acid binding sites (FA1-FA9). This 
group of binding sites also accommodates the binding of a wide variety of 
other non-fatty acid compounds which may lead to improved plasma solubil-
ity, extension of the half-life of drugs and/or reduction of the free active con-
centration. Within Figure B9.1, the modular organization of HSA is depicted. 
HSA is organized in three homologous domains denoted as I (1-195), II (196-
383) and III (384-585), which contain comparable amino acid sequences. 
Regarding the secondary structure, 68% of the amino acid residues are part 
of α-helices, while no β-sheet elements are present. Overall, HSA adopts a 
so-called globular heart-shaped conformation (see Figure B9.1).

The overall three-dimensional structure of HSA is maintained when deter-
mined in the absence or presence of endogenous or exogenous ligands (Fanali 
et al., 2012). Moreover, its overall structure is common among the vertebrate 
serum albumins. Since a vast number of liganded HSA structures have been 
elucidated, it is far beyond the scope of this chapter to discuss all these struc-
tures. Nevertheless, to illustrate the complexity of the fatty acid binding sites 
on serum albumin, the structure of HSA when bound to the C14 chain fatty acid 
myristic acid is depicted in Figure B9.1.



209Serum Albumin Binding of Natural Substances﻿

The major fatty acid binding sites of HSA are:

•	 FA1: The so-called heme binding pocket accommodates the binding of 
synthetic porphyrin, phthalocyanine and the pigment bilirubin, which is 
derived from heme-Fe degradation. All fatty acids (medium- to long-chain 
fatty acids) bind by forming a hydrogen bond between their carboxylate 
group and Arg117 in subdomain IB of HSA.

•	 FA2: This binding site is located and enclosed between subdomains IA and 
IIA and displays medium affinity for fatty acids. Binding of FAs to this site 
induces a conformational change of HSA in which domain I is rotated rela-
tively to domain II. The carboxylate group of fatty acids forms hydrogen 
bonds with amino acid side chains in subdomain IIA (i.e. Tyr150, Arg257 and 
Ser287). 

•	 FA3 and FA4: Both binding sites are located in a cavity within subdomain 
IIIA, and together they form the so-called Sudlow’s site II. These binding 

FIGURE B9.1  Domain organization of HSA bound with myristate. The upper part 
depicts the three conserved domains. The lower part shows the three-dimensional 
structure of these domains with the corresponding color. Myristate is shown as a 
space-filled structure in gray. Reproduced with permission from Fanali et al. (2012).
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sites comprise six helices within this subdomain. It is the region of HSA to 
which aromatic carboxylates such as the anti-inflammatory drug ibuprofen 
bind. Within FA3 the carboxylate groups of fatty acids form a hydrogen 
bridge with Ser342 and Arg348 in domain IIB and with Arg485 in domain 
IIIA. For FA4, the carboxylate interacts via a hydrogen bond to Arg410, 
Tyr411 and Ser489 in domain IIIA. The methylene part of the fatty acids 
incorporates into a hydrophobic tunnel of domain IIIA. 

•	 FA5: Together with FA4, both binding sites are deeply located in subdo-
main III and represent the highest affinity for fatty acids. It forms a tunnel 
in which the aliphatic tail of the fatty acids binds in an extended conforma-
tion, while the carboxylic head is involved in a strong salt-bridge with the 
side chains of Tyr401 and Lys525. 

•	 FA6: This binding site is located between subdomain IIA and IIIB and can 
be occupied by medium- to long-chain fatty acids. Since only a transient 
interaction with the carboxylate of the fatty acids occurs, it is considered as 
a relatively low affinity binding site. The methylene tail of the fatty acids is 
attached by salt-bridges with Arg209, Asp324 and Glu354. 

•	 FA7: Corresponding to Sudlow’s site I, it is a hydrophobic cavity of sub-
domain IIA which preferentially binds bulky heterocyclic anions such as 
warfarin. Though similar to FA3/FA4, it is smaller and the fatty acid car-
boxylate group undergoes a polar interaction with Arg257, which is com-
mon within FA2. 

•	 FA8: FA8 is localized at the base between the domains IA, IB and IC on 
one side, and domains IIA, IIIB and IIIB on the other side. This is a supple-
mentary binding site, as it is only operational in the presence of FA6-bound 
medium chain fatty acids such as decanoic acid (also named capric acid 
with 11 C-atoms). 

•	 FA9: This binding site is located at the upper part of the domains IA, IB and 
IC on one side, and domains IIA, IIIB and IIIB on the other side. Amino 
acids Glu187 of domain I and Lys432 of domain III form a salt-bridge with 
the fatty acids. Similar as FA8, this binding site is formed only by confor-
mational changes induced by saturating concentrations of fatty acids.

In addition to the fatty acid binding sites, many other ligand-binding sites 
are described in HSA. They include binding sites for thyroxine (at least four 
distinct sites), for the growth and virulence-promoting bacterial surface pro-
tein PAB and for metal ions such as Mg2+, Al2+, Ca2+, Mn2+, Co2+ and Co3+, 
Ni2+, Cu+ and Cu2+, Zn2+, Cd2+, Pt2+, Au+ and Au2+, Hg2+ and Tb3+ (for which 
three major binding sites are found). These sites overlap with those for the fatty 
acids but are not further discussed here.
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Accordingly, they were baptized as free fatty acid receptors (FFA1-4). The FFA1 recep-
tor was first deorphanized and is activated by medium (C7-C12) to long (C > 12) satu-
rated and unsaturated chain fatty acids (Briscoe et al., 2003; Itoh et al., 2003; Kotarsky 
et al., 2003). The FFA2 and FFA3 receptors are activated by short-chain fatty acids 
(SCFAs, C2-C6) (Brown et al., 2003; Le Poul et al., 2003). FFA4 has a similar ligand 
profile as FFA1 (Hirasawa et al., 2008). Interest in the screening of ligands for FFA1 
and FFA4 receptors came from their localization and their ability to enhance glucose-
stimulated insulin secretion in pancreatic β-cells. With respect to the pharmacology, 
the FFA1 receptor was found to be selectively coupled to Gq/11 G-proteins, leading 
to elevation of intracellular calcium (Briscoe et al., 2003; Itoh et al., 2003; Kotarsky et 
al., 2003). Long before FFA1/4 receptors were deorphanized, their ligands were exten-
sively described to bind to human and bovine serum albumin (Spector et al., 1969; 
Ashbrook et al., 1972, 1975; Kragh-Hansen, 1981). It is, therefore, not surprising that 
the presence of BSA modulates FFA1 ligand-mediated activation. Indeed, Stoddart et al. 
(2007) found that addition of 0.5% (w/v) BSA completely inhibited the receptor-medi-
ated calcium response induced by 100 µM lauric acid (a typical LCFA FFA1 receptor 
agonist). In the same study, it was found that the FFA1 receptor displays full constitu-
tive activation (in the absence of FFA1 ligands) by measuring [35S]GTPγS binding in 
membranes and thereby makes it impossible to observe ligand-dependent activation. 
By making use of the ability to strongly bind free fatty acids, inclusion free fatty acid 
free BSA was able to reduce basal [35S]GTPγS binding by complexing and removal 
of endogenous intracellular free fatty acids released during the membrane preparation 
(Stoddart et al., 2007). To confirm this notion, we have examined the absence and  

FIGURE 9.2  CCK-8s concentration-response curves in CHO-AEQ cells transfected with 
the human CCK receptor in the absence (empty symbol) and the presence (full symbol) of 
0.1% BSA. The potency of CC8-8s is profoundly increased in the presence of BSA. (From 
Engelbeen S. and Vanderheyden P.M.L., unpublished data.)
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presence of BSA on α-linolenic acid-induced calcium responses in FFA1 receptor 
transfected CHO-AEQ cells. As shown in Figure 9.3, it was found that BSA as low 
as 0.025% (w/v) profoundly decreased the potency of this ligand. No concentration-
response curves could be calculated in the presence of BSA since high concentrations 
of α-linolenic acid had presumably detergent effects on the cells. The EC50 values in the 
absence of BSA was 1.3 µM. Taken together, these data indicate that, in the case of free 
fatty acids, serum albumin can strongly influence the actions of endogenous ligands 
and possibly also that of synthetic agonists.

9.4 � GENERAL CONSIDERATIONS

It is well known that serum albumin is one of the most abundant proteins present in 
blood plasma and that it serves as storage and transporter for both endogenously and 
exogenously administrated compounds. Accordingly, there is massive literature data 
describing the BSA binding of many compounds which might influence their transport, 
tissue distribution, metabolism and excretion. The intent of this chapter was to provide 
a few examples in which the influence of BSA on the ability of ligands to activate and 
bind to G-protein-coupled receptor was examined. The main message is that despite the 
wealth of data regarding the direct serum albumin binding of these ligands, the impact 
on the EC50 values (as determined by in vitro functional data) is quite variable. While 
the presence of BSA profoundly increases the potency of CCK-8-induced signaling, 
the opposite is seen for free fatty acid activation of FFA1 receptors, and this is despite 

FIGURE 9.3  α-linolenic acid concentration-response curve in CHO-AEQ cells transfected 
with human FFA1 receptor calculated with the area under the curve of the transient lumines-
cence response as a result of intracellular calcium rise in the absence of BSA (●). In the pres-
ence of 0.025% (▪), 0.05% (▴) or 0.1% (▾) BSA the potency of α-linolenic acid is profoundly 
decreased. (From Engelbeen S. and Vanderheyden P.M.L., unpublished data.)
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the knowledge that both compounds are well described as binding to BSA. A basic 
knowledge of the underlying molecular mechanisms is of importance in the accurate 
determination of the potency of ligand-receptor activation and contributes to the further 
understanding of the action mechanism(s) of endogenous and synthetic ligands.
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