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Abstract: Cardiovascular and metabolic diseases are a leading cause of death worldwide. Epidemi-
ological studies strongly highlight various benefits of consuming colorful fruits and vegetables in
everyday life. In this review, we aimed to revisit previous studies conducted in the last few decades
regarding green-colored foods and their bioactive compounds in consideration of treating and/or
preventing cardiovascular and metabolic diseases. This review draws a comprehensive summary and
assessment of research on the physiological effects of various bioactive compounds, mainly polyphe-
nols, derived from green-colored fruits and vegetables. In particular, their health-beneficial effects,
including antioxidant, anti-inflammatory, anti-diabetic, anti-obesity, cardioprotective, and lipid-
lowering properties, will be discussed. Furthermore, the bioavailability and significance of action of
these bioactive compounds on cardiovascular and metabolic diseases will be discussed in detail.

Keywords: green; colorful; fruits; vegetables; phytonutrient; bioactive compounds; metabolic;
cardiovascular

1. Introduction

‘Eating the rainbow’ is a concept that highlights the need to consume plant-based
foods, especially fruits and vegetables of different colors, for physiological and psycho-
logical health. Emerging studies have documented how a variety of bioactive compounds
contained in fruits and vegetables, also called phytochemicals, are important contributors
to their color formation and health-improving biofunctions. Likewise, epidemiological
studies have shown a strong relationship between the intake of abundant color fruits and
vegetables and reduced risks on chronic diseases [1,2]. Green-colored foods, owing to their
constituents, such as flavonoids, terpenoids, glucosinolates, and phenolic acid (Figure 1),
exhibit antioxidant, anti-inflammatory, and other biological effects, which contribute to
improving human health and preventing a variety of diseases. In particular, the consump-
tion of green-colored food performed unparalleled therapeutic and preventive effects on
cardiovascular and metabolic diseases [3].

Therefore, achieving a better understanding of the bioactivities and underlying mecha-
nisms of how green-colored food improves human health should facilitate the development
of green-colored food, and their phytochemicals, as therapeutic agents or functional food.
However, the vast majority of studies on these biological effects were performed with
preparations whose biochemical features were largely uncharacterized, in part because
identifying the bioactive components of green-colored food is a formidable challenge. In re-
cent years, green-colored food and their phytochemicals attracted increasing attention from
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academic and producer communities owing to their superior modulation in improving
human health and treating a variety of diseases.

Figure 1. List of bioactive compounds derived from green-colored foods. This figure was adapted
from references [4–7].

Polyphenols are one of the main components of green-colored foods and are present
in plants as aglycones, glycosides, esters, or polymers. How they are metabolized in one’s
body is different. For instance, aglycones can be absorbed from the small intestine, while
glycosides, esters, and polymers are hydrolyzed by enzymes or by the gut microflora to
be absorbed [8,9]. Certain chemical characteristics such as molecular weight, lipophilicity,
stereochemistry, and the presence of a group capable of hydrogen bonding, influence
the metabolism of the polyphenols in the gastrointestinal tract (GIT). Low-molecular
weight compounds, such as gallic acid and isoflavones, which can be absorbed from the
gastrointestinal tract, account for 0.3–43% of the polyphenols, whereas the metabolite
content circulating in the plasma can be low. Hence, various factors may interfere with the
direct bioavailability of the phenolic compounds present in the food.

The antioxidant potential of natural compounds confers their therapeutic activities
for a wide variety of diseases such as cardiovascular disease (CVD), cancer, liver diseases,
diabetes, and neurodegenerative disorders [10]. The antioxidant capacity of dietary phe-
nolic compounds may explain their health benefits because several in vitro studies have
demonstrated that these compounds protect low-density lipoprotein (LDL) from oxida-
tive modifications [4–6]. However, studies analyzing the antioxidant capacity of phenolic
compounds in vivo are controversial, since many of the phenolic compounds are poorly
absorbed and metabolized into inactive forms, resulting in low blood concentrations [7].
The health beneficial effects of phenolic acids can be affected by several factors such as
poor stability, restricted bioavailability, and absorption [5,7,8]. It is well established that
phenolic compounds are absorbed in a dose-dependent manner in the intestine.

Regarding phytochemical bioactivity, the characteristics of biphasic regulation and
dose-dependent biological effects have often been observed, and bioavailability is an
important factor that confers bioactivities. Bioavailability is defined as the amount of an
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ingested nutrient that is absorbed and available for physiological functions, depending on
digestion, release from the food matrix, assimilation into blood, and transportation to body
cells [11]. Several factors, such as molecular structure, chemical bonding, host digestibility,
and gut microbiota species, impact the bioavailability of natural phytochemicals.

In general, owing to the complex molecular structure of dietary phytochemicals, their
absorption in the upper GIT of the host is low, thus enabling only small quantities of
these compounds to enter the blood and be transported to different tissues. Some of these
compounds can directly interact with tissue cells by activating cellular signaling pathways
and regulating metabolic processes. In contrast, more indigestible compounds reach the
hindgut almost unaltered, interact with resident gut microbiota, and get metabolized
into many small molecular compounds, which can either interact directly with intestinal
cells or are absorbed and transported to different tissues and organs, exerting multi-
target biofunctions in different tissues and organs and regulating body metabolism. The
interaction between phytochemicals and gut microbiota is an important way of exerting
biological effects [12,13].

One of the mechanisms by which food phytochemicals exert multi-target therapeutic or
preventive effects on human cardiovascular and metabolic diseases is their capacity to shape
the healthy gut microbial community and modulate health-improving metabolic pathways.
Several approaches, such as fermentation, different delivery systems, complexation with
other compounds, can be used to not only increase the bioavailability of phytochemicals
but also to improve the capacity of their bioactivities [14,15]. It is considered a feasible
strategy to develop a personalized dietary program based on the green-colored food for
preventing and remedying cardiovascular and metabolic diseases in humans.

Thus, it is important to elucidate the molecular structure, bioavailability, and bioactiv-
ity of phytochemicals for expanding their application as therapeutic agents or functional
foods in improving human health.

In the present review, a search of the literature was conducted using the PubMed,
ScienceDirect, google scholar, and the Web of Science databases taking the green-colored
food, cardiovascular, and metabolic diseases as the MeSH terms. Between 2000 to 2021,
a total of 8896 articles have focused on the molecular structure, biological activities and
beneficial effects of green-colored foods and/or their active compounds on cardiovascular
and metabolic diseases. A systematic summary was performed for those prior studies: the
most common green-colored fruits and vegetables and their active ingredient are listed in
Table 1, the primary functional components contained in green-colored food are classified
in Figure 1, the detailed names and molecular formulas of those compounds are listed
in Table 2, and potential health effects, prevention and/or therapeutic mechanisms to
cardiovascular and metabolic diseases are summarized in Figure 2.

The aims of this review are to discuss the bioactive compounds derived from green-
colored foods and their bioavailabilities and bioactivities, thus providing a scientific refer-
ence for the application of green-colored food in the management of cardiovascular and
metabolic diseases.

Table 1. Green-colored fruits and vegetables and bioactive compounds.

Green-Colored Fruits and
Vegetables Bioactive Compounds

Artichoke benzoic acid, apigenin, caffeic acid, caffeoylquinic acid, cynaroside (luteolin 7-glucoside),
ellagic acid, fructo-oligosaccharides, inulin, luteolin, and chlorogenic acid

Asparagus anthocyanins, asparagusic acid, cellulose, cyanidin, glutathione, inulin, lignin, kaempferol,
pectin, peonidin, quercetin, rutin, resin, saponins, and tannin

Avocado
3,4-dihydroxyphenylacetic acid, 4-hydroxybenzoic acid, chlorogenic acid, ferulic acid, gallic

acid, kaempferol/kaempferide, protocatechuic acid, ρ-coumaric acid, quercetin, rutin,
syringic acid, vanillic acid, lutein, and feruloylquinic acid
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Table 1. Cont.

Green-Colored Fruits and
Vegetables Bioactive Compounds

Arugula indole-3-carbinol (I3C)

Basil ρ-coumaric acid and ferulic acid

Bitter melon momordicin and momocharin (charantin)

Bok choy I3C, 3,3′-diindolylmethane (DIM)

Broccoli
ascorbic acid, glucosinolates, kaempferol 3-O-sophoroside, phylloquinone, quercetin

3-O-sophoroside, lutein, S-methyl cysteine sulphoxide, tocopherols, zeaxanthin, luteolin,
sulforaphane, quercetin, cryptoxanthins, I3C, 3,3′-DIM, chlorogenic acid, and ferulic acid

Cruciferous vegetables glucoiberin, glucosinolates, isothiocyanates, sulforaphane

Brussel sprouts luteolin, lutein, cryptoxanthins, I3C, and 3,3′-DIM

Cauliflower I3C

Cabbages luteolin, sulforaphane, kaempferol, I3C, 3,3′-DIM, and ferulic acid

Celery luteolin, lutein, cryptoxanthins, caffeic acid, and chlorogenic acid

Collard greens I3C

Chives quercetin and kaempferol

Cucumber lutein, cryptoxanthins, and terpenoid

Dill quercetin and kaempferol

Fennel leaves quercetin and kaempferol

Green apples epicatechin and luteolin

Green bean coffee chlorogenic acid and feruloylquinic acid

Green grape rutin, lutein, cryptoxanthins, and p-coumaric acid

Green peas/bean luteolin, lutein, cryptoxanthins, and ferulic acid

Green pepper lutein and cryptoxanthins

Green tea epigallocatechin gallate (EGCG), gallic acid, rutin, protocatechuic acid, vanillic acid,
chlorogenic acid

Kale quercetin, kaempferol, I3C, 3,3′-DIM, and lutein

Kiwi caffeoylquinic acid, cirsimaritin, feruloylquinic acid, n-triacontanol, quinic acid, sinenstetin,
tangeretin, protocatechuic acid, and p-coumaric acid

Kohlrabi I3C

Leeks quercetin and kaempferol

Lettuce quercetin, kaempferol, lutein, cryptoxanthins, and ferulic acid

Mustard greens I3C

Olives/Olive oil apigenin-7-O-glycosides, caffeic acid, hydroxytyrosol, luteolin, oleuropein, syringic acid,
tyrosol, vanillic acid, verbascoside, and protocatechuic acid

Parsley/Romaine lettuce lutein

Spinach chlorophyll, folate, nitrates, phylloquinone, quercetin, kaempferol, lutein, p-coumaric acid,
and ferulic acid

Scallions lutein

Watercress quercetin, lutein, and 3,3′-DIM

Wild leeks quercetin and kaempferol

Zucchini lutein
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Table 2. The chemical structure of bioactive compounds.

Fl
av

on
oi

ds

Flavonols

Kaempferol,
C15H10O6 Quercetin, C15H10O7 Rutin, C27H30O16

Flavan-3-ols

Epigallocatechin gallate (EGCG), C22H18O11

Flavones

Luteolin, C15H10O6

Te
rp

en
oi

de
s

Tetraterpenoids
/Carotennoids

Cryptoxanthin, C40H56O

Lutein, C40H56O2

Zeaxanthin, C40H56O2

G
lu

co
si

no
la

te
s

Isothiocyanates

Indole-3-
carbinol (I3C)

C9H9NO

3,3′-Diindolylmethane (DIM) C17H14N2

Sulforaphane
C6H11NOS2
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Table 2. Cont.

Ph
en

ol
ic

ac
id

s

Hydroxycinnamic
acids

Caffeic acid
C9H8O4

Chlorogenic acid
(Caffeoliquinic acid)

C16H18O9

Ferulic acid
C10H10O4

ρ-Coumaric acid
C9H8O3

Hydroxybenzoic
acids

Gallic acid C7H6O5 Vanillic acid, C8H8O4

Protocatechuic acid
C7H6O4

Syringic acid
C9H10O5

Phenylethanoids

Hydroxytyrosol, C8H10O3

The sources for Table 2 are refs. [16–32]. The structural images were created using CHEMDRAW 20.0 (PerkinElmer,
Cambridge, MA, USA).

Figure 2. Protective effects of the bioactive compounds from green-colored foods on metabolic
diseases and cardiovascular diseases.
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2. Bioactive Compounds Commonly Found in Green-Colored Fruits and Vegetables

The main biologically-active substances in green vegetables and fruits include flavonoids,
terpenoids, phenolic acids, and glucosinolates, which play a pivotal role in color forma-
tion and biological functions. Here, we listed the bioactive compounds derived from
green-colored fruits and vegetables and summarized their general characteristics, food
sources, bioavailability, and reported health beneficial effects. However, it should be noted
that the “potential health benefits” of these compounds summarized from previous stud-
ies/literatures are partly derived from clinical trial observations in humans and partly
from mechanism studies in model animals (mice & rabbits), which will provide scientific
evidence for expanding the applications of bioactive compounds from green-colored food
as functional foods or therapeutic agents.

2.1. Flavonoids
2.1.1. Flavonols: Kaempferol, Quercetin, and Rutin
General Characteristics and Food Sources

Kaempferol, quercetin, and rutin are natural flavonols, a type of flavonoid, found in a
variety of plants and plant-derived foods (Figure 1). Kaempferol can be easily found in
beans, broccoli, kale, spinach, and tea [33], whereas quercetin is found in onion, asparagus,
and berries, as listed in Table 1 [34]. Lastly, rutin is predominantly found in apples,
buckwheat, citrus fruits, cranberries, mulberry, red wine, and tea [35,36]. In addition, rutin
derivatives have been tested as a common dietary flavonoid that is consumed in fruits,
vegetables, and plant-derived beverages and is metabolized by gut microflora to a range of
phenolic compounds [37].

As listed in Table 2, kaempferol is a tetrahydroxyflavone in which four hydroxy
groups are located at positions 3, 5, 7, and 4′, C15H10O6 (MW 286.23 g/mol). Quercetin
belongs to flavonols, one of the six subclasses of flavonoid compounds with the molecular
formula C15H10O7 (MW 302.24 g/mol). Rutin, generally termed vitamin P, with the
molecular formula of C27H30O6, is considered to be one of the most therapeutically active
phytochemicals. The difference between quercetin and kaempferol is that the latter lacks
an OH group at the 3′ position. Quercetin, an aglycone with no attached sugar, exists as a
brilliant citron yellow needle crystal, poorly soluble in water but soluble in alcohol and
lipids. Quercetin glycosides are formed by attaching a glycosyl group, such as glucose,
rhamnose, or rutinose, by replacing one of the OH groups, usually at position 3. Thus,
dietary quercetin is present mainly as various O-glycosidic forms, including quercetin-3-O-
rutinoside (rutin), quercetin-3-O-glucoside (isoquercetin), and quercetin-3,4′-O-diglucoside.

Bioavailability

Pharmacokinetic studies of kaempferol, a highly polar glycoside, have shown that
this polyphenol is poorly absorbed compared with the moderately polar aglycone [38].
The plasma concentrations of quercetin and kaempferol were quite similar. These results
may be due to better clearance of plasma kaempferol conjugates from the kidney [39].
In general, kaempferol is metabolized to the methyl, sulfate, or glucuronide forms, but
the oral bioavailability of kaempferol is extremely low and absorption is poor [40,41].
The absorbed kaempferol undergoes metabolic transformation by intestinal conjugation
enzymes to yield the glucurono/sulfoconjugates (methylated or nonmethylated) forms
in the liver [42] and small intestine [39]. Kaempferol and its glycosides are metabolized
by the bacterial microflora that releases aglycones and broken aglycone C3 ring to form
compounds, such as 4-methylphenol, phloroglucinol, and 4-hydroxyphenylacetic acid,
which are either absorbed and can reach systemic circulation and tissues or be excreted in
feces and urine.

Moreover, quercetin has low bioavailability. The expected absorption rate of quercetin
glucoside, the naturally occurring form of quercetin, ranges between 3% and 17% of
healthy individuals consuming 100 mg, and this low bioavailability may be due to low
absorption, extensive metabolism and/or rapid clearance [43]. Quercetin normally exists as
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quercetin glycoside in plants and contains a quercetin aglycone conjugated to a sugar such
as glucose or rutinose. Quercetin glycosides show different absorption rates depending
on the type of attached sugar [44]. Furthermore, quercetin glucoside is absorbed more
efficiently than rutin [43]. In human studies, the requirement of the colonic microbiota for
the hydrolysis of rutinoside may explain the low bioavailability of rutin compared with
quercetin-3-glucoside [45].

Potential Health Benefits

Kaempferol has a wide range of therapeutic properties, such as antioxidant, anti-
inflammatory, and anti-obesity, so it can act as a chemotherapeutic agent in the treatment
of inflammatory disease, obesity, diabetes, and CVD [46]. In addition, various in vitro
and in vivo studies in human tissue cells or model animals have attributed the potential
cardioprotective effects of kaempferol to its anti-inflammatory activity [47–49]. Ischemic
heart disease mortality tended to be lower at higher quercetin and kaempferol intakes [50].
Although kaempferol belongs to the flavonol family, like quercetin, it exhibits different
gut metabolism. Unlike quercetin, it does not have a catechol group, and this structural
difference may be related to changes in mice gut metabolism [51].

Quercetin has also been shown to have antioxidant and anti-inflammatory, cardio-
protective, and antihypertensive effects in both in vitro and in vivo studies. It exhibits
the biphasic immuno-stimulatory or anti-inflammatory capacity. For example, a study in
animal model revealed that supplement with Quercetin at nanomolar doses demonstrated
not only the activation of basophils, but also the prevention of allergic inflammation [52].
Additionally, Quercetin influences immunity and inflammation by affecting leukocytes
and regulating many intracellular signaling proteins. Additionally, it has been shown
to ameliorate tumor necrosis factor-α (TNF-α) and nitric oxide (NO) production in the
visceral adipose tissue and downregulate nitric oxide synthase (NOS) expression in obese
Zucker rats [53].

Rutin is considered a promising agent for its antidiabetic, anti-inflammatory, antitumor,
antibacterial, and antioxidant effects in the pharmaceutical and cosmetic industries [54–56].
It is oxidized to a quinone that helps reduce the risk of CVD by up-regulating the nuclear
factor erythroid 2-related factor 2 (Nrf2)-mediated endogenous antioxidant response. Thus,
rutin is considered a modulator of lipid metabolic and signaling pathways, and it nor-
malizes UV-induced Nrf2 expression [57]. Huang et al. documented how rutin presented
antidiabetic physiological activity in ApoEknockout mice [58]. Additionally, rutin could
significantly suppress the increases in inflammatory cells and cytokines in the bronchoalve-
olar lavage fluid of mice [52]. The anti-diabetic effects of rutin on humans include the
reduction of carbohydrate absorption from the small intestine, the improvement of glucose
uptake, the suppression of gluconeogenesis, and the activation of insulin secretion from
pancreatic β-cells [59].

2.1.2. Flavan-3-ols: Epigallocatechin Gallate; EGCG
General Characteristics and Food Sources

Green tea is one of the most popular natural beverages that is produced from the
leaves of Camellia sinensis L. through a series of processing steps. In recent years, green tea
has received much extensive attention for its putative bioactivities in preventing metabolic
diseases and improving human health. The chemical composition of green tea includes
chlorophyll, polyphenols, flavonoid, gallic acid, catechins, and caffeine, with chlorophyll
and catechins being the primary contributors for its green appearance (Table 1). The
catechins are a kind of polyphenol compounds and consist of (−)-epicatechin-3-gallate
(ECG), (−)-epicatechin (EC), (−)-epigallocatechin (EGC), and (−)-epigallocatechin-3-gallate
(EGCG) [60]. Of these, EGCG is the most abundant catechin present in green tea and
accounts for approximately 30%~50% of the catechin content. Its chemical formula is
C22H18O11, and its molar mass is 458.37 g/mol (Table 2).
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Bioavailability

In spite of its numerous health benefits, the green tea catechin, EGCG, has poor
bioavailability mainly because of the intensive deterioration during digestion, especially
in the small intestine [60,61]. In addition, low transcellular transport and rapid biliary
excretion of EGCG partially contributes to its poor bioavailability [62]. For example,
maximum plasma EGCG concentrations of up to 1~2 mol/L were achieved within 2 h after
consumption, followed by rapid clearance, restoring plasma concentrations to the baseline
levels within 24 h of initial consumption in humans [61]. Additionally, it has previously
been reported that long-term treatment of rats and mice with dietary green tea resulted in
an initial increase in plasma EGCG levels over the first four days of the treatment [63]. Over
the subsequent 10 days of treatment, the plasma levels of EGCG decreased and eventually
restored to the baseline levels. Thus, these results indicate that EGCG had low absorption
and rapid clearance rates in blood, resulting in its poor bioavailability.

Therefore, it is important to determine a proper strategy to improve the bioavail-
ability of EGCG, and thus better develop it as a therapeutic agent or functional food in
improving human health and preventing metabolic diseases. Alteration of the delivery
system for EGCG by oral administration was believed to be a feasible strategy to improve
its bioavailability. Recently, EGCG was reported to display increased stability, and thus
improved bioavailability and therapeutic efficacy, when formulated as dual drug-loaded
PEGylated poly(lactic-co-glycolic acid) nanoparticles [64]. Likewise, Han et al. found that
the complexation of royal jelly proteins with the green tea extract enriched with EGCG
would enhance its bioavailability [65].

Potential Health Benefits

Numerous studies have shown that EGCG has a wide range of biological activities
in anti-obesity, anti-cancer, anti-bacteriostatic, anti-oxidation, anti-aging, cardiovascular
protection, and pro-reproductive capacities [4,5].

EGCG supplementation prevented high-fat diet (HFD)-induced body weight increase
by partially inhibiting subcutaneous and epididymal adipose tissue weight gain in ro-
dents [66]. In a parallel study, Zhu et al. found that green tea consumption by lean
C57BL/6J mice could prevent HFD-induced-obesity after stopping green tea drinking,
while the mice with pre-existing obesity did not receive such a benefit [13]. On the other
hand, another study reported that the dietary supplementation of EGCG reversed the
established obesity in Sprague-Dawley rats [60]. Thus, the inconsistent results regarding
the anti-obesity effects of EGCG might be attributed to the differences in animal species,
purity of green tea, dosage of EGCG, and duration of the study.

In addition, a study conducted in HFD-fed mice demonstrated that EGCG played a
role in inhibiting intestinal lipid absorption and promoting lipid excretion, which might
contribute to its anti-obesity effects [60]. In addition, it could reduce the levels of hepatic
triglyceride (TG) and possibly visceral fat deposition by reducing the activities of enzymes
related to hepatic fatty acid synthesis [6]. Furthermore, EGCG enhances the expression of
genes related to fatty acid oxidation and heat production of brown adipose tissue (BAT),
thereby promoting fat oxidation and BAT heat production, which in turn lead to body
energy expenditure to prevent obesity of mice [67].

EGCG protected cardio-cerebrovascular cells by inhibiting the apoptosis of hyper-
trophic cardiomyocytes induced by overload. Furthermore, it could reduce diastolic and
systolic blood pressure to regulate blood pressure and inhibit glycolysis enzyme to control
blood glucose in the HFD-fed mice [60,68]. EGCG exerts an anti-atherosclerosis effect
in rats by decreasing blood cholesterol and LDL and increasing high-density lipoprotein
(HDL) levels [69].
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2.1.3. Flavones: Luteolin
General Characteristics, Structure, and Food Sources

Luteolin, a dietary flavone, occurs naturally in the plant kingdom as pure yellow
crystals and is abundant in some green-colored vegetables and fruits, such as artichoke,
broccoli, cabbage, celery, green apple (skin), onion leaves, and parsley, as listed in Ta-
ble 1 [70]. Dietary luteolin is mostly present in its glycosylated form. Luteolin (C15H10O6) is
a 3′,4′,5,7-tetra hydroxyflavone with a C6-C3-C6 structure and possesses two benzene rings,
one oxygen containing ring, and a 2–3 carbon double bond (Table 2). The hydroxyl moieties
and 2–3 double bonds are important structural features associated with its biochemical and
biological activities [70–72].

Bioavailability

According to many studies, it is known that the oral absorption and bioavailability of
flavonoids, including luteolin, is very low [73,74]. In fact, luteolin has poor stabilization
and a low absorption rate; thus, its efficacy is low because of its relatively low in vivo
bioavailability. A mice study showed that the oral bioavailability of luteolin (approximately
26 ± 6%) was higher than that of luteolin-7-O-glucoside (approximately 10 ± 2%) [75].

Shimoi et al. observed that luteolin and its glycosides can be converted to glucuronides
when they cross the intestinal mucosa, and that free luteolin, its conjugates and methylated
conjugates can be found in rat and human plasma after administration [76]. According to
the findings of Zhou et al., luteolin was passively absorbed in the small intestine of rats and
was more efficiently absorbed in the duodenum and jejunum than in the colon and ileum,
and luteolin in peanut hull extract was absorbed more efficiently than pure luteolin [77].

Potential Health Benefits

Luteolin is a widely used flavone. According to preclinical studies, the ingestion of lu-
teolin alone has been reported to have various biological and pharmacological antioxidant,
anti-inflammatory, anti-diabetic, anti-cancer, and cardioprotective properties [70,78]. Al-
though many previous studies of luteolin have focused on cancer and inflammation, reports
of its cardioprotective effects have steadily increased since the 1950s [79]. Accumulated
evidence suggests that luteolin plays a pivotal role in regulating glucose production and
adipogenesis, and thus may act as a modulator of insulin resistance and diabetes. A study
of obese mice treated with luteolin or its glucoside (i.e., luteolin-enriched plant extracts)
improved blood glucose levels and hepatic steatosis [80]. Furthermore, luteolin exhibits
anti-obesity and anti-diabetic effects, in part through altering adipose tissue physiology.
The mechanism of luteolin in these potential health benefits is as follows; (1) regulated
adipose tissue inflammation, (2) reduced intracellular lipid accumulation, and (3) improved
insulin sensitivity and glucose utilization.

2.2. Terpenoides
Tetraterpenoids/Carotennoids: Cryptoxanthins, Lutein, and Zeaxanthin
General Characteristics, Structure, and Food Sources

Cryptoxanthin, also known as β-cryptoxanthin, is a natural pigment that imparts
bright colors to vegetables and fruits. It is an oxidized carotenoid containing hydroxyl
and other oxygen groups. It belongs to the lutein group and is yellow-orange in solution
and free state. Its molecular formula is C40H56O, and its relative molecular weight is
552.88 g/mol (Table 2). Cryptoxanthin is widely found in oranges, papaya, persimmon,
avocado, grapefruit, red bell pepper, coriander, pumpkin, corn, leafy vegetables, and some
yellow animal foods, such as egg yolks and butter [81]. It is a major dietary provitamin A
carotenoid mostly provided by citrus fruits.

Lutein and zeaxanthin belong to the family of oxygenated carotenoids classified as
xanthophylls, which are found in high quantities in green leafy vegetables and fruits,
such as avocado, kale, parsley, spinach, broccoli, green peas, green beans, kiwi, green
lettuce, cucumber, green pepper, celery, green grapes, brussels sprouts, scallions, watercress,
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romaine lettuce, and zucchini (Table 1) [82,83]. Lutein and its isomer zeaxanthin are the
dihydroxy derivatives of α-carotene and β-carotene, respectively [84]. They are termed
macular pigments. Lutein (C40H56O2) is a lipid-soluble molecule with a melting point of
190 ◦C and a molecular mass of 568.87 g/mol (Table 2). In addition, lutein contains several
secondary metabolite compounds such as steroid/triterpenoid, alkaloid, flavonoid, tannin,
and saponin [85].

Bioavailability

Food as well as host-related factors contribute to the bioavailability and bioaccessibility
of carotenoids. Previous studies have demonstrated that the bioavailability of carotenoids
(i.e., β-cryptoxanthin) under in vitro conditions ranged from 0.1% to almost 100% [86–88].
In spite of much attention on lutein, owing to its essential effects such as its antioxidant
properties, little information is available regarding its pharmacokinetic properties. Sato
et al., calculated the bioavailability of lutein to be 5.20% and showed that a large amount of
lutein accumulated in the intestinal mucosa [89]. In addition, the absorption of lutein is
improved significantly by food intake. The ability to respond to lutein and blood lutein
status are related in humans [90]. Lutein can either exist in the free form or be esterified
to fatty acids, and the bioavailability of lutein diester formulation is higher than the
free lutein formulation [82]. It is necessary that dietary lutein and zeaxanthin esters be
hydrolyzed by enzymes in the gastrointestinal tract before their uptake, since only free
forms of xanthophylls can be absorbed into the circulation [91].

Potential Health Benefits

Dietary cryptoxanthin has several bioactive anti-oxidant, anti-atherosclerosis, and anti-
aging properties and can be converted into vitamin A. It can reduce oxidative damage, and
protein loss and improve acute nephritis and immunity [81]. In general, there is evidence to
suggest that β-cryptoxanthin has beneficial effects in animal models of both non-alcoholic
fatty liver disease (NAFLD) and alcoholic liver disease [92].

In addition, previous studies have documented the use of β-cryptoxanthin as a nu-
tritional regulators of adipose tissue to be a feasible strategy for preventing obesity and
obesity-related metabolic diseases of humans [93]. Specific carotenoids and carotenoid
derivatives restrain adipogenesis and adipocyte hypertrophy, while they enhance the fat
oxidation and energy dissipation in brown and white adipocytes, and counteract obesity in
animal models, indicating a beneficial effect of β-cryptoxanthin supplementation. More-
over, β-cryptoxanthin alleviated myocardial ischemia/reperfusion injury by inhibiting
nuclear factor-kappa B (NF-κB)-mediated inflammatory signaling in rats [94]. The dietary
administration of β-cryptoxanthin not only prevents but also reverses nonalcoholic steato-
hepatitis progression by regulating M1/M2 macrophage polarization in mice [95]. Three
possible modes of action can be proposed to explain these benefits; (1) enhanced hepatic
antioxidative status widely attributed to carotenoids in general; (2) production of vitamin
A from β-carotene and β-cryptoxanthin, leading to improved hepatic retinoid signaling;
and (3) production of apocarotenoid metabolites from β-carotene and lycopene that may
play a role in hepatic signaling pathways [92].

Lutein is not a vitamin A precursor and has been found to play important roles in
improving visual functions such as improving red-green color discrimination sensitivity,
protecting retinal epithelial cells from reactive oxygen species (ROS), and preventing age-
related eye diseases [96–98]. In addition, lutein acts as a strong antioxidant by scavenging
superoxide radicals, hydroxyl radicals, and NO and by inhibiting lipid peroxidation both
in vitro and in vivo [99]. A vast amount of research in clinics and mice indicates that
lutein may also reduce the risk of CVDs and coronary artery diseases. Furthermore, lutein
appeared to have multiple anti-inflammatory functions in vivo and in vitro models. Lutein
decreased lipopolysaccharides (LPS)-induced secretion of inflammatory cytokines and
increased antioxidant enzymes in a dose-dependent manner [100,101]. The mechanism for
the anti-inflammatory property of lutein might be partially due to the modulatory effects of
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NF-κB, intercellular adhesion molecule (ICAM)-1, and Nrf-2 activation [102–105]. A recent
study has shown that lutein inhibits lipid accumulation in differentiated 3T3-L1 cells and
abdominal adipose tissue of rats by the sirtuin 1 (SIRT1)-mediated pathway [106].

2.3. Glucosinolates
2.3.1. Isothiocyanates: Indoles
General Characteristics, Structure, and Food Sources

Isothiocyanates (ITCs) are a class of small molecular compounds widely found in
cruciferous plants such as broccoli, cabbage, horseradish seed, kale, radish, mustard, and
watercress. Their molecular formula is N=C=S, and their structures and varieties in plants
are tightly related to the precursors of glucosinolates. ITCs are the main metabolites
of glucosinolates hydrolyzed by plant myrosinase in vitro or degraded in human and
animal digestive tract by enzymes or microbiota [107]. In general, they exist as oily or
low-melting-point solids (Table 1) [108].

Indoles, one of the major unstable ITCs, are planar heteroaromatic molecules. Among
indoles, only indole-3-carbinol (I3C) is commercially available as an off-white solid [109].
It is a naturally occurring hydrolysis product of glucobrassicin found in vegetables of
the genus Brassica (family Cruciferae), such as broccoli, brussels sprouts, cauliflower,
cabbages, kale, mustard greens, bok choy, collard greens, arugula, and kohlrabi, as listed in
Table 1 [110–112]. The molecular formula of I3C is C9H9NO and its chemical structure is
shown in Table 2. Under acidic conditions, I3C is unstable and gets converted to a series of
oligomeric products in vivo, such as 3,3′-diindoylmethane (DIM, C17H14N2) [35,112–114],
a dimer transformed from indole-3-methanol, which belongs to the indoleosinolates family.
It is a kind of pharmaceutical intermediate with a white crystalline powder appearance.
DIM is also found in many cruciferous plants such as brussels sprouts, broccoli, cabbage,
collards, cabbage, shepherd’s purse, radish, turnip, and watercress (Table 1).

Bioavailability

After oral administration, I3C is converted to a series of oligomeric products (mainly
DIM) under the acidic conditions of the stomach. It is rapidly absorbed, distributed,
and eliminated from the plasma and tissues, and its concentrations are the highest in
the liver and the least in the brain [21,115]. Owing to their lipid solubility characteristic,
the concentrations of I3C, DIM, and other derivatives are approximately 6-fold higher
in the tissues than in the plasma. Furthermore, the absorption, distribution, metabolism
and, elimination of I3C occur more rapidly than its derivatives, such as DIM [21,115],
which is eliminated through the renal system in humans [116]. Interestingly, DIM is the
only oligomer found in human plasma. Researchers assume that the production of these
oligomers is insufficient or they may not be effectively absorbed in the human gut [112].

Potential Health Benefits

ITC has a wide range of biological anti-bacterial, antioxidant, anti-inflammatory,
anti-hypertensive, and cardio-protective effects in human and model animals [114,117].
Dietary supplementation of ITC improved the relaxation of the aorta, reduced the num-
ber of infiltrating activated macrophages, and decreased the blood pressure. In an is-
chemia/reperfusion animal model, feeding broccoli extracts improved postischemic ven-
tricular function, reduced myocardial infarct size, and decreased cardiomyocyte apop-
tosis [118]. One of the potential mechanisms by which ITC prevents and/or treats car-
diovascular and metabolic diseases might be its capacity to remove metabolic waste and
ROS [119].

I3C also has various biological anti-inflammatory, immunoregulatory, anti-hypertensive,
anti-osteoporosis, and anti-diabetic properties [109,120,121]. I3C inhibited NO, TNF-α,
and interleukin-10 (IL-10) production in LPS-activated macrophage cells and rat mod-
els [122,123], suggesting its immunoregulatory effects. In addition, I3C immunoregula-
tory effects on polarization of monocyte-derived macrophages in systemic lupus erythe-
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matosus patients were observed as downregulated expression of pro-inflammatory genes
and overexpression of anti-inflammatory cytokines [121]. I3C and its derivative DIM
have been shown to prevent ethanol-induced liver injury or drug-induced liver injury
in mice by oxidative stress regulatory, antioxidant, anti-inflammatory, and anti-apoptotic
mechanisms [124,125].

Moreover, I3C exerts anti-obesity effects by reducing body weight and fat accumu-
lation in epididymal adipose tissue in HFD-induced obese mice and thereby improves
hyperglycemia and hyperinsulinemia [126]. In an in vitro trial, I3C prevented the differ-
entiation of 3T3-L1 preadipocytes into adipocytes, inhibits adipogenesis by regulating
5′-adenosine monophosphate-activated protein kinase (AMPK) signaling [127–129].

DIM exerts a wide range of biological effects, especially in treating metabolic, car-
diovascular, and neurodegenerative diseases. Emerging studies have indicated that DIM
increases the structural and functional integrity of the intestinal barrier and thus improves
the pathophysiological metabolism [130]. Similarly, Choi and Yoo [131] have demonstrated
that DIM can improve insulin-dependent diabetes and nephropathy in streptozotocin
(STZ)-induced mice and relieve some symptoms of diabetes such as hunger and thirst.
Additionally, DIM has a therapeutic effect on CVDs.

The anti-diabetic effects of DIM on hyperglycemia and diabetic nephropathy of mice
were thought to be associated with the obstruction of protein kinase C (PKC)-α and trans-
forming growth factor (TGF)-β1 signaling pathways [131]. Similarly, by depressing the
expression of interleukin-6 (IL-6) and chemokine (C-X-C motif) ligand 1 (CXCL1), DIM
exhibited a beneficial impact on the treatment of CVDs, thus protecting the impaired neu-
rological function in a mice model [132]. Meanwhile, other studies have also revealed that
DIM protected the hematopoietic function of irradiated mice by inhibiting the increase of
ROS generation in hematopoietic stem cells (HSCs) induced by whole-body irradiation and
phosphorylation of histone H2AX (γ-H2AX). DIM significantly improved bone marrow
HSC frequency, hematopoietic progenitor cell cloning function and multifamily transplan-
tation after transplantation [133]. DIM has a neuroprotective mechanism, which has been
proved to be achieved by inhibiting ischemia-induced apoptosis and autophagy, while
suppressing the aryl hydrocarbon receptor/cytochrome P4501A1 (AhR/CYP1A1) signal-
ing pathway and increasing histone deacetylases (HDAC) activity [134]. The radiation
protection effect of DIM may be due to its anti-DNA damage effect on irradiated human
intestinal epithelial cell line HIEC-6. These changes are related to the decrease in ROS
levels and increase in antioxidant enzyme activity in human intestinal epithelial cell line-6
(HIEC-6) cells after irradiation. In addition, the radiation protection effect of DIM on the
intestine leads to the recovery of intestinal microbial community composition, alleviates
intestinal radiation damage, and thus improves body metabolism in mice treated with
withaferin-A [130].

2.3.2. Isothiocyanates: Sulforaphane
General Characteristics, Structure, and Food Sources

Sulforaphane is one of the most promising diet-derived chemopreventive agents [135]
belonging to the ITC group of organosulfur compounds. It exists as its biologically inactive
precursor, glucoraphanin, a storage form in cruciferous vegetables, being the most abun-
dant in broccoli (Table 1). This precursor belongs to the group of phytochemicals called
glucosinolates, which contain a sugar moiety in their structure, and is rapidly converted
to sulforaphane by the enzyme myrosinase [136]. The chemical name of sulforaphane is
4-methylsulfinylbutyl isothiocyanate or 1-isothiocyanate-4-methylsulfinylbutane, and its
chemical structure is shown in Table 2.

Bioavailability

Sulforaphane has the highest bioavailability among phytochemicals, with its absolute
bioavailability being approximately 80% [137]. It is converted from its inactive precursor
glucoraphanin to its active form by the enzyme myrosinase, whose amount and activity
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are closely related to its own bioavailability. When plant cells are damaged, the enzyme
myrosinase is released, which interacts with glucoraphanin to produce sulforaphane,
which is metabolized in vivo via the mercapturic acid pathway, triggered by a spontaneous
reaction between the electrophilic -N=C-S group and glutathione. The end products of
sulforaphane metabolism are sulforaphane-cysteine and sulforaphane-N-acetyl-l-cysteine,
and the main metabolite is sulforaphane-N-acetyl-l-cysteine [138].

Potential Health Benefits

Sulforaphane is a dietary phytochemical (a secondary plant metabolite) with low
toxicity and is widely consumed in cruciferous vegetables and many dietary nutraceu-
ticals. It has been extensively studied in the past several years for its health benefits
in various in vitro and in vivo studies, which have reported its anti-diabetic [139–141],
anti-inflammatory [138], and anti-obesity [142] effects in human and model animals. For
example, it exerts cytoprotective effects on mice by increasing the expression of several an-
tioxidant proteins [143]. A clinical study has found that consuming broccoli sprouts, which
are rich in glucoraphanin, for just one week improved cholesterol metabolism and reduced
oxidative stress markers [144]. A study suggested that the potential cardioprotective action
of sulforaphane could be attributed to decreased ROS production and DNA fragmentation
as well as increased cell viability [135]. Thus, sulforaphane may protect against various
types of metabolic diseases and decrease the risk of CVDs.

2.4. Phenolic Acids
2.4.1. Hydroxycinnamic Acids: Caffeic Acid, Caffeoliquinic Acid, Ferulic Acids, and
p-Coumaric Acid

The primary phenolic acids in green fruits and vegetables include caffeic acid (CA),
caffeoliquinic acid (CQA), ferulic acid (FA), and p-coumaric acid (p-CA), which belong
to hydroxycinnamic acids (HAs) and have similar molecular structures. They play an
important role in the antioxidant, anti-inflammatory, anti-hypertensive, and other biological
functions of green fruits and vegetables.

General Characteristics, Structure, and Food Sources

Caffeic acid (CA), a natural polyphenolic compound, is widely found in cabbage,
buckwheat, dandelion, artichoke, olive, mint, and other green plants. It is a typical repre-
sentative of HA and has phenolic hydroxyl and acrylic acid functional group structures.
In addition, it is a significant micronutrient in the human body and the main source of
HA in human diet. It has good biological activity [145]. It is also known as 3,4-dihydroxy
cinnamic acid and exists as yellow crystals at room temperature. It is slightly soluble in
cold water and easily soluble in hot water and organic solvents. The chemical formula of
CA is C9H8O4, and its molecular weight is 180.15 Da. Its melting point is 223~225 ◦C.

Caffeoylquinic acids (CQA), a natural phenolic compound widespread in the plant
kingdom, is a combination of quinic acid (QA) and CA via an esteratic linkage. In recent
years, CQA has received great attention because of its high content in coffee, tea, certain
fruits, and vegetables. In nature, CQA includes monocaffeic, dicaffeic, tricaffeic, and
polycaffeic quinic acids, of which monocaffeic and dicaffeic quinic acids are widely present
in plants. Another vital derivate of CQA is 3(5)-O-caffeoylquinic acid (5-CQA) or 3-CQA
(pre-IUPAC nomenclature), generally termed chlorogenic acid (CGA), which is one of
the most abundant HAs and available phenolic acid compounds present in foods, such
as green bean coffee, avocado, broccoli, artichoke, green tea, and Angelica officinalis L.
fruits [146–150].

Ferulic acid (FA) and feruloylquinic acid (FQA). Ferulic acid (FA, also known as
4-hydroxy-3-methoxycinnamic acid), is a ubiquitous phenolic compound found in numer-
ous fruits and vegetables, including bananas, citrus fruits, eggplant, and cabbage, as well
as in seeds, leaves, and wheat brans [151,152]. It is also considered one of the most effective
agents in the Chinese medicinal plant Angelica sinensis and has been approved as a food
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additive in many European countries. Feruloylquinic acid (FQA) has an additional quinyl
ester of HA, which is synthesized by the condensation of FA and QA [153]. It has a wide
range of sources, including kiwi fruit, tomato, avocado, Angelica sinensis and green coffee
beans, as well as in the roots of nutrient-deprived Brachiaria species [154]. Although FQA
has been reported to have anti-tumor properties, its biological functions have not been
studied thus far.

p-Coumaric acid (p-CA), also known as 4-hydroxycinnamic acid, is a phenolic acid
that functions as a precursor for other phenolic compounds [155]. It belongs to the HA
family, which is synthesized from phenylalanine and tyrosine via the shikimate pathway. It
plays a critical role in secondary metabolism because it can be subsequently transformed
to other phenolic acids, such as CA, FA, CGA, and sinapic acid, and other secondary
metabolites [156]. p-CA is found ubiquitously in fruits (e.g., apples, pears, grapes, oranges,
tomatoes, and berries), vegetables (e.g., beans, potatoes, and onions), and cereals (e.g.,
maize, oats, and wheat), as listed in Table 1 [155]. In addition, it can be also found in
green-colored foods including avocado, kiwi, green grape, basil, and spinach.

Bioavailability

Hydroxycinnamic acids (HAs) are one of the major classes of phenolic compounds
found in green-colored foods and cereal grains. However, the majority of phenolic com-
pounds in foods are present in bound forms with low bioaccessibility which affect their
poor bioavailability [157]. The structure of the fiber matrix and the functions of bioactive
phenolic compounds found in green-colored vegetables or cereals strongly affect their
physiological functions [158]. A low proportion of ingested conjugated HAs was shown to
be absorbed in the small intestine, and the remainder reached the larger intestine and were
modified or degraded by the gut microbiota [159]. The conjugated HA is inaccessible to the
digestive enzymes and thus presents poor bioaccessibility and bioavailability.

Most of the metabolized HAs are excreted in urine instead of feces. Recently, Kishida
and Matsumoto reported that the ingested HAs, except for CGA, were primarily excreted
as free or conjugated forms in the urine within 0~6 h [159]. The total urinary excretion rate
(% of the dose) at 48 h followed the order FA (73.2%) > CA (61.6%) > p-CA (54.1%) > CGA
(4.9%). The percentages of the conjugates in the urine differed among the rats gavage-fed
with individual HAs (74% for CGA, 83% for CA, 68% for p-CA, and 96% for FA), which
may be explained by their distinct bioactivities. The urinary excretion rate of various HAs,
including p-CA, in non-fasted rats under normal physiological conditions was 54.1% of the
dose at 48 h [159]. Among the four HAs (i.e., CGA, CA, p-CA, and FA), CA, p-CA, and FA
are much more bioavailable than CGA, although they are excreted more rapidly than CGA.
FA and p-CA are absorbed by the monocarboxylic acid transporter (MCT) in Caco-2 cells,
although gallic acid (GA) is not [160].

Low bioavailability of HAs limits the exhibition of their beneficial bioactive effects.
Therefore, many studies have focused on developing the appropriate food processing
technologies that can facilitate the release and/or increase the accessibility of conjugated
phenolic compounds in green-colored foods, primarily through fermentation, breakdown
of cereal matrices, or degradation of fiber polymers.

Potential Health Benefits

HAs, including CA, CQA, GA, and FA, exert a wide variety of biological antioxi-
dant, anti-inflammatory, antimicrobial, antiallergic, hepatoprotective, anticarcinogenic,
antithrombotic, and antiviral activities. Studies in rats and piglets suggest that HAs play
a role in increasing sperm viability, vasodilatory actions, enzyme activity modulation,
transcriptional factor activation, gene expression, and signal transduction [161–164].

CA has a wide range of pharmacological activities similar to most phenolic com-
pounds. It exerts its antioxidant effect by scavenging free radicals, such as 2,2′-azino-
bis3-ethylbenzothiazoline-6-sulphonic acid (ABTS) and 2,2-diphenyl-1-picrylhydrazyl
(DPPH) [165], reducing iron ions and chelating metal ions [166]. Additionally, CA ex-
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erts potential cardiovascular benefits through antioxidant mechanisms associated with
LDL oxidation, NO bioavailability, and blood pressure lowering. Daily use of CA in mod-
erate amounts can reduce the incidence of CVDs such as atherosclerosis and coronary
heart disease of humans [167]. Furthermore, CA could fight diabetes and hyperglycemia
through multiple mechanisms, including the antibiotic effect of CA in animal models,
promotion of islet survival, reduction of serum fibrinogen levels in diabetic animals, and
regulation of β cell and adipocyte glucose transporter type 4 (GLUT4) performance [168].
Furthermore, consuming CA every day is beneficial in the treatment of CVDs because
of its anti-hypertensive properties and its ability to lower blood pressure throughout the
body of rats [169]. Furthermore, it could increase the number of platelets by increasing
the content of granulocytes and megakaryocytes, thus speeding up coagulation to achieve
hemostasis [167]. Additionally, some human and animal bioactivities of CA are closely
related to gut microbial community. Studies have shown that dietary CA interacts with
human and/or animal intestinal microbes and thus produces various metabolites that
affect host metabolism and cardiovascular health [170]. In anaerobic conditions, bacteria
possessing tyrosine decarboxylase could induce the decarboxylation of CA, generating
[3-(3-hydroxyphenyl)-propionic acid], a product with higher antioxidant activity compared
with CA [169].

CQA has a lipid-lowering activity that improves metabolic dysregulation in diet-
induced obesity models partially by regulating peroxisome proliferator-activated receptor
(PPAR)γ2 expression. In addition, CQA ameliorates obesity and obesity-related metabolic
disorders through the PPARγ2 and NF-κB signaling pathways in rat adipose tissue [171].
Both CQA and CGA have antioxidant properties in humans and animals [172–174], which
contribute to excellent functions in treating cardiovascular and metabolic diseases. In
human bioavailability, one-third of the CGA from foods is absorbed in the small intestine,
and a part enters into the blood circulation, while most reaches the colon [175]. The
pathways of CGA are as follows: in humans, a part of the 5-CQA (approximately 33%) from
food is absorbed intact in the upper GIT without hydrolysis and enters into circulation; a
small amount of the 5-CQA (approximately 7%) is absorbed throughout the small intestine
involving hydrolysis into CA and QA; colonic microbiota-mediated 5-CQA metabolism
with the absorption of metabolites occurs in the colon; after the intact 5-CQA and its
metabolites enter the bloodstream, they are absorbed and/or metabolized in the liver
(reviewed in ref. [172]). One should point out that the small molecular metabolites produced
by gut microbes degrading CGA and its derivatives also play a vital role in regulating
physiological and pathological status of host.

FA plays an antioxidant role by inhibiting ROS production and aldose reductase ac-
tivity and by activating the phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt)
signaling pathway. The antioxidant property of FA can be further enhanced by the nuclear
shift of heme oxygenase-1 (HO-1) via activation of the Nrf2/HO-1 pathway. In addition,
FA can inhibit the extracellular signal-regulated kinase (ERK)1/2 signal, regulate the ex-
pression of NO/endothelin-1 (ET-1) and vascular endothelial factors, protect endothelial
cells, and enhance angiogenesis to maintain the normal function of the vascular endothe-
lium [176]. Moreover, FA can significantly eliminate the negative effects of antibiotics,
including upregulation of a variety of antioxidant genes, increase the total antioxidant
levels of mice compared with the antibiotic group, reduce the lipid oxidation levels in vivo,
regulate NO synthesis through NOS, and stimulate intestinal contraction and peristalsis
to promote digestion. Moreover, FA can regulate the intestinal metabolism, intestinal
microecological balance, and inflammatory response of piglets by increasing the abundance
ratio of Proteobacteria and Firmicutes, significantly increasing the abundance of Clostridium
and decreasing the abundance of Diplococcus and Enterobacter [162].

Various investigations have shown that p-CA and its conjugates exhibit various bioac-
tivities, including antioxidant, anti-inflammatory, cardioprotective, and anti-diabetic ac-
tivities. In animal models, p-CA decreased basal oxidative stress levels more effectively
than vitamin E, as assessed by DNA damage in rat colonic mucosa [177]. p-CA showed
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anti-inflammatory effects in adjuvant-induced arthritic rats, reducing the levels of TNF-α
and macrophage phagocytic index, while increasing serum immunoglobulin levels [155].

2.4.2. Hydroxybenzoic Acids: Gallic Acid, Protocatechuic Acid, Syringic Acid and Vanillic Acid
General Characteristics, Structure, and Food Sources

Gallic acid (GA), 5,4,3-trihydroxybenzoic acid, is one of the most important and
abundant phenolic acids. Gallic acid and its derivatives are present in fruits and vegetables
such as grapes, mango, avocado, and green tea [178]. It is an organic acid containing
one benzene ring structure with three adjacent -OH groups at the positions 3,4,5 and one
-COOH group at position 1. Its molecular formula is C7H6O5, and its molecular weight
is 170.12 g/mol [179]. It is soluble in water, alcohol, ether, and glycerol. In nature, it
exists predominantly as hydroxybenzoic acids and in different forms of ester and catechin
derivatives [180]. The most common ester derivatives of GA are alkyl esters such as methyl
gallate, propyl gallate, octyl gallate, dodecyl gallate, tetradecyl gallate, and hexadecyl
gallate. Some of the main catechin derivatives of GA are EC, ECG, EGC, EGCG, and
gallocatechin gallate [181].

Protocatechuic acid (PCA), 3,4-dihydroxybenzoic acid, is a phenolic compound found
in various green food plants such as calamondin, olives, roselle, and white wine grapes [182].
It is the main secondary metabolite of antioxidant polyphenols and the main metabolite of
anthocyanins [182,183]. The molecular formula of protocatechuic acid is (HO)2C6H3COOH.
It exists as white-to-brown crystalline powder that changes color in the air.

Syringic acid (SA) is a phenolic compound readily found in fruits and vegetables
such as olives, dates, pumpkin, and grapes, spices, acai palm, honey, and red wine [184].
It is a white powder with high solubility in ethanol, methanol, and ethyl ether and poor
solubility in water. Like other phenolic compounds from plants, such as PCA, gallic acid,
and QA, SA is also synthesized by the shikimic acid pathway [185]. SA consists of a single
benzene ring linked with two OCH3 groups, one OH group, and one COOH group, and its
molecular formula is C9H10O5 (Table 2) [184].

Vanillic acid (VA), 4-hydroxy-3-methoxybenzoic acid, is a benzoic acid derivative, and
its molecular formula is C8H8O4. The solution process of VA in the solvents is endothermic
and spontaneous [186]. It has a pleasant and creamy odor; therefore, its widely used as
a flavoring agent, preservative, and food additive in the food industry. It is a phenolic
compound that is oxidized from vanillin, which is obtained from several foods, such as
avocado, green olive, Angelica sinensis, green tea and many other plants [187–190].

Bioavailability

Many beneficial biological effects of hydroxybenzoic acids, including GA, PCA, SA,
and VA, on the treatment and prevention of cardiovascular and metabolic diseases have
been documented [157,191]. Meanwhile, the health beneficial properties of phenolic acids
can be influenced by various factors such as poor stability, restricted bioavailability, and
absorption [9,15,179]. The bioavailability of different phenolic acids varies and does not
reconcile with their ubiquity.

Previous animal and human trials have shown that GA can be absorbed in the body,
and its effectiveness is hindered because of its rapid metabolism and elimination from
the body [180]. After oral administration, approximately 70% of GA is absorbed and then
excreted in the urine as 4-O-methylgallic acid [15,160,192]. Thus, the usage of GA is re-
stricted because of its low bioavailability and rapid elimination in both animals and humans.
Therefore, efforts have been made to enhance its bioavailability. For example, repeated
dosing, use of structural analogs or derivative compounds, phospholipid complexation,
and microencapsulation have been tested to improve the plasma levels of GA [15].

The water-insolubility of SA could result in a low systemic bioavailability as with
other water-insoluble drugs such as other conventional clinical drugs (e.g., simvastatin and
fenofibrate) [193]. Despite its promising biological effects, the poor solubility, fast elimina-
tion, and concomitant low bioavailability of SA are the major hurdles for its application.
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Therefore, efforts have been made to improve its bioavailability by employing emerging
technologies, such as incorporation of SA into liposome or micelles and utilization of
self-microemulsifying drug delivery systems [194,195]. Recently, Liu et al. demonstrated
that the incorporation of SA in liposomes enhanced its oral bioavailability and antioxi-
dant properties in rats [30]. In addition, another study reports that a nano system for the
oral delivery of SA improved its bioavailability and enhanced its hypolipidemic effect in
diet-induced hyperlipidemic mice compared with an SA suspension-treated group [194].
Lastly, VA has significantly increased plasma concentrations and urinary excretions after
oral administration [196]. The oral bioavailability of VA was calculated to be 25.3~36.2% in
rat plasma, and it was quickly absorbed into the system circulation and slowly discharged
from the blood [197]. It is worth noting that different physiological and/or pathophysio-
logical conditions of animals and humans can also have a great impact on the absorption,
distribution, metabolism, and excretion of such compounds. Future studies are warranted
to evaluate the pharmacokinetic profile of GA in different pathological conditions.

Potential Health Benefits

Among numerous polyphenols, GA is a low-molecular-weight phenolic compound
with outstanding anti-antioxidant, inflammatory, antimicrobial, anticancer, cardiopro-
tective, gastroprotective, and neuroprotective properties in humans [198]. In metabolic
syndrome and obesity mice, GA appeared to improve the plasma concentrations of TG
and glucose as well as the recovery of glucose tolerance and lipid metabolism [180,199,200].
In addition, it has been shown to specifically target adipose tissue to inhibit lipogenesis,
promote insulin signaling, and concomitantly combat raised proinflammatory response
and oxidative stress in mice [180]. The anti-obesity effects of GA can be harnessed either
directly by inhibiting the generation of lipid droplets in the liver or adipose tissue, or
indirectly by ameliorating the serum levels of TG and LDL of rats [201,202]. GA could
exert its protective effects on the cardiovascular system under oxidative stress [203] by
restoring a series of enzymic and nonenzymic antioxidants and attenuating cardiotoxic
content and ROS generation. Thus, the preclinical data support the beneficial effects of
GA in preventing obesity-associated complication as well as CVDs. In a clinical trial,
a placebo-controlled pilot study with 19 patients with type 2 diabetes showed that GA
supplementation (15 mg/day for 7 days which was in the range of daily consumption in
Europeans) prevented oxidative DNA damage and reduced the levels of inflammatory
biomarkers, including C-reactive protein [204]. However, in order to provide meaning-
ful data in determining the efficacy and safety of a given GA treatment, well-designed
clinical trials should be necessary.

PCA is the main metabolite of anthocyanins and presents a variety of beneficial
physiological activities for potential health benefits in humans such as cardiovascular-
protective, anti-diabetic, and anti-obesity effects [205,206]. For example, a previous study
has shown that PCA can reduce the risk of CVDs and protect myocardial injury [207]. The
mechanism of this rests on the ability of PCA to significantly reduce myocardial infarction
size, serum TNF-α levels, and platelet aggregation and significantly inhibit the apoptosis
rate and cleaved caspase-3 expression of damaged myocardial cells. In addition, PCA
exerts positive effects on insulin resistance and other metabolic and vascular disorders
related to type 2 diabetes, partially by enhancing the insulin reaction to manage blood
glucose stability of rats [208] as well as by upregulating the expression of phosphorylated
Akt [207]. Some studies have proposed a possible anti-diabetes mechanism of PCA, which
may improve hepatic insulin resistance and vascular oxidation state by regulating insulin
signaling pathway and age-rage-NOX (NADPH oxidase) 4 pathways, respectively, thus
exerting its hypoglycemic effect in rats [208].

SA has a wide range of therapeutic applications in preventing diabetes and CVDs,
besides having antioxidant, antimicrobial, neuroprotective, and hepatoprotective activi-
ties [184]. In addition, SA exerts health-promoting effects on hyperlipidemia and NAFLD.
Briefly, the SA treatment (0.05%, wt/wt) not only lowers the serum glucose and insulin lev-



Appl. Sci. 2022, 12, 1879 19 of 30

els, but also increases the adiponectin levels of HFD-fed rats [209]. Moreover, SA appeared
to reduce the expression of inflammatory and lipogenic genes and increase the expression
of fatty acid oxidation-related genes in the liver of an NAFLD mouse model [209]. The
oral administration of SA (50 mg/kg body weight) for 30 days significantly improved
the glycemic status of alloxan-induced diabetic Wistar rats, as indicated by the decreased
plasma glucose and glycoprotein levels of the liver and kidney [210].

Extensive investigations have shown that VA exhibits various bioactivities, such as anti-
obesity, anti-diabetes, antioxidant, anti-inflammatory, hepatoprotective, cardioprotective,
and hypolipidemic effects [211]. It has been shown to significantly reduce fasting plasma
glucose, insulin, blood pressure, and lipid peroxidation marker levels in Wistar rat diabetes
models [212]. Moreover, it strongly regulates inflammatory mediators. For example, it has
been shown to suppress leukocyte recruitment, oxidative stress, cytokine production, and
NF-κB activation in mouse models [213,214] and to have anti-obesity effects by improving
energy metabolism in vitro and in vivo [215]. It exerts its anti-diabetic effects either directly
by reducing methylglyoxal-induced Neuro-2A cell apoptosis or by inhibiting the metabolic
enzymes such as acetylcholinesterase enzymes, α-glycosidase, and α-amylase [216,217].
Thus, VA could be used as a natural health promoter and potential drug candidate but
should be investigated further.

2.4.3. Phenylethanoids (Hydroxytyrosol)
General Characteristics, Structure, and Food Sources

Hydroxytyrosol (HXT) is an amphipathic phenolic compound derived from olives,
olive oil, and olive tree leaves [218]. It is also called 3,4-dihydroxyphenylethanol or
3,4-dihydroxyphenolethanol, or 4-(2-hydroxyethyl)-1,2-benzenediol according to the IU-
PAC system [219]. In nature, HXT is generated by the hydrolysis of oleuropein by the
enzyme β-glucosidase during olive ripening. In its chemical structure, HXT consists of a
benzene ring with three adjacent -OH groups, and its molecular formula is C8H10O3.

Bioavailability

Hydrophilic phenolic compounds are known to be absorbed in a dose-dependent
manner and excreted in the urine mainly as glucuronide conjugates in animals and hu-
mans [220,221]. Similar to other phenolic compounds, HXT undergoes an intense and rapid
metabolism first inside enterocytes and then in the liver [222,223]. Although the absorption
process varies depending on the administration vehicle employed, HXT is mainly absorbed
in the small intestine and colon by passive transport from 75% to 100% [221]. It reaches
its maximum concentration in plasma approximately 7 min after intake and then becomes
undetectable after 4 h [224]. HXT and its metabolites have excellent distribution capacities
in tissues, such as the muscle, testis, liver, and brain, which may contribute to their health-
beneficial properties [225]. It is noteworthy that phenolic bioavailability is influenced by
different factors such as age, hormonal status, or gender (reviewed in [219]). In the case of
HXT, the food matrix in which it is incorporated plays an important role in its metabolism.
Extra virgin olive oil has been identified as the best matrix for HXT [226–228].

Potential Health Benefits

Mediterranean countries have lower rates of mortality from CVDs and cancer than
Northern European or other Western countries [219,229]. Olive oil, the major fat source of
the Mediterranean diet, has been associated with the lower incidence of coronary heart
disease in these countries. Especially HXT, one of the main compounds present in olive
oil, inhibits radical-induced LDL oxidation and scavenges free radicals, and exerts other
biological activities such as the inhibition of platelet aggregation and potentiation of im-
mune response [218]. Thus, HXT features outstanding antioxidant, anti-inflammatory, and
neuroprotective activities, which confer HXT with a critical role in the prevention of cardio-
vascular and metabolic syndromes of humans [230–233]. Although the cardioprotective
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effects of HXT remain unclear, its administration has been related to the decline in atheroma
plaque in cadmium-intoxicated rats [234].

3. Conclusions

In this review, we discussed various bioactive compounds commonly found in green-
colored fruits and vegetables and their health beneficial effects on metabolic and car-
diovascular diseases (Figure 2). The color ‘green’ can be made up with various types of
color-contributing polyphenols and pigments, many of which co-exist in different fruits and
vegetables that we consume every day. Green-colored food-derived bioactive compounds
have potent antioxidant, anti-inflammatory, anti-diabetic, anti-obesity, and cardioprotec-
tive effects that may help to offset an increased risk of metabolic diseases. Although the
poor bioavailability of these bioactive compounds limits their wide application in the field
of food products and supplements, it is not doubtful that they can benefit health when
consumed as part of a healthy and well-balanced diet.
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AhR Aryl hydrocarbon receptor
Akt Protein kinase B
BAT Brown adipose tissue
CA Caffeic acid
CGA Chlorogenic acid
CQA Caffeoylquinic acid
CVD Cardiovascular disease
CXCL1 Chemokine (C-X-C motif) ligand 1
CYP1A1 Cytochrome P4501A1
DIM 3,3′-diindoylmethane
EC Epicatechin
ECG Epicatechin-3-gallate
EGC Epigallocatechin
EGCG Epigallocatechin-3-gallate
ERK Extracellular signal-regulated kinase
ET-1 Endothelin-1
FA Ferulic acid
FQA Feruloylquinic acid
GA Gallic acid
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GIT Gastrointestinal tract
GLUT4 Glucose transporter type 4
HA Hydroxylcinnamic acid
HDAC Histone deacetylases
HDL High-density lipoprotein
HFD High-fat diet
HIEC-6 Human intestinal epithelial cell line-6
HO-1 Heme oxygenase-1
HSC Hematopoietic stem cell
HXT Hydroxytyrosol
I3C Indole-3-carbinol
ICAM Intercellular adhesion molecule
IL-6 Interleukin-6
IL-10 Interleukin-10
ITC Isothiocyanate
IUPAC International Union of Pure and Applied Chemistry
LDL Low-density lipoprotein
LPS Lipopolysaccharides
NAFLD Non-alcoholic fatty liver disease
NF-κB Nuclear factor-kappa B
NO Nitric oxide
NOS Nitric oxide synthase
Nrf-2 Nuclear factor erythroid 2-related factor 2
p-CA p-Coumaric acid
PCA Proteocatechuic acid
PI3K Phosphatidylinositol 3-kinase
PKC Protein kinase C
PPAR Peroxisome proliferator-activated receptor
QA Quinic acid
ROS Reactive oxygen species
SA Syringic acid
SIRT1 Sirtuin 1
TG Triglyceride
TGF-β1 Transforming growth factor-beta 1
TNF-α Tumor necrosis factor-α
VA Vanillic acid

References
1. Joshipura, K.J.; Hu, F.B.; Manson, J.E.; Stampfer, M.J.; Rimm, E.B.; Speizer, F.E.; Colditz, G.; Ascherio, A.; Rosner, B.; Spiegelman,

D. The effect of fruit and vegetable intake on risk for coronary heart disease. Ann. Intern. Med. 2001, 134, 1106–1114. [CrossRef]
[PubMed]

2. Manach, C.; Mazur, A.; Scalbert, A. Polyphenols and prevention of cardiovascular diseases. Curr. Opin. Lipidol. 2005, 16, 77–84.
[CrossRef] [PubMed]

3. Blekkenhorst, L.C.; Sim, M.; Bondonno, C.P.; Bondonno, N.P.; Ward, N.C.; Prince, R.L.; Devine, A.; Lewis, J.R.; Hodgson, J.M.
Cardiovascular health benefits of specific vegetable types: A narrative review. Nutrients 2018, 10, 595. [CrossRef] [PubMed]

4. Martinez, K.B.; Mackert, J.D.; McIntosh, M.K. Polyphenols and intestinal health. In Nutrition and Functional Foods for Healthy
Aging; Elsevier: Amsterdam, The Netherlands, 2017; pp. 191–210.

5. Cano-Lamadrid, M.; Artés-Hernández, F. By-Products Revalorization with Non-Thermal Treatments to Enhance Phytochemical
Compounds of Fruit and Vegetables Derived Products: A Review. Foods 2022, 11, 59. [CrossRef]

6. Devappa, R.K.; Rakshit, S.K.; Dekker, R.F. Forest biorefinery: Potential of poplar phytochemicals as value-added co-products.
Biotechnol. Adv. 2015, 33, 681–716. [CrossRef]

7. Esteve Ràfols, M. Mechanisms underlying biological effects of cruciferous glucosinolate-derived isothiocyanates/indoles: A focus
on metabolic syndrome. Front. Nutr. 2020, 7, 111. [CrossRef]
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