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Abstract: There are a wide variety of phytochemicals collectively known as polyphenols. Their
structural diversity results in a broad range of characteristics and biological effects. Polyphenols can
be found in a variety of foods and drinks, including fruits, cereals, tea, and coffee. Studies both in vitro
and in vivo, as well as clinical trials, have shown that they possess potent antioxidant activities,
numerous therapeutic effects, and health advantages. Dietary polyphenols have demonstrated the
potential to prevent many health problems, including obesity, atherosclerosis, high blood sugar,
diabetes, hypertension, cancer, and neurological diseases. In this paper, the protective effects of
polyphenols and the mechanisms behind them are investigated in detail, citing the most recent
available literature. This review aims to provide a comprehensive overview of the current knowledge
on the role of polyphenols in preventing and managing chronic diseases. The cited publications
are derived from in vitro, in vivo, and human-based studies and clinical trials. A more complete
understanding of these naturally occurring metabolites will pave the way for the development of
novel polyphenol-rich diet and drug development programs. This, in turn, provides further evidence
of their health benefits.
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1. Introduction

Polyphenols, potent bioactive compounds present in numerous plant sources, have
garnered considerable interest in scientific investigations and nutritional studies due to their
noteworthy health-promoting properties. These compounds are abundant in a wide range
of plant-based foods, from the green leaves of tea plants (Camellia sinensis L.) and the strong
beans of coffee (Coffea arabica L.) to wholesome soybeans and juicy grapes (Vitis vinifera).
Studies have demonstrated that polyphenols encompass a diverse array of molecules, each
characterized by its unique intricate structure. This group includes flavonoids, phenolic
acids, stilbenes, and lignans, highlighting the diversity within polyphenols [1–3].

The structural complexity of polyphenols, marked by their phenolic rings and hy-
droxyl substituents, underpins their categorization into flavonoids and non-flavonoids,
each group boasting its own subclasses and health implications. The primary structural
difference between flavonoids and non-flavonoids is that flavonoids have two phenol rings,
while non-flavonoids only have one ring. Additionally, a central pyran ring containing
oxygen connects the two phenol rings in flavonoids. Flavonoids can be divided into six
subclasses: flavonols, flavones, isoflavones, flavanones, anthocyanidins, and flavanols [3,4].

The diversity in the structures of these molecules plays a critical role, supporting a
wide array of biological functions that range from antioxidant to anti-microbial effects.
These functions are crucial for reducing oxidative stress, decreasing chronic inflammation,
and slowing the advancement of age-related diseases, such as cardiovascular diseases,
neurodegenerative conditions, and cancer [5–7].

The chemopreventive and therapeutic capabilities of dietary polyphenols in combating
such diseases have been extensively substantiated, demonstrating their effectiveness in
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enhancing cardiovascular and metabolic well-being, decreasing the likelihood of diabetes
and obesity, and presenting encouraging prospects in addressing Alzheimer’s disease by
impeding amyloid-beta aggregation [8–10].

Furthermore, the interaction of polyphenols with the gut microbiota emerges as a key
mechanism through which these compounds exert their health benefits. This highlights the
importance of their bioavailability and bioaccessibility in optimizing their positive effects
on human health [3,9,11,12].

1.1. Bioavailability

There is no direct relationship between the amount of polyphenols in food and their
ease of absorption or utilization by the body. Polyphenols are absorbed into the bloodstream
through the intestinal mucosa when ingested orally, then transported to the desired tissues.
Several studies validate the growing interest in nutraceuticals [13]. One’s dietary habits
dramatically impact the regulation of multiple metabolic activities. Food serves not only
as sustenance for the body’s metabolic functions but also contains bioactive compounds
that contribute to health benefits, including antioxidants, vitamins, polyunsaturated fatty
acids, and fiber [14]. Thus, consuming a nutritious diet and its various components might
enhance an individual’s well-being, reduce their likelihood of acquiring specific diseases,
and overall improve their quality of life [14,15].

Understanding how polyphenols are absorbed and distributed throughout the body is
essential for assessing their potential impact on biological activity in living organisms and
their overall significance in preventing various diseases linked to oxidative stress [16,17].

Research on absorption is challenging due to the intricate molecular composition of
polyphenol-rich foods and other factors, including the level of polymerization and conjuga-
tion with other chemicals and phenols. Most polyphenols exist in food as esters, glycosides,
or polymers and cannot be absorbed in these forms [18]. After intake, polyphenols are
recognized as xenobiotics, leading to their comparatively poor bioavailability compared to
micro- and macronutrients [19].

Recent studies on the bioabsorption of polyphenols suggest that their bioavailability
is limited when consumed in relatively high concentrations [20]. The primary challenge to
their pharmacological utilization is their low bioavailability, associated with the interactions
of polyphenols at various stages of digestion, absorption, and distribution that modify
their molecular structure, particularly their interactions with food, digestive enzymes, and
transporters in the intestine and blood proteins [21,22].

Very small amounts of consumed polyphenols are absorbed in the small intestine.
Enterocytes and hepatocytes can hydrolyze and biotransform simpler polyphenolic sub-
stances after absorption. Hydrophilic conjugated metabolites such as methyl, glucuronide,
and sulfate derivatives are then rapidly released into the bloodstream, transported to
various organs, or eliminated in urine [23–25]. The potential formation of new compounds
during the metabolism of each phenolic molecule complicates tracing individual com-
pounds in the body [26]. Metabolic activities typically transform phenolic antioxidants into
entirely new compounds, making it nearly impossible to identify the parent phenol [27].
Phase I metabolism in enterocytes involves oxidation, reduction, or hydrolysis processes,
introducing or exposing functional groups like hydroxyl groups [28].

Following absorption in the small intestine, the metabolites of polyphenols are de-
livered to the liver via the portal vein and reach systemic circulation. Glucuronides and
dimethyl glucuronides are the primary metabolites detected in the portal vein [29]. Most
metabolites are eliminated by the kidneys, but it has also been discovered that these polar
conjugates can pass the hepatocyte membrane and undergo further modification in other
cell types [22,30].

The vast majority of consumed polyphenols ultimately end up in the colon, covering
both unabsorbed compounds from the small intestine and those that are absorbed and
processed in either the liver or small intestine [31]. They are either transported back into the
colon lumen through membrane transporters or bile. In the second stage of metabolism, the
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breakdown of polyphenols is accompanied by the production of numerous new metabolites
by the abundant microbiota found in the colon [31,32].

Bacterial enzymes can catalyze a wide variety of reactions, including rapid deconju-
gation. The enzymatic degradation of flavonoids in the colon results in the production of
numerous new metabolites [33,34]. The gut microbiota’s enzymes break down the flavonoid
scaffold into phenolic acids and other simpler compounds. The extent of flavonoid metabo-
lites’ presence in the intestines is yet to be fully understood. Therefore, understanding how
gut microbes affect flavonoid distribution and bioactivity in food is crucial [35,36].

To improve the absorption and health benefits of dietary polyphenols, future research
and reviews must explore other methods to optimize processing conditions based on
specific food compositions [37,38]. Developing and using food-grade bio-based nanocar-
riers to encapsulate, store, and distribute polyphenolic chemicals is a recently proposed
solution to the limited bioavailability of these compounds. The application of bio-based
nano-complexes extracted from polyphenol food-grade sources in nutraceuticals provides
an intellectually stimulating opportunity, with the potential to alter the advancement and
utilization of nutraceuticals by merging nano-delivery techniques with the advantageous
properties of polyphenols [23,39,40].

1.2. The Aim of this Study

The abundant presence of these metabolites in plant-based diets, coupled with com-
pelling evidence linking their consumption to a reduced risk of cancer, diabetes, obesity,
and cardiovascular diseases, has undoubtedly propelled them to the forefront of scientific
discussions. A high-polyphenol-rich diet has been associated with a decreased risk of
several chronic diseases related to aging, as supported by both epidemiological and clinical
research [3,4,38]. The primary aim of composing this review was to highlight certain im-
portant, but underappreciated, aspects of polyphenols and their role in maintaining human
health. Specifically, this review is intended to shed light on the function of polyphenols in
assessing the merits and demerits of several investigations.

While conducting this literature review, the author sought out the most impactful and
up-to-date research on chemical and biological properties by searching in vitro, in vivo,
and clinical studies. The emphasis was on gathering information from 305 relevant and
recent papers on polyphenols. The studies centered on diseases such as cancer, diabetes,
microbial infections, obesity, arthritis, immunological conditions, neurological disorders.

1.3. Data Sources

A thorough literature search for English-language reports was conducted, utilizing the
latest versions of databases such as Web of Science, Google Scholar, Scopus, and PubMed.
The search terms included “polyphenols, flavonoids, non-flavonoids in diabetes, obesity,
arthritis, cancer, microbial, cardiovascular, immunomodulatory, and neurological action”,
as well as various subclasses of polyphenols. The sections on beneficial pharmacological
properties, possible mechanisms of flavonoids and non-flavonoids, and preclinical and
clinical trials primarily focus on the latest scientific research to the greatest extent possible.

The study selection process, according to PRISMA guidelines, is depicted in Figure 1.
A total of 668 records were identified from the database search. After removing 137 dupli-
cate articles, 531 studies were screened, and 215 were excluded based on the title and/or
abstract. The full texts of the eligible studies (n = 69) were read, and 12 studies were ex-
cluded for not meeting the inclusion criteria (n = 6) or being irrelevant/not pertinent (n = 4).
At the end of the selection process, 256 papers were included regarding the pharmacological
activity of polyphenols. The relevant references were exported to the Zotero reference
manager. The study selection and characteristics were determined using the guidelines of
the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) [41].
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2. Recent Studies and Emerging Trends on Polyphenols
2.1. Anticancer Activity

Epidemiological research indicates that cancer pathologies are linked to urban lifestyles,
dietary habits, and environmental factors [42,43]. Individuals are prone to experience a va-
riety of harmful side effects connected with present cancer therapies such as chemotherapy,
radiotherapy, and immunotherapy [44]. The natural world has often served as a reservoir
for novel bioactive compounds in the pursuit of effective chemotherapy agents, with plant
polyphenols emerging as the most recognized beneficial dietary constituents. Owing to
their structurally diverse nature, they manifest a broad spectrum of biological proper-
ties [43]. Evidence from various observational, experimental, and clinical inquiries has
highlighted a significant relationship between regular polyphenol consumption and a re-
duced cancer risk [43]. Through the modulation of multiple cellular signaling pathways via
interactions with various target proteins, polyphenols can elicit their anticancer effects [45].
Nonetheless, challenges such as high metabolic susceptibility, limited cell-membrane per-
meability, minimal systemic exposure, physiological variations, and oxidative stress pose
major obstacles to the effective therapeutic use of polyphenolic compounds. These sub-
stances can influence the processes of carcinogenesis through diverse mechanisms [46].
Polyphenols feature anti-inflammatory, antiproliferative, anti-angiogenic, autophagic, and
apoptotic functions [43,44,47]. They are able to aim for numerous cellular processes, such as
gene expression, cell cycle proliferation, cellular migration, and progression, to demonstrate
their anticancer effects. In most cases, the antioxidant actions of polyphenolic compounds
underlie their cytoprotective and anticancer characteristics [48]. By modulating important
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signaling pathways (PI3K/Akt, EGFR/MAPK, NF-κB) (Figure 2), polyphenols can (i) neu-
tralize reactive oxygen species (ROS) and other free radicals; (ii) reduce DNA mutations
and damage; (iii) inhibit the cell cycle; (iv) induce apoptosis; and (v) downregulate cell
proliferation. Furthermore, polyphenols may exert anticancer effects through various
pathways, such as the cell death receptor pathway, mitochondria-mediated apoptosis via
ROS generation, and the perforin-granzyme apoptotic route [43,49]. Moreover, phenolic
substances can decrease tumor expression through the p53 pathway while also regulating
metabolism and cell formation (Figure 2). Beyond repairing DNA damage in cancer cells,
they can inhibit DNA replication and RNA transcription [50].
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Figure 2. The protective effects and action mechanisms of dietary polyphenols against cancer.

One of the purposes of this review is to appraise the potential of polyphenols as
supplements in cancer prevention by studying recent clinical and preclinical trials that
concentrate on their capability to lessen the detrimental impacts of anticancer treatments.
One study conducted by researchers highlighted that ellagic acid, a substance existing in
diverse fruits and nuts, exerts a potent anticancer effect on breast cancer cells, particularly
MCF-7 cells. Upon exposure to gamma radiation, ellagic acid was observed to enhance cell
apoptosis, diminish cell colony formation, and induce a higher rate of cells entering the
apoptotic phase, a programmed cell death stage [51]. Notably, the experiment illustrated
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that ellagic acid heightens the sensitivity of MCF-7 cells to radiation, exhibiting a synergistic
impact that surpasses the effects of ellagic acid or radiation by themselves. Moreover, in
normal mouse cells, ellagic acid exhibited a protective rather than harmful influence,
underscoring its potential for use in the selective targeting of cancer cells.

In another independent research endeavor, scientists explored the influence of oleu-
ropein, a compound obtained from olives, on ovarian cancer cells. Their research exposed
that oleuropein intervention elevated the activity of distinct proteins that obstruct tu-
mor growth while lessening those that foster it, leading to diminished resistance to the
chemotherapy drug cisplatin, decreased cell proliferation, and increased cell death [52].
Furthermore, scientists have paid attention to hydroxytyrosol, a breakdown derivative of
oleuropein, for its anti-inflammatory features and its capability to lessen oxidative stress,
notably in decreasing kidney harm brought about by cisplatin in mice [53].

Shifting the focus towards honey, this natural sweetener transcends its conventional use
as a delicacy. Its intricate blend of compounds, varying based on the floral sources visited
by bees and their geographical location, encompasses elements such as coumaric acids and
flavonoids. These components not only contribute to health benefits but also hold promise
in cancer prevention according to recent studies [54]. For instance, investigations on rodents
have revealed honey’s potential in inhibiting the progression of breast cancer and enhancing
immune function, potentially serving as a natural support for cancer therapy [55,56].

Moreover, honey exhibits the potential to mitigate oral mucositis, a distressing conse-
quence of chemotherapy, through enhancing the body’s immune response. Clinical trials
have underscored the benefits experienced by patients with oral mucositis from interven-
tions involving honey, including a honey–coffee combination, thereby highlighting the
therapeutic prospects of honey [57]. Side effects in the throat, such as xerostomia, were less
severe in radiation patients who consumed thyme honey [58]. Additionally, mice treated
with cisplatin showed reduced liver and kidney damage when given manuka and talh
honey, as reported in [59]. It is suggested that the anti-inflammatory, anti-apoptotic, and
free-radical-scavenging properties of honey contribute to its organ-protective effects. These
findings highlight honey’s potential for protective benefits and usefulness.

A clinical trial is currently underway to investigate the effects of a polyphenol-rich
aerosol on reducing the side effects related to radiation therapy [60]. In this trial, ten patients
undergoing radiotherapy for head-and-neck cancer will receive an aerosol containing
hyaluronic acid, Cetraria islandica, vitamin B3, and plant extracts rich in polyphenols
for one month. Furthermore, another clinical trial is exploring the use of a commercially
available beverage called Nutridrink, which is fortified with a blend of plant extracts high in
polyphenolic compounds, for patients recovering from gastrointestinal tumors [60]. Recent
patents have introduced new formulations and approaches using quercetin (Figure 3) and
its analogs to address radiation-induced bystander effects [61]. Moreover, one clinical trial is
recruiting participants to examine the Mediterranean Intervention for Neurodegenerative
Delay (MIND) diet’s ability to alleviate the neurotoxic side effects of chemotherapy in
a subgroup of breast cancer patients [62]. There is preliminary evidence that the anti-
inflammatory ingredients in the MIND diet, including omega-3 polyunsaturated fatty acids
(PUFAs), carotenoids, B vitamins, and polyphenols, could help reduce the cognitive side
effects of cancer treatments. Another clinical trial suggests that dietary supplementation
with polyphenols may lessen some of the adverse effects of radiation therapy in breast
cancer patients [63,64]. From the above available data, it is clear that polyphenols generated
from plants provide a plethora of health benefits, including anticarcinogenic action. The
pharmacological evidence for polyphenol’s anticancer effects is strong, and it is based on
multiple mechanisms. These molecules may be used in the future for designing novel
anticancer supplements for the prevention and treatment of carcinogenesis.
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2.2. Anti-Diabetic Activity

With a global prevalence exceeding 400 million individuals, type 2 diabetes (T2D) is a
multifaceted metabolic disorder characterized by persistent inflammatory processes. The
development of insulin resistance, coupled with insufficient insulin release and reduced
anabolic activity in target tissues, disrupts metabolic pathways, leading to the onset of
a potentially fatal chronic metabolic condition [65,66]. Throughout history, the utiliza-
tion of seaweed and tropical papaya as traditional remedies has been prevalent. Studies
involving animals have demonstrated the potential efficacy of papaya leaves and sea-
weed in the treatment of diabetes. These natural substances not only protect β-cells from
diabetes-related harm but also contribute to reductions in fasting plasma glucose levels
and A1C levels, the enhancement of antioxidative enzyme expression, and the mitigation
of ROS production [65,66]. Analogous to various fruits and vegetables, seaweed and pa-
paya contain a rich array of antioxidants, including vitamin A, C, and E complexes, as
well as polysaccharides, phenolic compounds, essential fatty acids, saponins, fucoidans,
and phlorotannins. The utilization of flavonoids in isolation may not completely alleviate
all manifestations of diabetes [65]. One research endeavor revealed that diabetic mice
subjected to treatment with the natural flavonoid linarin exhibited decreased levels of
inflammation and oxidative stress [67]. Linarin appears to mitigate oxidative stress and
inflammation in a model of hepatocyte damage induced by high levels of glucose and high
levels of palmitic acid, as well as in a rat model of T2D, by inhibiting aldo-keto reductase
(AKR)1B, an NADP(H)-oxidoreductase [68]. The category of flavonoids, which are phe-
nolic compounds, encompasses isorhamnetin, a methylated derivative of quercetin [69].
Through the inhibition of aldose reductase, isorhamnetin displays promising potential as a
therapeutic approach for diabetes [70]. Upon reviewing the notable impacts of isorham-
netin on glucose levels, oxidative status, inflammation, and lipid metabolism in both
in vitro and in vivo settings, it is postulated that isorhamnetin could serve as a benefi-
cial agent for managing diabetes [71]. A commonly used dietary spice, Amomum tsao-ko
Crevost & Lemarie (black cardamom) is abundant in flavonoids [72]. Findings from var-
ious animal and laboratory studies indicate that methanol extracts of A. tsao-ko exhibit
strong antioxidant and anti-diabetic properties. Further research is necessary to validate
the specific mechanisms involved in the treatment of diabetes and oxidative stress using
A. tsao-ko. The remarkable antioxidant and anti-inflammatory characteristics of apigenin
have attracted significant attention due to its relevance in numerous physiological pro-
cesses [73]. Its actions are mediated through the neutralization of superoxide, singlet
oxygen, and hydroxyl radicals, as well as the enhancement of PPARγ signaling function
and the inhibition of CD38 [74–76]. In vitro and in vivo investigations have illustrated that
the flavonoid licochalcone A, derived from licorice, may possess both preventive and
therapeutic properties towards diabetic nephropathy [77,78]. Within the bark of the Myrica
esculenta plant, a flavone named myricitrin has been detected. Experimental findings have
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revealed its significant capability to reduce blood glucose levels in animal models of T2D,
including rats and mice [72]. The activation of the IRS-1/PI3K/Akt/GLUT4 signaling
pathway via myricitrin, as evidenced in both in vitro and in vivo studies, enhances glucose
uptake by skeletal muscles. Investigations conducted in laboratory settings as well as on
living organisms have shown that myricitrin can mitigate oxidative stress by stimulating
nuclear factor erythroid 2-related factor 2 (Nrf-2) and counteracting oxidative radicals
effectively (Figure 4) [72,79].
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Among the numerous health benefits of isoflavones, biochanin A is widely recognized
for its anti-inflammatory, antihyperlipidemic, antioxidant, and anticancer attributes by
suppressing TGF-β1 and PAR-2 gene expression in kidney tissues of STZ-induced diabetic
rats [80–82]. In addition to its antioxidant properties, biochanin A appears to exert an
anti-diabetic influence. Animal models of T2D have exhibited enhanced insulin sensitiv-
ity [83], reduced glucose tolerance [80], and diminished glycohemoglobin A1C production.
In a T2D rat model, biochanin A effectively maintains blood glucose levels within the
normal range [84]. One meta-analysis identified a correlation between heightened levels
of transforming growth factor-β (TGF-β) and an elevated risk of nephropathy [85]. Renal
epithelial, endothelial, and podocyte cells serve as the primary sites of expression for
all four subtypes of protease-activated receptors (PAR1-4) [86]. The inhibition of PAR-2
has been found to enhance autophagy while preventing inflammation and fibrosis [86].
Contrary to expectations, biochanin A mitigates diabetic nephropathy by downregulating
the expression of the TGF-β1 and PAR-2 genes [65,81,82].

Formononetin, an isoflavone classified under the phytoestrogen category, induces
cell death through the intrinsic apoptosis pathway, resulting in the permeabilization of
the outer mitochondrial membrane [87,88]. Among the diverse biological effects of for-
mononetin are its antioxidant properties [89] and its anti-diabetic actions, as demonstrated
in laboratory and in vivo studies. Sirtuin 1 (SIRT1), a histone deacetylase that shields cells
from ROS, plays a crucial role in hepatic lipid metabolism by upregulating AMP-activated
protein kinase, which subsequently inhibits hepatic lipogenic pathways and enhances
fatty acid oxidation [65,90]. One mechanism through which formononetin reduces blood
glucose levels involves increasing SIRT1 expression in pancreatic cells (Figure 4) [80]. Re-
ducing cytoplasmic lipid accumulation is a primary function of sirtuin-induced fatty acid
oxidation. Despite the promotion of fatty acid oxidation, muscle glucose metabolism
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may be disrupted [91]. Formononetin, known for its potent apoptotic-inducing proper-
ties, is also believed to have such characteristics [65,87]. Multiple action pathways of
formononetin have been identified [89,92,93]. Its potential as an adjunctive therapy for
diabetic neuropathy and nephropathy, as well as its enhancement of various aspects of
metabolic syndrome, including diabetes, makes formononetin a subject necessitating fur-
ther investigation and analyses. There exist two distinct pathways through which fisetin
demonstrates its anti-diabetic effects [94]. The initial mechanism by which fisetin inhibits
gluconeogenesis involves reducing the cytosolic NADH/NAD(+) potential redox and
hindering the transportation of pyruvate into the mitochondria [94]. Additionally, fisetin
decreases blood glucose levels by impeding glycogen breakdown [95,96]. One promis-
ing therapeutic approach involves the utilization of fisetin, which exhibits the potential
to complement other anti-diabetic medications. The flavonoid myricetin is prevalent in
various teas, plants, and fruits [97]. Recent discoveries have unveiled the mechanisms
of action of myricetin in diabetes, such as DPP4 inhibition [98], GLP-1 inactivation, or
acting as a GLP-1 receptor agonist [99]. Notably, myricetin appears to normalize gut flora
in T2D-afflicted mice [100]. Anthocyanins, which are polyphenolic compounds classified
under the flavonoid group, regulate digestive enzymes (α-amylase and α-glucosidase),
GLUT-4, GLP-1, glucose-6-phosphatase (G6Pase), phosphoenolpyruvate carboxykinase
(PEPCK), and PPARγ. By modulating insulin production and resistance, these compounds
exert control over blood glucose levels [101]. Pancreatic β-cells benefit from crucial pro-
tective mechanisms, including their antioxidant and anti-inflammatory properties [102].
The capacity of anthocyanins to regulate multiple enzyme types is deemed highly unlikely.
Researchers are advocating for further exploration of the therapeutic potential of antho-
cyanins in treating diabetes, emphasizing the necessity for standardized and quantified
studies to establish universal conclusions regarding their efficacy [65,101]. Extracts from
Delonix regia have been found to display antioxidant, hypolipidemic, and hypoglycemic
effects [103]. Notably, these extracts showcase anti-diabetic properties comparable to those
of the renowned anti-diabetic drug glibenclamide, which lowers blood glucose levels by
enhancing pancreatic insulin secretion. However, the components of Delonix regia extracts
responsible for these antioxidant, hypoglycemic, and potentially harmful effects remain
unidentified. Reports suggest that mulberry (Morus alba L.) leaves offer advantages for
skeletal muscle function [104]. Mulberry leaves are a widely used and efficacious tradi-
tional Chinese remedy for managing blood sugar levels. In diabetic mice, the flavonoids
present in mulberry leaves appear to ameliorate insulin resistance in skeletal muscles and
enhance mitochondrial function through the AMPK-PGC-1α signaling pathway [105,106].
These leaves contain flavonoids that induce hypoglycemic effects by enhancing antioxidase
activity and inhibiting the TGF-β1 pathway [65,106]. While the findings of studies on
mulberry leaves are intriguing, they require validation through additional randomized
controlled trials. In non-obese T2D Goto-Kakizaki rats, EGCG has been identified as hav-
ing a dual function, potentially acting as a regulator of autophagy as well as an inhibitor
of inflammation-associated gene expression in both peripheral leukocytes and adipose
tissue [65,107]. The prooxidant activity of EGCG is attributed to its instability and autoxida-
tion processes [108]. Procyanidins are composed of oligomers of catechin and epicatechin
molecules. Some research suggests that plants rich in procyanidins may have a beneficial
impact on reducing hyperglycemia and T2D [109]. Another study delves into the intricate
details of catechins’ involvement in diabetes management, encompassing their structural
features, classification, and underlying mechanisms [110].

Phytoestrogen lignan and polyphenols derived from Linum usitatissimum (commonly
known as flax or linseed) have exhibited anti-diabetic properties in rats with streptozotocin-
induced diabetes [111]. The consistent administration of flaxseed extract leads to an
improvement in HbA1c levels and blood glucose levels, while also notably reducing total
cholesterol, high-density lipoprotein (HDL), low-density lipoprotein (LDL), and triglyceride
levels in diabetic rats.
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A recent investigation explored the potential health advantages of Byttneria pilosa
(hairy spinach), a flowering plant traditionally used to remedy conditions like boils and
scabies. The antioxidant and anti-diabetic characteristics of the methanol extract of B. pilosa
leaves (MEBP) were evaluated both in vitro and in vivo. The MEBP exhibited substantial
effects in terms of anti-diabetic and antioxidant properties. A molecular docking analysis
unveiled favorable interactions between beta-sitosterol and specific targets. Nevertheless,
despite these encouraging outcomes, further inquiry is imperative to comprehensively
grasp the mechanisms and therapeutic potential of MEBP [112].

Moreover, another documented research endeavor scrutinized the impact of polyphe-
nols on exacerbating hyperglycemia in Cucumis dipsaceus fruits (wild cucumber). The an-
tioxidant properties of these polyphenols were found to impede the breakdown of dietary
carbohydrates and mitigate the effects of T2D mellitus. Additionally, a link was established
between the anti-diabetic attributes of these phenolic compounds and their bioaccessibility,
suggesting that they show potential for use in diabetes prevention and postponement [113].

Therefore, the inclusion of polyphenols in one’s diet may aid in managing blood
glucose levels and potentially delaying the onset of diabetes. The conclusions drawn from
this review underscore the necessity of natural elements for sustaining health. Furthermore,
as demonstrated earlier, polyphenols have the capacity to ameliorate insulin resistance and
high blood sugar levels in individuals with diabetes (Figure 4). Prior to their introduction
as anti-diabetic remedies, these phenolic compounds should undergo supplementary
cytotoxicity assessments, clinical trials, and preclinical investigations.

2.3. Anti-Arthritic Activity

Numerous inflammatory chronic diseases have been the focus of polyphenol research
because of their potential antioxidant, anti-inflammatory, and immunomodulatory effects.
This portion of the present review aims to describe how these substances can affect the
inflammatory pathways that are characteristic of the most common types of arthritis, such
as rheumatoid arthritis (RA) and osteoarthritis (OA).

RA is a chronic autoimmune inflammatory disease that specifically affects the joints.
It has the potential to cause damage to both cartilage and bone [114]. This condition
is distinguished by inflammation of the synovial tissue, swelling, the formation of au-
toantibodies, and the loss of cartilage and bone. Flavonoids exhibit many pathways that
have anti-rheumatoid-arthritis (anti-RA) benefits, as is very well documented in the litera-
ture [114,115]. Phenolic acids, which are plant metabolites found in many different types
of plants, also have anti-rheumatoid-arthritis benefits. Comprehensive investigations of
ferulic acid have revealed significant findings about its impact on the pathogenic pathway
of RA, with a specific focus on the interplay between RANKL, an osteogenic factor, and the
NF-κB signaling pathway [116] (Figure 5). One group conducted a limited investigation on
chlorogenic acid and found that the use of osteoclasts as the sole cell line in their experiment
was restrictive due to several immunological components in the pathological pathway
of RA [117]. Another group conducted a study investigating the impact of p-coumaric
acid (CA) on the RANKL system and its interaction with components in the T-cell immune
system, and the results were found to be promising [118].

Stilbenes are polyphenolic compounds characterized by the presence of two phenyl
groups linked by a two-carbon methylene bridge. The majority of studies investigating
the anti-RA benefits of stilbenes have focused on resveratrol. Three prominent works of
research have been conducted on resveratrol. In one study, the authors specifically observed
the involvement of resveratrol in the regulation of the interaction between COX-2 and
PGE2 [114]. This study is distinctive because it specifically examines the impact of particu-
late matter (PM) from air pollution on RA, and investigates the influence of resveratrol on
the inflammatory pathways associated with PM-induced RA [119]. Another study group
examined the impact of this chemical from three different viewpoints. These researchers
noted alterations in the immune system, systemic inflammation, and oxidative stress [120].
The third study investigated the effectiveness of resveratrol in inhibiting neutrophil extra-
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cellular traps (NETs) that cause joint hyperalgesia in C57BL/6 mice after adjuvant-induced
arthritis (AIA). The mice had higher levels of NETs in their joints and increased expression
of the PADI4 gene. Treatment with resveratrol significantly inhibited joint hyperalgesia,
increased the mechanical threshold, decreased edema, decreased inflammatory cytokine
production, increased COX-2 expression, and decreased NF-κB immunostaining (Figure 5).
This study suggested that resveratrol reduces inflammation mediated by PADI4 and COX-2,
potentially treating joint pain in RA [121].
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It has been shown that the Zingiber roseum (Z. roseum) leaf methanol extract (ZrlME)
demonstrates efficacy in treating various ailments. The extract demonstrated strong dose-
dependent analgesic efficacy, and induced higher anti-inflammatory activity and a signifi-
cant reduction in rectal temperature. Seven polyphenolic metabolites were identified, with
strong binding affinities and significant COX-2 inhibitory activity. The polyphenols were
found to be nontoxic and exhibited antioxidant, analgesic, anti-inflammatory, antipyretic,
and hepatoprotective properties. This research confirms the traditional use of Z. roseum for
various ailments [122].

OA is a prevalent and persistent degenerative disease characterized by chronic inflam-
mation that impacts a large number of individuals globally [123]. This condition is marked
by gradual and ongoing deterioration and loss of the cartilage in the joints, as well as the
surrounding muscles. It is also accompanied by the growth of bony outgrowths, inflam-
mation of the synovial membrane, and the degeneration of ligaments, the subchondral
bone, menisci, and the infrapatellar fat pad. These factors contribute to the development
of osteophytes, subchondral sclerosis, bone cysts, and a reduction in the space within
the joint [124].

In a rat model of OA, some researchers demonstrated that quercetin might dimin-
ish the levels of pro-inflammatory cytokines (IL-1β, IL-18, and TNF-α) via inhibiting the
IRAK1/NLRP3 signaling pathway. The in vivo validation of this occurred when quercetin
reduced oxidative stress, inflammation, apoptosis, and cartilage degradation in rat chon-
drocytes induced by IL-1β by suppressing the expression of IRAK1, NLRP3, iNOS, COX-2,
and caspase-3 [125]. Pursuant to these outcomes, the authors further illustrated that
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quercetin displays chondroprotective effects by diminishing chondrocyte apoptosis and
cartilage degradation in the rat OA model [126]. This study found that IL-1β-induced
rat chondrocytes had their matrix degradation reversed, their expression of the proteases
involved in matrix degradation downregulated, and their caspase-3 pathway expression
suppressed. Furthermore, their synovial fluid showed increased levels of transforming
growth factor-β (TGF-β2). In addition to enhancing glycosaminoglycan synthesis and creat-
ing a pro-chondrogenic milieu for chondrocytes, quercetin stimulated the M2 polarization
of macrophages, which in turn improved cartilage regeneration [123,126]. At a concentra-
tion of 100 µmol/l, quercetin was noted to obstruct the p38 MAPK signaling cascade and
ADAMTS, thereby reducing the inflammatory factors associated with OA. Furthermore, a
recent study conducted by Wang and collaborators [127] revealed that quercetin enhanced
the production of COL-II, thereby supporting cartilage repair mechanisms [127]. In a mouse
model of OA caused by monosodium iodoacetate (MIA), quercetin showed its anti-OA
effects via inhibiting matrix metalloproteinases (MMPs), as shown by a marked decrease in
the blood concentrations of MMP-3 and MMP-13 [128].

The stilbene resveratrol (Figure 3) is another type of polyphenol that is prevalent in
peanuts, grape skins, and Japanese knotweed (Reynoutria japonica) [129]. Resveratrol has
been the subject of comprehensive examination within the nutraceuticals domain due to its
potential in the management of degenerative conditions like OA. This efficacy is associated
with its ability to regulate crucial pathways related to the signaling of oxidative stress, as
evidenced in multiple research studies [130–133]. When it comes to controlling symptoms
and pain associated with knee OA, two recent clinical investigations have shown that
resveratrol plays a role [132]. Consuming a daily dosage of 500 mg of resveratrol resulted
in a notable reduction in pain and an elevation in aggrecan serum levels. Nonetheless,
there was no considerable drop seen in the blood levels of IL-6, IL-1β, and TNF-α [134].
Resveratrol and its biochemical precursor, polydatin, can diminish the development of ROS,
nitrogen oxides (NOx), and the courier RNAs for interleukin-1 (IL-1) and interleukin-1 beta
(IL-1ß) provoked by monosodium urate and calcium pyrophosphate crystals, as per an
in vivo investigation on the THP-1 monocytic cell line. Calcium pyrophosphate crystals,
which can be seen in OA joints and appear to have a role in synovial inflammation, can
promote inflammation, and this investigation also showed that resveratrol and its precursor
can diminish this inflammation [130]. While a curcuminoid-rich extract can alleviate dis-
comfort associated with OA, it has no effect on cartilage composition or effusion–synovitis
in the knee, according to clinical trials [127]. A separate trial investigated the analgesic
efficacy of curcuminoids plus diclofenac, finding that pain was minimized and side ef-
fects were greatly diminished as the functional capacity increased [135]. One group of
scientists created and evaluated a surface-managed, water-scattering turmeric formulation
(Theracurmin) for individuals with OA to improve the availability and effectiveness of
turmeric [136]. Over three-quarters of these OA patients reported a decrease in pain while
taking 180 milligrams of curcumin (Figure 3) or Theracurmin daily [136]. Curcumin has
been demonstrated to mitigate OA and safeguard bone wellness. Its chondroprotective
properties diminish apoptosis in chondrocytes following IL-1β stimulation, restraining the
p65 promoter activity of NF-κB. A nanostructured form of curcumin was found to exhibit
defensive impacts on articular cartilage in an OA model, suppressing pro-inflammatory
cytokines [137]. Although oral curcumin decelerates OA advancement, it does not no-
tably diminish pain. Curcumin nanomicelles improved OA symptoms in knee patients
over six weeks. Curcumin, prepped onto adipose-derived mesenchymal-stem-cell-derived
small extracellular vesicles, exhibited improved effectiveness and cartilage-protective im-
pacts against osteoarthritis [137]. There have been limited investigations conducted in
the previous five years to ascertain if green-tea polyphenols, like EGCG (Figure 3), may
retard cartilage degeneration and alleviate joint discomfort linked with OA. As previously
observed in vivo, oral treatment with EGCG in mice significantly reduced inflammatory
symptoms of gout in an acute gout model [138]. Another team of researchers discovered
that, in comparison to a control cohort that only received diclofenac, the experimental co-
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hort that received green-tea polyphenols alongside diclofenac encountered notably reduced
unease. Nevertheless, there was no substantial variance between the treated and control
cohorts in terms of knee rigidity [139]. The previously mentioned investigations have
assessed numerous notable polyphenols and polyphenol-rich extracts in various models
of rheumatoid and osteoarthritis. The majority of these studies suggest that polyphenols
offer analgesic effects and enhance operational capability in models of arthritis. Their main
aim was to scrutinize the mechanisms that contribute to the favorable influence of these
treatments on the pathophysiological processes involved in arthritis progression. Undoubt-
edly, conducting additional, well-structured clinical trials could establish a foundation for
targeted therapies using polyphenols in individuals with arthritis.

2.4. Anti-Microbial Activity

Polyphenols have been acknowledged as powerful inhibitors of the reproduction of var-
ious bacterial and fungal pathogens, encompassing both Gram-positive and Gram-negative
bacteria [140]. The urgent need for effective antibiotics targeting Pseudomonas aeruginosa
(P. aeruginosa) is an additional concern within healthcare environments. A multitude of
research studies have illustrated the effectiveness of polyphenols and polyphenolic extracts
in combating this bacterium. One of the pharmacological agents that shows activity against
clinical strains of P. aeruginosa is epigallocatechin gallate (EGCG) [141]. The reinstatement of
susceptibility to aztreonam by EGCG reached a level equivalent to or below the threshold
established by the European Committee for Anti-Microbial Susceptibility Testing (Figure 6).
Utilizing combination therapy in Galleria mellonella (G. mellonella) displayed superiority
over monotherapy, leading to enhanced larval survival rates (94% compared to a maximum
of 63%) [141].
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Dental caries (DC) represents a prevalent oral pathology instigated by Streptocoque
mutans (S. mutans) bacteria. In an effort to mitigate the risk of DC, compounds inhibiting
the growth and virulence factors of S. mutans were investigated. An examination was
completed on three tannins (often recognized as tannic acid) demonstrating powerful an-
tibacterial effects. The findings indicated significant antibacterial efficacy against S. mutans,
attributed to alterations in membrane fluidity and interactions with membrane proteins
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(Figure 6). These compounds hold promise as potential natural preventive measures for
DC [142]. Another research endeavor scrutinized the antioxidant and antibacterial at-
tributes of phenolic extracts derived from solid residues (SRs) originating from the essential
oil industry. The fruit extracts obtained from Greek oregano (Origanum vulgare), rosemary,
spearmint (Rosmarinus officinalis L.), lemon balm (Melissa officinalis), and Greek sage (Salvia
fruticosa) were evaluated for their extensive phenolic contents, antioxidant capacities, and
antibacterial effects on various Gram-positive strains. The findings propose the plausible
utilization of extracts from post-distillation remnants of medicinal and aromatic plants
as anti-microbial agents within the food industry [143]. These extracts could potentially
be incorporated into bread dough to impede the proliferation of Bacillus strains respon-
sible for ropiness [143]. One research group investigated the chemical composition and
biological activities of Moroccan Lactuca saligna extracts. These scientists characterized
the polyphenolic compounds present in the hydro-methanolic extracts and assessed their
antioxidant and antibacterial effects [144]. A total of 29 phenolic compounds were iden-
tified, including dicaffeoyltartaric acid, luteolin 7-glucuronide, 3,5-di-O-caffeoylquinic
acid, and 5-caffeoylquinic acid. The extracts also showed remarkable antibacterial activ-
ity against Escherichia coli (E. coli), Salmonella typhimurium (S. typhimurium), P. aeruginosa,
Enterococcus faecalis (E. faecalis), Staphylococcus aureus (S. aureus), and Listeria monocytogenes
(L. monocytogenes). Computational analyses pointed out that these compounds could func-
tion as optimal candidates for the production of groundbreaking antibacterial agents.
Further investigations through in vitro and in vivo studies are essential to elucidate the
primary biological effects of these plants [144,145]. A literature review compiling diverse
polyphenols effective against S. aureus strains indicated that flavonoids were particu-
larly potent against clinical isolates. These flavonoids included flavonols like morin and
kaempferol, as well as flavanols and derivatives like epigallocatechin gallate, catechin acyl
derivates, epicatechin gallate, 3-O-decyl-catechin, catechin, and phenolic acids and their
derivatives like protocatechuic acid ethyl ester and caffeic acid [140,146]. When identifying
antibacterial polyphenolic medications with minimal cytotoxicity and limited adverse
effects, these compounds could represent an optimal choice. Research on the antibacte-
rial properties of polyphenols and extracts high in polyphenols against various bacteria,
including both Gram-positive and Gram-negative strains, has taken big hit recently. Re-
search conducted previously has highlighted that polyphenols and extracts have the ability
to restrict the proliferation of specific yeast strains, thus indicating potential antifungal
properties. Antifungal effects against Candida albicans (C. albicans) were demonstrated with
extracts of Acacia nilotica (A. nilotica), Cinnamomum zeylanicum (C. zeylanicum), and Syzygium
aromaticum (S. aromaticum) [147]. Furthermore, Marinaş and collaborators [148] found that
extracts derived from the vegetative parts and leaves of different Amaranthus retroflexus
(A. retroflexus) species exhibited efficacy against Candida famata (C. famata), Candida utilis
(C. utilis), C. albicans, and Saccharomyces cerevisiae, particularly displaying a pronounced
impact on C. famata. Moreover, these extracts underwent testing in combination with
antibiotics to evaluate their synergistic effects, yielding positive outcomes. Candida species
and Candida neoformans (C. neoformans) were effectively inhibited by gallic acid (Figure 3),
ellagic acid, and corilagin. Extracts of longan (Dimocarpus longan L.) and ellagic acid from
seeds inhibited the growth of C. albicans and C. neoformans. The longan seed extract showed
a slight inhibitory effect on the analyzed species of dermatophytes, although corilagin and
ellagic acid displayed restricted antifungal activity against Trichphyton rubrum (T. rubrum),
Microsporum gypseum (M. gypseum), and Epidermophyton floccosum (E. floccosum) [149]. The
results suggested that the utilization of this longan seed extract and its polyphenolic compo-
nents as an antifungal agent in oral care products could be effective in treating opportunistic
yeast infections. It has also been noted that the simultaneous employment of azoles with
trans-resveratrol (t-RSV) yielded a synergistic outcome on certain C. albicans strains under
inspection. Moreover, when administered separately, t-RSV did not exhibit any antifungal
efficacy [140,150]. Soil samples were searched for myxobacteria, using 30 clinical isolates
of C. albicans, and the scientists calculated the MIC50 values of fluconazole, itraconazole,
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and ketoconazole. When tested with t-RSV, the combination of the two drugs showed
synergy against over 83% of the clinical strains. When experimenting with various cultural
media, the authors discovered that the synergy changed. Even azole-resistant isolates were
able to be effectively treated with t-RSV. Among the three fluconazole-resistant strains of
C. albicans that were examined, t-RSV exhibited the power to notably elevate the antifungal
susceptibility of two of these strains. This suggests that when t-RSV alone is ineffective,
using it in combination with other azole medications is an alternative method [150]. The
strain exhibiting resistance was subsequently subjected to treatment using itraconazole and
ketoconazole alongside t-RSV, leading to the observation of antifungal outcomes.

Monkeypox outbreaks present a worldwide health risk, which is made worse by the
lack of effective medications for orthopoxviruses. Molecular modeling, with a specific focus
on natural ingredients such as traditional Chinese medicine (TCM), has identified potential
inhibitors. Four substances, namely rosmarinic acid, myricitrin, quercitrin, and ofloxacin,
have exhibited a substantial affinity for monkeypox DNA topoisomerase I, indicating poten-
tial antiviral properties. The stability of this system has been confirmed through simulations
of molecular dynamics [151,152]. Research conducted by another group has underscored
the potential use of these chemicals as inhibitors of poxviruses, emphasizing the necessity
for additional investigations to evaluate their therapeutic effectiveness [153]. One very
important study focused on isolating and identifying chemical compounds derived from
Agaricus blazei (A. blazei) Murrill and studying their antifungal properties in a laboratory
setting [154]. This study aimed to explore the antifungal properties of A. blazei, a fungus
renowned for its therapeutic applications and dietary consumption. Six compounds were
isolated from A. blazei: linoleic acid, 1,1′-oxybis(2,4-di-tert-butylbenzene), glycerol monoli-
noleate, volemolide (17R)-17-methylincisterol, (24s)-ergosta-7-en-3-ol, and dibutyl phtha-
late [154]. These compounds were assessed against various fungal strains: Trichophyton
mentagrophytes (T. mentagrophology), T. rubrum, C. albicans, and C. neoformans. Compound 2
exhibited substantial suppression against T. mentagrophology, with compound 3 exhibiting
substantial suppression against T. rubrum and compound 6 exhibiting substantial suppres-
sion against C. albicans. The results of this study emphasize the therapeutic capabilities
of A. blazei as an antifungal substance, indicating intriguing directions for future investi-
gations [152,154]. A comprehensive analysis of the existing literature shows that research
significantly emphasizes the therapeutic benefits of polyphenol extracts obtained from
Geraniaceae sanguineum (G. sanguineum) [155]. The polyphenols identified in G. sanguineum
showcase notable anti-inflammatory, antioxidant, and antiviral attributes, positioning it
as a promising candidate in the arena of natural therapeutic interventions. G. sanguineum
possesses a distinctive characteristic whereby it can impede virus replication by inhibiting
the activity of DNA polymerase and reverse transcriptase enzymes [156]. The direct antivi-
ral impact of this substance works together with its immunomodulatory qualities, which
helps to resolve infections. The inclusion of condensed tannins within G. sanguineum is
pivotal in mitigating lung damage associated with respiratory viral infections, potentially
including its effects on COVID-19. These tannins exhibit effectiveness by suppressing the
activity of proteases in the lungs and regulating the reactions of macrophages, thereby
providing a versatile defense against respiratory viruses [155,156]. Ellagitannins and ellagic
acid are two of the several polyphenolic metabolites present in pomegranate plants (Punica
granatum L.). Traditional medicine makes use of this plant, and research has shown that
its isolated compounds can aid the body’s immune response to viral infections and subse-
quent recoveries by reducing inflammation and boosting antioxidant levels [140]. Recent
investigations propose that the favorable impacts of pomegranate polyphenol extracts
and their ellagitannin constituents and byproducts pertain to the control of the NF-κB
pathway, the handling of immune cell infiltration, and the regulation of cytokine secretion,
as well as of reactive oxygen and nitrogen species. Various viruses, such as SARS-CoV-2,
are curbed in their capability to infect by the interactions between pomegranate extracts
and ellagitannins in vivo. Ellagitannins have the ability to form complexes with numerous
human and SARS-CoV-2 proteins, particularly proteases, as evidenced in computational



Pharmaceuticals 2024, 17, 692 16 of 45

docking studies [157]. More research, both in vitro and in vivo, is required to better un-
derstand the interactions among polyphenols, viruses, and their hosts. To effectively
address the SARS-CoV-2 virus, it is essential to restrict the inflammatory reaction of the
host towards viral infections and replenish reduced antioxidant levels post COVID-19
recovery (Figure 6). Research indicates that extracts from pomegranates, ellagitannins, and
ellagic acid have shown promise as therapeutic agents in this particular context [140,158].
Despite encouraging results from several investigations, as highlighted above, additional
research is required to establish the efficacy of polyphenols in managing and avoiding
microbial disorders affecting humans. A proactive strategy in environmental conservation
to curb the proliferation of such illnesses may involve the utilization of polyphenol-based
anti-microbial therapies. A potential remedy to combat antibiotic resistance is the develop-
ment of topical pharmaceutical compositions incorporating polyphenols to enhance the
efficiency of current antibiotics utilized in medical practice. Given the ongoing emergence
of resistance patterns and the ambiguous outlook on existing therapies, it is prudent to
formulate the aforementioned compositions and execute clinical trials to assess the viability
of these proposed antibiotic alternatives. These procedures are imperative prerequisites
prior to the integration of the suggested alternatives into mainstream medical applications.

2.5. Cardioprotective Activity

Cardiovascular diseases (CVDs) are perceived as a primary contributor to worldwide
fatalities, involving concerns such as hypertension, arterial hardening, heart attacks, ir-
regular heart rhythms, and heart failure [159,160]. Emerging research has illuminated a
noticeable surge in the prevalence of heart ailments [159–161]. It is essential to understand
that the medications often employed for cardiovascular diseases (CVDs), including statins,
angiotensin-converting enzyme inhibitors (ACEIs), angiotensin receptor blockers (ARBs),
fibrates, and β-blockers, pose a risk of causing unwanted side effects. Therefore, there
exists a pressing necessity to investigate and formulate novel therapies for cardiovascular
diseases [162]. As per the existing research, maintaining a healthy, well-balanced diet can
greatly decrease the chances of developing cardiovascular diseases [163]. Diets that are
vegetarian or predominantly plant-based have been shown to not only lead to an increased
life expectancy but also decrease the prevalence of cardiovascular conditions [164]. In
addition, data from epidemiological studies propose that following a diet abundant in
polyphenols could potentially lower by fifty percent the probability of developing cardio-
vascular diseases [165]. An investigation conducted recently delved into the comprehension
and consciousness of Romanian individuals in relation to cardiometabolic hazards (CMHs)
and the advantageous impacts of polyphenols. The outcomes unveiled that around 80% of
the respondents exhibited apprehension regarding their well-being and dietary selections,
although this sentiment varied depending on factors such as age, level of education, and
body mass index. Despite this high level of health concern, only 35% demonstrated a
substantial understanding of polyphenols. While 86% were aware of their antioxidant
properties, only 26% were familiar with their prebiotic effects. These results highlight the
necessity for specific educational initiatives aimed at enhancing people’s knowledge and
individual practices concerning CMH factors and the advantages of polyphenols [166].
Atherosclerosis represents a pathological condition characterized by the progressive calcifi-
cation and constriction of blood vessels as a result of the gradual accumulation of lipids,
cholesterol, and various other substances on and within the arterial walls. The initiation
of this process occurs when lipids breach the endothelial layer and undergo oxidation
facilitated by endothelial smooth muscle cells and activated macrophages [167,168]. An
important element contributing to the escalation of cardiovascular diseases (CVDs) is
atherosclerosis, which emerges from dyslipidemia and an inflammatory state.

Paraoxonase enzymes, notably paraoxonase 1 (PON1), exert a pivotal role in safe-
guarding against diverse ailments, including CVDs (Figure 7). The manipulation of PON1
expression could be a viable therapeutic target, with lifestyle modifications like dietary
adjustments and physical activity potentially augmenting its levels. Nevertheless, addi-
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tional investigations are imperative to scrutinize the effects of herbal constituents and
flavonoids on the functionality of PON1 [169]. The formation of ROS and reactive nitrogen
species (RNS) can accelerate the oxidation of LDL cholesterol. This process is exacerbated
by the accumulation of macrophages in the affected area, which facilitates the clearance
of oxidized LDL cells and their transformation into foam cells. Atherosclerotic plaques
exhibit a backdrop of inflammation marked by endothelial dysfunction, foam cell accumu-
lation, vascular smooth muscle proliferation, and an elevated population of monocytes and
macrophages within the vascular intima. The upsurge is instigated by adhesion molecules
and chemokines [170]. This increase is triggered by adhesion molecules and chemokines.
Moreover, the aggregation of the extracellular matrix encircling the inflamed area results
in plaque development, which hinders blood vessel passages. Consequently, this leads to
a compromised natural relaxation ability of the blood vessels, culminating in functional
impairment [162,169,170]. The plausible effects of polyphenols on atherosclerosis have
been the area of several research inquiries. Several studies have proven that red and purple
grape juice could potentially delay the initiation and progression of atherosclerosis. The
role of NO, produced by endothelial cells, in regulating blood pressure and vascular tone is
extensively acknowledged. NO activates a series of events in the smooth muscle cells of
arteries, known as the cGMP–protein kinase G pathway [162]. This process of activation
initiates the opening of potassium channels, resulting in membrane hyperpolarization
and the suppression of intracellular calcium influx, the latter leading to vasodilation. In
contrast, protein kinase G phosphorylates myosin light chains to reduce vasoconstriction
in artery smooth muscles [171]. The interaction between polyphenols and the endothe-
lium, primarily through NO production, is considered a significant discovery [172,173].
Research indicates that hypertensive individuals can lower their blood pressure by using
olive oil [174]. Furthermore, polyphenols like resveratrol, EGCG, and quercetin enhance
endothelium-dependent relaxation by regulating the gene expression of inducible NO
synthase and COX-2 (Figure 7), thereby reducing the risk of cardiovascular diseases [175].
Multiple elements, such as trans-resveratrol, a polyphenol, raise NO production via a
calcium ion-dependent pathway in endothelial cells, improving vasorelaxant effects and
potentially enhancing cardiovascular health [176]. By blocking Ca2+ ATP-ase in endothelial
cells or opening potassium channels, resveratrol and quercetin raise the intracellular ion
concentration of calcium Ca2+ ions [177].

The polyphenol-rich blackcurrant extract (BCE) significantly upregulates eNOS mRNA
levels (Figure 7) and NO synthesis through phytoestrogenic activity, thereby promoting
blood vessel health in OVX rats as a postmenopausal model [178]. Chocolate procyani-
dins have displayed the capacity to diminish the leukotriene–prostacyclin ratio in both
individuals and human aortic endothelial cells, suggesting a potential impact on the car-
diovascular health benefits they offer. Research suggests that flavanols and procyanidins
derived from cocoa block the generation of 15-hydroxy-eicosatetraenoic acid, affecting the
lipoxygenase pathway [179]. Additionally, within scientific studies, cocoa procyanidins,
notably the pentameric and octameric fractions, have been observed to impede the expres-
sion of the tyrosine kinase ErbB2. This identified inhibition is integral to modulating both
endothelial cell proliferation and angiogenic signaling pathways [180,181]. Furthermore,
specific cocoa procyanidins, such as procyanidin B2, have been identified as inhibitors of
thrombin-induced activation and the expression of matrix metalloproteinase-2 in vascular
smooth muscle cells. This discovery suggests potential antiatherosclerotic effects [182].
Collectively, these findings suggest that chocolate procyanidins play a role in modulating
key pathways related to cardiovascular health and vascular function. The inflammatory
response to injury is a complex biological process that reacts to harmful stimuli. Several
enzymes, like cyclooxygenase (COX), lipoxygenase (LOX), tyrosine kinase (TK), phos-
pholipase A2 (PLA2s), and protein kinase C, play an important role in the regulation
of the inflammatory response [159–162]. Some specific flavonoids have been shown to
directly inhibit these enzymes, thereby directly impacting inflammation [183,184]. Nutri-
tion plays a significant role in the prevention and management of chronic inflammation,
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as emphasized in epidemiological studies. Through ex vivo and in vivo models, scien-
tists have identified certain flavonoids that demonstrate anti-inflammatory characteristics.
These flavonoids significantly influence the creation of prostaglandins, a crucial biolog-
ical function. Numerous in vivo investigations have demonstrated that hesperidin and
diosmin, which are flavonoids present in citrus fruits, possess the capability to reduce
the synthesis of prostaglandins [185]. The production of leukocytes is recognized as a
crucial phase in the advancement of inflammation observed in cardiovascular diseases and
other ailments. Arachidonic acid synthesis ultimately leads to the production of cytokines
(IL-1) and chemokines (IL-8) by neutrophils [161,162]. This process is facilitated by both
COX and LOX enzymes. Quercetin is particularly efficient at inhibiting the production of
prostaglandins (PGs), leukotrienes (LTs), and thromboxanes (TXAs) by blocking the en-
zymes COX and LOX [186–188]. Multiple ex vivo experiments have provided evidence that
certain flavonoids, such as bilobetine, morelloflavone, amentoflavone, and those present in
Sophora flavescens, exert their impact by inhibiting the synthesis of arachidonic acid [189].
Moreover, resveratrol is considered a compound with anti-inflammatory properties, as it
blocks the synthesis of PGs [190].
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It may be concluded that polyphenols have a wide range of effects on the intricate
pathophysiology of CVDs. These influences encompass reductions in blood pressure
and cholesterol levels, the mitigation of inflammation, and the facilitation of endothelial
function recovery. However, polyphenols cannot be used in therapeutic settings due to
several major obstacles. These include potential short- or long-term negative effects on
human beings, as well as concerns regarding the treatment’s dosage, specificity, potency,
and feasibility. The distribution and target cells of natural polyphenols determine their
safety and whether they have any negative effects on the body, although they are typically
considered safe. To overcome these obstacles, more human intervention trials, large-scale
cohort studies, and animal research trials are needed in the future.
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2.6. Neuroprotective Activity

The worldwide population of elderly individuals is forecasted to multiply within the
following thirty years, resulting in a rise in the frequency of neurological ailments [191–193].
Neurodegenerative illnesses constitute persistent ailments that affect the central nervous
system. Examples include Alzheimer’s disease (AD), Parkinson’s disease (PD), dementia
with Lewy bodies (DLB), multiple system atrophy (MSA), progressive supranuclear palsy
(PSP), and Huntington’s disease (HD) [193,194]. Aging is a fundamental element in the
process of neurodegeneration, resulting in alterations in the brain’s tissue equilibrium
and playing a role in the initiation of neurodegenerative conditions. Tailored attention
is crucial for individuals with neurodegenerative diseases as conventional therapies are
ineffective for the vast majority of individuals. The absence of achievement in pharma-
cological investigations emphasizes the requirement for innovative treatment strategies,
one of which might entail the utilization of polyphenolic substances [193,194]. Research
indicates that phenolic compounds, when ingested, have the intrinsic capacity to inhibit
enzymes involved in glucose metabolism, notably α-glucosidase and α-amylase [193,195].
Moreover, a variety of phenolic compounds have the ability to penetrate the blood–brain
barrier (BBB) (Figure 8) and display noteworthy physiological impacts in experimental
setups representing neurodegenerative disorders, both in laboratory settings and within
living organisms.

The impacts observed are mainly ascribed to the antioxidative and anti-inflammatory
characteristics of polyphenols, as reported by Lopes and collaborators [196]. In cases where
there are changes to the BBB, they can even enhance its permeability [192]. Since polyphe-
nols can diffuse across the BBB in the form of aglycones or their conjugation products,
even at low concentrations in the brain (1 nmol/g of tissue), they are thought to impact
neuronal circuits [197]. The capacity of flavonoids to navigate the BBB is determined by
two important elements: their lipid-soluble nature and their conjugation ability. Metabolites
undergoing methylation in the small intestine and liver exhibit a decrease in polarity and an
elevation in lipophilicity. This transformation aids in enhancing their permeability across
the BBB compared to their original aglycones, as indicated by Arias-Sánchez and collabora-
tors [197]. To traverse the BBB, polyphenols with lower lipophilicity are required to adhere
to particular ATP-dependent transporters. In the intricate network of signal transduc-
tion pathways involving multiple kinases, including MAPK, PI3K, and PKB, polyphenols
exhibit the capacity to interact directly with neurotransmitter pathways [197–200].

The potential of polyphenols to prevent and help treat neurodegenerative diseases
caused by aging has been the subject of intensive research over the last several decades.
Therefore, certain polyphenols exhibit pleiotropic impacts on neuronal cells and have been
documented to influence neuronal functionality [201–204]. Studies have demonstrated
that consuming foods high in polyphenols can help preserve cognitive skills by promoting
neuronal survival, differentiation, and regeneration [37,197,205]. In addition, polyphe-
nols can significantly slow the progression of neurodegenerative diseases by improving
learning, memory, and cognition [206]. In AD, flavonoids have a neuroprotective effect
that is connected to the mediation of GSK3β and CDK5 [207]. The second benefit comes
from a mechanism that directly protects neurons. However, polyphenols also provide indi-
rect protection to neurons through their modulation of the gut microbiota’s composition
and the metabolites discharged into the bloodstream, along with other pathways. These
two mechanisms lead to modifications in neurotransmitter and neuropeptide production,
ultimately affecting brain functions [197,199,208]. The application of phenolic compounds,
such as mangiferin and morin, has been recognized as a means to facilitate neuroprotection
in experimental models of neuronal injury caused by excitotoxicity, stemming from the ex-
cessive activation of N-methyl-D-aspartate (NMDA) receptors. Neuroprotection is attained
through the activation of the antioxidant enzyme system, the inhibition of ROS generation,
and the reinstatement of mitochondrial membrane potential, as indicated in [193]. These
compounds are also linked to the regulation of cytosolic levels of Bax and the translocation
of NF-κB (Figure 8), leading to decreased neuronal death and inflammation. Additionally,
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they influence the protein kinase B (AKT) and extracellular signal-regulated kinase (ERK)
1/2 pathways, which are essential for neuronal survival, as validated by Campos-Esparza
and colleagues [209]. The findings suggest a correlation between phenolic compounds
and the modulation of neuronal apoptosis through the stimulation of important proteins
such as Bax, NF-κB, AKT, and ERK 1/2, which play critical roles in processes related to
inflammation and cellular survival. Further benefits of polyphenols include a decrease in
oxidative stress and neuroinflammation, as well as alterations to cell death mechanisms
brought about by low-molecular-weight phenolic compounds such as catechol-O-sulfate
and pyrogallol-O-sulfate, which are present in plasma after consuming polyphenol-rich
foods [193]. The following genes were upregulated in a 3D model of human PD cells
treated with polyphenol: FTH1, AKT1, BCL2L1, AUTOPHY (ATG5, ATG12, BECN1), and
UPR (ATF4, ATF6, DDIT3, CALR, HSPA4, HERPUD1). Furthermore, polyphenols regulate
pathways associated with cellular senescence, including IL-7, JAK/STAT, PI3K/AKT, and
PPAR-α [210]. The change of microglia to an inflammatory phenotype is an essential
part of neurodegeneration. Apigenin reduces histological inflammatory markers (Iba-1+)
and the number of Iba-1+ cells following chronic therapy in male and female Wistar
rats, according to a chronic neuro-inflammatory paradigm involving glial fibrillary acidic
protein–interleukin 6 (GFAP-IL6) [211]. Aligned with earlier research discoveries, this in-
vestigation validates the impact of polyphenolic compounds on modulating the maturation
of microglial or immune system cells, alongside diminishing inflammation and ROS. En-
zymes are responsible for controlling ROS within cells. Superoxide dismutase (SOD) is not
categorized under the metalloenzyme group, which is not indispensable for the antioxidant
defense systems, as described by Saxena and collaborators [212]. The potential of hydroxyl
groups found in polyphenolic compounds to offer protons and electrons leads to two pri-
mary outcomes: initially, they impede or delay the oxidation of organic substances, and
subsequently, they alleviate the oxidation caused by ROS [193,213]. Given that oxidative
stress is a major cause of cellular damage, these compounds could be promising candidates
for alternative therapies. One group of scientists identified that after six months of un-
dergoing curcumin therapy, subjects suffering from amyotrophic lateral sclerosis showed
reduced levels of specific indicators of oxidative stress, such as ferric-reducing ability, lac-
tates, total thiols, and oxidative protein products [214]. The carrying of flavonoids by serum
albumin following the consumption of flavonoid-packed food impacts their bioavailability,
as indicated by Dufour and Dangles [215]. Another benefit of this interaction is the reduced
breakdown of these molecules. The antioxidant potential of quercetin may be enhanced
by the fact that it degrades more rapidly when bound to albumin than when isolated in
oxygen-dependent activities [216]. These findings suggest that phenolic compounds may
protect cells from ROS-induced damage. The necessity of investigating polyphenolic com-
pounds as a medication or adjuvant to control neurodegenerative illnesses is underscored
by the limited number of clinical trials involving patients with these conditions [193,197].
Some researchers investigated the correlations between total polyphenol intakes and neu-
ropsychological test scores measuring cognitive function among 2574 middle-aged adults.
This research showed that consuming polyphenols, in general, improves memory perfor-
mance, and that consuming specific types, such as catechins, theaflavins, flavonols, and
hydroxybenzoic acids, in particular, has a favorable effect on memory performance [217].
By widening the window of opportunity for recombinant tissue plasminogen activator
(rt-PA) therapy, an adjuvant used to treat ischemia, fisetin helped patients suffering from is-
chemic stroke [193]. The expression of cognitive dysfunction was milder in subjects treated
exclusively with fisetin in combination with a plasminogen activator treatment. This was
associated with lower levels of essential proteins for tissue restoration, particularly matrix
metalloproteinase (MMP) 2, matrix metalloproteinase (MMP) 9, and C-reactive protein
(CRP) [218]. In an intriguing study conducted by Moussa and collaborators [219], a group of
119 patients diagnosed with mild to moderate Alzheimer’s disease underwent a year-long
treatment regimen involving resveratrol, a compound renowned for its potential health
benefits. Administered orally at doses of up to 1 g twice daily, this treatment was studied
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to investigate resveratrol’s impact on Alzheimer’s pathology. One of the key assessments
conducted focused on the quantification of Aβ40 within the cerebrospinal fluid, a pivotal
indicator in the advancement of Alzheimer’s disease, representing the final metabolite
of the amyloid precursor protein. Notably, the research findings indicated a noteworthy
decrease in Aβ40 concentrations, implying a favorable therapeutic outcome.
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Furthermore, the examination demonstrated the effectiveness of resveratrol in control-
ling inflammation in the brain, a significant aspect in the progression of neurodegenerative
conditions. This was evidenced by the decreased levels of inflammatory markers such as
IL-12P40, IL-12P70, and C-C motif chemokine ligand 5 (CCL5). The results revealed in
this research provide compelling evidence that resveratrol possesses the ability to cross the
blood–brain barrier, establishing a new pathway for treating inflammation in Alzheimer’s
disease and potentially other degenerative brain conditions.
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The beneficial effects of a diet rich in polyphenols on symptoms associated with neu-
ropsychiatric diseases (such as sleep dysregulation, signs of depression, and cognitive
dysfunctions) are well documented [220]. It is known that the consumption of polyphe-
nols not only reduces the severity of neuropsychiatric disorders but also acts as a mood
enhancer in some cases [221]. However, results from randomized controlled trials have
been inconclusive regarding the use of polyphenols in treating mental and neurological
diseases, in contrast to observational human data and preclinical animal studies. Factors
such as the use of isolated polyphenol compounds rather than whole foods, the duration
and dosage of interventions, and the role of habitual polyphenol consumption in the diet
could contribute to these discrepancies. In fact, the extent of processing applied to the
polyphenols may also significantly impact their efficacy [197].

Polyphenols are regarded as beneficial substances for the prevention of neurodegen-
erative illnesses and present an intriguing therapeutic prospect. Studies conducted using
in vitro and in vivo models indicate that polyphenols may have the potential to eliminate
or reverse significant stages of AD and PD development, and even mitigate neuroinflam-
mation. The therapeutic application of specialized metabolites is hindered by limitations,
primarily due to their low solubility and bioavailability. Consequently, a growing curiosity
has emerged regarding the utilization of nano-delivery systems to augment the stability and
efficacy of these substances. Despite polyphenols such as flavonolic glycosides, resveratrol,
and curcumin attracting considerable interest for their established multi-target effects, the
neurobioactivity of many additional polyphenols is still not well understood. In order to
optimize the use of edible plant specimens, it is crucial to adopt a holistic approach that in-
tegrates the analysis of nutraceutical components with the exploration of the physiological
impacts of polyphenol-enriched fractions or individual compounds.

2.7. Anti-Obesity and Immunomodulatory Activity

Obesity is linked to a higher body-fat mass, which can result from various factors
including genetics, environmental influences, dietary habits, lifestyle, or multiple patho-
physiological clinical conditions [222,223]. It is fascinating to observe from recent research
that obesity impacts both the innate and adaptive immune systems. This conclusion has
been supported by various studies, highlighting a complex interaction between obesity
and immune function [224,225]. The presence of several obesity-related complications,
resulting from alterations in the body’s natural and acquired immune responses, leads to
chronic inflammation in adipose tissue [226]. The investigation of the correlation between
immune response and metabolism has gained significant traction recently. Discovering
this connection could provide valuable insights into the impaired innate immunity ob-
served in individuals with obesity. The function of polyphenols in the regulation of lipid
metabolism has been the subject of thorough investigation, especially concerning obesity
and cardiovascular well-being. Research has shown that the polyphenol resveratrol in-
fluences lipid metabolism by inhibiting lipogenesis and by enhancing the expression of
genes related to lipid oxidation [223,227,228]. EGCG and other green-tea catechins have
demonstrated lipid-lowering benefits by promoting fatty acid oxidation and reducing
intestinal fat absorption [229,230]. Quercetin, a polyphenol widely present in numerous
fruits and vegetables, has demonstrated the ability to impact lipid metabolism by reducing
oxidative stress and inflammation, both recognized as key factors contributing to dyslipi-
demia and atherosclerosis [231]. In addition, curcumin, a variant of polyphenol identified
in turmeric, might possess the capability to boost lipid profiles by decreasing the buildup
of lipid plaque in blood vessels and stimulating the gene expression related to choles-
terol metabolism [232,233]. A variety of research studies have proven the effectiveness of
polyphenols in impacting lipid metabolism through mechanisms including gene expres-
sion modulation, lipid oxidation promotion, lipogenesis inhibition, and inflammation and
oxidative stress reduction. Consequently, these collective effects significantly impact the
management and prevention of disorders linked to dyslipidemia, including obesity and
cardiovascular diseases [222,223]. Macrophages, a type of phagocyte that develops from
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short-lived monocytes, are responsible for removing pathogens and initiating the immune
response. In the presence of an antigen, macrophages, such as dendritic cells (DCs), activate
immature T-cells into effector T-cells, acting as antigen-presenting cells [234]. Macrophages
are hardly ever mentioned for their crucial function in the processes of wound healing, host
defense, and the regulation of inflammation. Nevertheless, their involvement may also
contribute to the development of chronic diseases and conditions, such as inflammatory
bowel disease, asthma, atherosclerosis, and rheumatoid arthritis. Macrophages are typically
categorized into two classic phenotypes: the inflammatory M1 and the immunosuppres-
sive M2. M1 differentiation begins with the stimulation of interferon (IFN) by bacterial
lipopolysaccharides (LPSs) and the activation of Toll-like receptors (TLRs), while M2 polar-
ization is initiated by the release of interleukin-4 (IL-4) [235]. Evidence suggests that certain
cinnamon polyphenols can activate macrophages, which in turn can reduce inflammation
and enhance immunological performance [236,237]. An increasingly recognized field of
research, immune-cell-mediated cancer therapy focuses on leveraging cytotoxic immune
cells to combat cancer. Particularly promising in this endeavor are natural killer (NK)
cells, known for their ability to target both pathogens and abnormal cells within an organ-
ism. Naturally occurring cytotoxic lymphocytes, or NK cells, constitute approximately
10–15% of all blood lymphocytes. When NK cells identify cells that are “stressed”, such as
those infected with a virus or a tumor, they autonomously remove those cells [238]. For a
long time, scientists have explored how various plant-derived chemicals affect the ability
of NK cells to combat cancer. Flavonoids, abundant phytonutrients found in many fruits
and vegetables, with one subgroup, quercetin, significantly influence cytotoxic immune
cells [239]. Both endogenous and exogenous chemicals that modulate the immune system
can either enhance or diminish inflammation and immunological responses. The ability of
natural killer cells to eliminate YAC-1 target cells is augmented by many plant secondary
metabolites, including flavonoids like quercetin [240]. Reflecting the immune-modulating
properties of chemicals derived from nutrition, research has shown that resveratrol affects
NK cell function both directly and indirectly [241]. Resveratrol appears to enhance immune
responses by altering the expression of activating cell surface receptors such as NKG2D on
NK cells or by promoting the synthesis of their ligands on malignant cells [242]. Given the
other chemical properties of this plant-based compound, this regulation of the immune
system becomes even more intriguing. Resveratrol also suppresses the operation of usual
histone deacetylases (class I, II, and IV) within human hepatoblastoma cells. Evidence
points to the fact that the inhibition of HDACs can lower the growth of malignant cells in a
manner that is tied to the quantity utilized [242]. Moreover, NK cell-mediated lysis was
enhanced in leukemia K562 and gastric cancer SNU1 and SNU-C4 cells due to the elevated
expression of various NKG2D ligands [243]. One of the major challenges in cancer treat-
ment, yet to be overcome, is the increase in tumor resistance to radiation, chemotherapy,
and targeted medications. Often, abnormalities in apoptosis are directly responsible for
this increased resistance to cancer treatments; autophagy, an alternative form of cell death,
may hold the key to addressing this issue [222,223,225]. Polyphenolic compounds such as
rottlerin, genistein, quercetin, curcumin, and resveratrol (Figure 3) have been shown in
multiple studies to mediate autophagy through various pathways. These compounds may
offer new pathways for cancer treatment, which is crucial in the context of the alarming
issue of drug resistance in cancer therapy [244]. Insulin resistance and other metabolic
dysfunctions are exacerbated by obesity, which is defined by the complex activation of nu-
merous inflammatory pathways. The significance of adipose tissue lies in its composition,
which includes both innate and adaptive immune cells. During inflammation associated
with obesity, these immune cells communicate with adipocytes (Figure 9). This interaction
triggers a vicious cycle, further exacerbated by the recruitment of additional immune cells
such as monocytes/macrophages, neutrophils, and T-cells, intensifying the inflammatory
response [245]. Therefore, it is possible that obesity, along with its associated metabolic
disorders, could potentially be managed through pharmaceutical interventions that focus
on suppressing the inflammatory reactions of immune cells.
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Polyphenols’ anti-inflammatory, antioxidant, and anticancer effects are well-documented
pharmacological properties. Because inflammation caused by obesity may lead to an in-
crease in pro-inflammatory mediators and immune cell buildup, polyphenolic substances
may hold therapeutic promise in treating inflammatory disorders associated with obesity.
Research has demonstrated that curcumin inhibits macrophage migration and polariza-
tion in the mesenteric adipose tissue and significantly decreases MCP-1 secretion from
RAW264.7 macrophages fed with conditioned medium from the mesenteric adipose tis-
sue [246] (Figure 9). Furthermore, compared to obese mice fed a high-fat diet, animals that
received curcumin supplements had smaller adipocytes, showed less macrophage infiltra-
tion in their adipose tissue, and exhibited lower expressions of various pro-inflammatory
M1 macrophage markers, such as CD11c, CD38, and CD80 [247]. In addition, research
has shown that curcumin can inhibit NF-κB activation in adipocytes by regulating the
gene expressions of C/EBPα and PPARγ outside the NF-κB pathway [248]. Resveratrol
inhibits inflammatory signaling through canonical NF-κB signaling pathways, as previ-
ously demonstrated in adipocyte cell lines, aligning with prior research [249]. Resveratrol
regulates SIRT1 signaling in high-fat-diet-fed mice to stabilize glucose levels and enhances
Treg formation [250] (Figure 9). Moreover, capsaicin blocks the p65 subunit of NF-κB in
adipocytes, mesenteric adipose tissue-conditioned media, and inhibits the MCP-1-induced
migration of macrophages. Furthermore, capsaicin significantly reduces the production
of pro-inflammatory cytokines by macrophages stimulated by obese-mouse mesenteric
adipose tissue-conditioned medium, such as NO, TNF-α, and MCP-1 [251]. In addition,
polyphenols derived from various plant extracts have shown significant promise in allevi-
ating inflammation-related obesity. Obese mice on a high-fat diet experienced dramatic
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reductions in their body weight and the inflammatory gene expression in their visceral fat
after consuming polyphenol-rich fractions from table grapes [252]. Mice administered a
high-fat diet containing grape powder rich in polyphenols demonstrated enhanced glucose
tolerance compared to those consuming a high-fat diet exclusively. Quercetin, a polyphenol
derived from grape powder, reduced the levels of inflammatory markers such as TNF-α,
IL-6, and CD11c in the blood and adipose tissue of mice fed a high-fat diet, as well as MCP-1
and IL-1β in human primary adipocytes [253] (Figure 9). In addition, tea polyphenols
suppressed the release of inflammatory cytokines and hepatic fat accumulation tied to
obesity in canines on a high-fat feeding plan [254].

This research underscores the promising capacity of polyphenols in alleviating adipose
tissue inflammation associated with obesity. In conclusion, polyphenols play a crucial
role in immunomodulation, obesity prevention, and overall human health. They combat
obesity through various pathways, with the most studied being those involving brain
neurohormones that regulate insulin-related hunger and satiety signals. In animal models,
polyphenols such as resveratrol and curcumin have been shown to reduce hyperinsu-
linemia, hyperglycemia, inflammation, and cancer, suggesting their potential to prevent
and aid in the treatment of obesity. Polyphenols also inhibit fat synthesis and storage
by blocking the lipogenic pathway and pro-obesity enzymes like pancreatic lipase. Fur-
thermore, polyphenols enhance thermogenesis, aiding in weight regulation and calorie
burning. They influence gut immunity and health by impacting mucosal immunity and
inflammation. Polyphenols have effects on T-cells, macrophages, and NK cells, increasing
anti-inflammatory cytokines, reducing pro-inflammatory ones, and enhancing NK cell
function, thus helping to avoid inflammation-related disorders. Based on multiple studies,
it can be concluded that polyphenols may improve health by reducing obesity, immune
system alterations, and inflammation. However, further research is necessary to fully
understand how polyphenols and their derivatives enhance the immune system, reduce
adipose tissue inflammation, and modulate obesity, paving the way for the development of
personalized treatments for humans.

3. Preclinical and Clinical Data on Polyphenols

Polyphenols are a promising therapeutic agent, and their use in preclinical and
clinical research to investigate chronic disease prevention and health benefits has in-
creased [255,256]. Varieties of polyphenols have shown therapeutic potential, but most of
the existing research has used preclinical models (Table 1).

Table 1. Preclinical experimental data regarding the pharmacological effects of polyphenols.

Polyphenol In Vitro/In Vivo
Model Regimen Outcome Ref.

Proanthocyanidin,
catechin, quercetin HT-29 cells Methanolic extract Restored stress-related GSH reduction by

polyphenols in intestinal cells. [257]

Catechins
MKN 28 cells;

Methanolic extract; polyphenol
administration by drinking

water or gavage

Prevention of oxidative injury in gastric
epithelial cells and gastric mucosa.

[258]Male Wistar rats

Flavonoids,
phenolic acids

HT-29 cells;
CaCo-2 cells Cider, apple juice

Increased antioxidant capacity; decreased
cellular reactive oxygen species; reduced

oxidative cell damage.
[259]

Ellagitannins
Liposome model
(large unilamellar

vesicles, LUVs)
Pomegranate juice Inhibition of the lipid peroxidation. [260]

Tannins; anthocyanins HT-29 cells Extract juice Reduced iNOS and COX-2 levels;
modulation of the NF-κB signaling pathway. [261]

Flavonoids CaCo-2 cells Ethanolic extract Reduced NF-κB transactivation and TNFα
transcription levels. [262]
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Table 1. Cont.

Polyphenol In Vitro/In Vivo
Model Regimen Outcome Ref.

Catechins BALB/c mice with
DSS-induced colitis

Dietary administration in
chow diet Reductions in TNFα and GSH levels. [263]

Epigallocatechin-3-
gallate

C57/BL6 mice with
DSS-induced colitis

Administration of polyphenol
mix via oral gavage

Reduction in tissue damage and neutrophile
accumulation; increased levels of

antioxidant enzymes.
[264]

Polyphenols-rich
blueberry extract Mice

Mice were provided with
15.6 mg/kg BW per day for

12 days

Inhibited body-weight gain and reverted
lipid metabolism to normal. [265]

Rambutan seed extract
(containing alkaloids,

terpenoids,
triterpenoids,

and flavonoids)

3T3-L1 cell line
Cells were treated with varying

concentrations of the extracts
(10 and 50 µg/mL)

Decreased triglyceride levels. Inhibited
glucose-6-phosphate dehydrogenase

(G6PDH), which promotes adipogenesis.
[266]

Procyanidin-rich grape
seed extract (GSPE) 3T3-L1

Cells were treated with
140 mg/L GSPE (dissolved in

water) for 24 h on days 0, 2, or 4

Reduced triglyceride content by 32% in cells
treated at day zero. Downregulated genes

responsible for preadipocyte differentiation
but elevated preadipocyte factor-1 (Pref-1).

[267]

Polyphenol-rich
cranberry extract Mice

Mice were provided with 0.75%
(w/w) of a polyphenol-rich

cranberry extract per day for
16 weeks

Elevated energy expenditure and brown
adipose tissue thermogenesis. [268]

Polyphenol-rich
totum-63 extract Mice

Mice were fed with a high-fat
diet for 12 weeks, followed by

supplementation with Totum-63
(2.7% w/w) for 4 weeks

Decreased body weight and fat mass.
Increased expression of insulin receptor β

and insulin-induced phosphorylation of PKB
in skeletal muscle, white adipose tissue
(WAT), and brown adipose tissue (BAT),

thereby inducing thermogenesis.

[269]

Furthermore, combination chemotherapy with polyphenols, which work through
several molecular pathways, has so far been shown to be effective in preclinical studies on
various cancer lines and experimental animal models (Table 2).

Table 2. Preclinical experimental data regarding the pharmacological effects of polyphenols as an
adjuvant to chemotherapy (both in vitro and in vivo).

Polyphenol Cancer Type Chemotherapy Dosage Assay Type Molecular Effect(s) Study Conclusion Ref.

Curcumin

Lung cancer Cisplatin

41 µM curcumin +
30 µM cisplatin for
A549 cells; 33 µM
curcumin + 7 µM

cisplatin for
H2170 cells

A549 and
H2170

cell lines

Suppression of the
self-renewal

capability of cancer
stem cells.

Synergistic
inhibition
of NSCLC.

[270]

Crizotinib 30 µM curcumin
+ 20 µM crizotinib

A549, H460,
H1299, and

H1066
cell lines

Increased the levels
of miR-142-5p

through epigenetics
and suppressed

autophagy.

Enhances NSCLC’s
sensitivity to

crizotinib
treatment.

[271]

Colorectal
cancer Irinotecan

In vivo: 2–14 µg/mL
curcumin

+ 2–14 ng/mL
irinotecan. In vivo:
5 mg/kg curcumin

every other day
3 times + irinotecan

25 mg/kg every
other day 3 times

CT-26 cell line
and C57

BL/6j mice

Upregulated
ICD-related proteins

including CALR
and HMGB1a.

Curcumin may
synergistically
improve the

antitumor effect of
irinotecan by

promoting the
immunogenic cell
death (ICD) effect.

[272]
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Table 2. Cont.

Polyphenol Cancer Type Chemotherapy Dosage Assay Type Molecular Effect(s) Study Conclusion Ref.

Curcumin

Oxaliplatin

In vivo: HCT116 and
SW480 cells 0–8 µM

curcumin + 0.5–32 µM
oxaliplatin; HCT116/
oxaliplatin cells 4 µM

curcumin + 8 µM
oxaliplatin. In vivo:
60 mg/kg curcumin

+ 10 mg/kg
oxaliplatin

HCT116,
SW480, and

HCT116/oxaliplatin
drug-resistant
cell lines and

BALB/c
nude mice

Inhibition of
TGF-β/Smad2/

Smad3 signaling.

Inhibition of cell
proliferation and
reduced tumor

weight and
volume.

[273]

Liver cancer 5-fluorouracil

In vivo: 5, 10 µM
curcumin + 2.5, 5,

10 µM 5-fluorouracil.
In vivo: 56.65 mg/kg

curcumin +
10 mg/kg

5-fluorouracil

SMMC-7721,
Bel-7402,

HepG-2, and
MHCC97H cell

lines and
BALB/c

nude mice

Decreased expression
of NF-κB protein in

the nucleus.
Increased expression
of NF-κB protein in

cytoplasm.
Downregulation of
COX-2 expression.

Synergistic effects
and in vivo tumor
growth inhibition.

[274]

Sorafenib
60, 120 µM curcumin

+ 0.25–10 µM
sorafenib

Hep3b and
HepG2

cell lines

S-phase and
G2/M-phase arrest of

liver cancer cells;
induced apoptosis;
reduced the protein
levels of cyclins A,

B2, and D1;
phosphorylated

retinoblastoma and
B-cell lymphoma;

increased the protein
levels of

BCL2-associated
X protein; cleaved

caspase-3; and
cleaved caspase-9.

Curcumin
augmented the

apoptosis-
inducing potential

of sorafenib.

[275]

Lung cancer Crizotinib 30 µM curcumin and
20 µM crizotinib

A549, H460,
H1299, and
H1066 cells

Increased the levels
of miR-142-5p

through epigenetics
and suppressed

autophagy.

Curcumin
enhanced NSCLC’s

sensitivity to
crizotinib
treatment.

[271]

Quercetin

Breast cancer Doxorubicin
0.7 µM quercetin +

2 µg/mL
doxorubicin

MCF-10A,
MCF-7, and

MDA-MB-231
cell lines

Increased the
intracellular

accumulation of
doxorubicin.

Quercetin
enhanced

doxorubicin
apoptotic potential
on cancerous cells

[276]

Lonidamine
80 µM quercetin +

0.1, 1, 5 µM
lonidamine

MCF-7 cell line

Induced cell cycle
arrest in the G2/M
phase; arrested the
cell cycle at S point;
induced apoptosis
through increased

caspase levels;
decreased MMP-2/-9

mRNA expression.

Synergistic effects. [277]

Gastric
cancer

5-fluorouracil
and

doxorubicin

50 µM quercetin +
25 µM 5-fluorouracil;

50 µM quercetin +
0.5 µM doxorubicin

AGS-cyr61
cell line

Reversed multidrug
resistance; decreased
CYR61, MRP1, and

p65; induced
caspase-dependent

apoptosis;
suppressed the
migration and

downregulation of
EMT-related proteins;

inhibited colony
formations.

Strong synergistic
effects with

5-fluorouracil and
doxorubicin.

[278]
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Table 2. Cont.

Polyphenol Cancer Type Chemotherapy Dosage Assay Type Molecular Effect(s) Study Conclusion Ref.

Quercetin

Doxorubicin

100–200 µM
quercetin+

0.25–1.25 µM
doxorubicin

KATO III
cell line

Enhanced apoptosis;
induced upregulation

of γH2As.

Increases
chemotherapeutic

effects.
[279]

Colorectal
cancer Doxorubicin 33 µM quercetin +

0.5 µM doxorubicin

SW620/DOX
drug-resistant
cell line and

SW620/Ad300
cell line

Reversed
P-gp-mediated drug
resistance; increased

intracellular
doxorubicin

accumulation;
modulated glutamine

metabolism in
doxorubicin-

resistant cells via
inhibition of SLC1A5.

Reversed
multidrug
resistance,
enhanced

sensitivity to
doxorubicin.

[280]

5-fluorouracil
180 µg/mL quercetin

+ 110 µg/mL
5-fluorouracil

HT-29 cell line
Decreased

angiogenesis via
inhibition of VEGF.

Synergistically
enhanced the

anticancer effect of
5-fluorouracil.

[281]

Breast cancer Doxorubicin
and cisplatin

20 µM quercetin +
(0.5 µg/mL

doxorubicin +
40 µg/mL cisplatin);
1–40 µM quercetin +

(0.5 µg/mL
doxorubicin +

40 µg/mL cisplatin)

MDA-MB-231
cell lines

Reduced
cardiotoxicity by

activating the
ERK1/2 pathway in

cardiomyocytes;
enhanced the

antitumor activity of
doxorubicin–
cisplatin by

inhibiting the
ERK1/2 pathway in

triple-negative breast
cancer cells

Enhances the
chemotherapeutic

effects of
doxorubicin–

cisplatin; decreases
doxorubicin–

cisplatin-induced
cardiotoxicity.

[282]

Resveratrol

Breast cancer Cisplatin
12.5, 25, 50 µM

resveratrol +
4 µM cisplatin

MDA-MB-231
cell lines and

female
BALB/c mice
MDA-MB-231

xenografts

The expressions of
P-AKT, P-PI3K,
Smad2, Smad3,

P-JNK, and P-ERK
induced by TGF-β1
were reversed after

resveratrol and
cisplatin

co-treatment.

Synergistic effect
on the inhibition of
breast cancer cell

viability, migration,
and invasion

in vivo; enhanced
anti-tumor effects
and reduced side
effects of cisplatin

in vivo.

[283]

Doxorubicin

100, 200, 300 µM
resveratrol +

2 mg/mL
doxorubicin

MCF-7/ADR
drug-resistant

cell line

Activation of
caspase-8 and

caspase-9, inhibition
of proliferation and

decreased cell
viability, miRNA

miR-122-5p
upregulation and

miR-542-3p
downregulation, and
significantly reduced
expression levels of
targeted proteins of

these miRNAs.

RES chemotherapy
sensitizes

drug-resistant
cancer cell lines.

[284]
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Table 2. Cont.

Polyphenol Cancer Type Chemotherapy Dosage Assay Type Molecular Effect(s) Study Conclusion Ref.

Resveratrol

Lung cancer Gemcitabine

In vivo: 10 µM
resveratrol + 1 µM

gemcitabine. In vivo:
25 mg/kg

gemcitabine i.p.
2×/week +
1 µmol/kg

resveratrol 5×/week

HCC827 cell
lines and
HCC827

xenografts in
nude mice

Downregulation of
mRNA and the

protein levels of ENG;
activation of the ERK
signaling pathway.

Resveratrol
promoted tumor

microvessel
growth, increased
blood perfusion,
and promoted

drug delivery into
tumors, which
resulted in an

enhanced
anticancer effect of

gemcitabine.

[285]

Breast cancer Paclitaxel
1 µM resveratrol +

1, 10, 100 nM
paclitaxel

MCF-7, T47D
(ERα+) and

MDA-MB 231
(ERα−) cell
lines [ER =

estrogen
receptor]

Decreased
neuroglobin levels

via interference with
the E2/Erα pathway.

Resveratrol
increased the
sensitivity of
cancer cells to
paclitaxel and
reduced the

required dosage of
paclitaxel.

[286]

Genetic and metabolic differences limit the application of cellular and animal model
findings to humans. Thus, polyphenol bioactivities in humans must be thoroughly studied.
Some of the already-available clinical data are summarized below (Table 3). Future research
will primarily focus on investigating the pharmacokinetics, pharmacodynamics, safety, and
mechanisms of action of these medications, including both their therapeutic effects and any
potential adverse effects. Below are the results of multiple phytochemical screenings and
current clinical trials on polyphenols and polyphenol-based therapies for various disorders.

Table 3. Overview of clinical trial results regarding the pharmacological efficacy of polyphenols.

Polyphenol/Polyphenol-
Based Metabolite

Number of
Patients Dose Duration Outcomes Ref.

Hesperidin

24 500 mg/day 21 days

Enhanced flow-mediated
dilatation and decreased levels of

inflammatory biomarkers in
the blood.

[287]

100 Daflon 500 mg tablets 7 days

Inflammation, congestion, edema,
prolapse, severity, and duration of
hemorrhoidal episodes lessened
along with their clinical severity.

[288]

56 379 mg of
green-tea extract 90 days

Patients with obesity-related
hypertension showed

improvements in their blood
pressure, insulin resistance,

inflammation, oxidative stress,
and lipid profile.

[289]

Quercetin

50 500 mg/day 56 days
Improvements in clinical

symptoms, disease activity,
and hs-TNFα.

[290]

56

Formulation of
nano-hydrogel (0.2%)

embedded with
quercetin and

oleic acid
(equimolar doses)

30 days
Reduced wound-healing time and
decreased levels of inflammation

in diabetic patients.
[291]
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Table 3. Cont.

Polyphenol/Polyphenol-
Based Metabolite

Number of
Patients Dose Duration Outcomes Ref.

Apigenin 100

2 mL of an oleogel
preparation of
reformulated

traditional
chamomile oil

Topical
application

(once)

Pain, nausea, and vomiting
significantly decreased in patients

with migraines.
[292]

Silymarin (Livergol,
Goldaruo

Pharmaceutical, Iran)
44 420 mg/day 90 days Joint swelling, tenderness, and

pain were reduced. [293]

Pycnogenol (Horphag
Research Ltd., UK,

Geneve, Switzerland)

67 220 mg/day 21 days

C-reactive protein levels and the
need for pain relievers and

NSAIDs were both reduced in
OA patients.

[294]

100 150 mg/day 90 days
Pain and stiffness were all

reduced in OA patients on a
daily basis.

[295]

100 150 mg/day 90 days

OA symptom relief and decreased
use of nonsteroidal

anti-inflammatory drugs
(NSAIDs) and COX-2 inhibitors.

[296]

Alvocidib or Flavopiridol
(Tolero Pharmaceuticals,

Inc., Salt Lake City,
UT, USA)

10 30 min loading dose
of 30 mg/m

21 days or
35 days

Patients with chronic lymphocytic
leukemia showed less

tumor growth.
[297]

Resveratrol

70 20 mg/day 25 days
Decreased dry weights of lipid

and cholesterol in
removed plaques.

[298]

18 60 mg/day 28 days Decreased diastolic
blood pressure. [299]

62 250 mg/day 90 days
Decrease in hemoglobin A1c,
systolic blood pressure, and

total cholesterol.
[300]

4. Future Perspectives and Takeaway Message

This article provides a thorough examination of the role of polyphenols in various
areas of nutrition research and their possible uses, including for treating obesity, T2D,
neurodegenerative diseases, and cancer. Over the past few decades, there has been a
significant focus in the scientific literature on polyphenols, and numerous possible health
benefits have been revealed (Figure 10). It should be noted that sexual dimorphism plays
a crucial role in the aging process, affecting life expectancy. The oxidative–inflammatory
theory of aging suggests that aging results from oxidative and inflammatory stress, which
cause damage and loss of function in organisms [301].

Gender differences in oxidative and inflammatory markers may explain the differences
in lifespan between sexes, with males generally exhibiting higher levels of oxidation and
basal inflammation. Circulating cell-free DNA, a significant marker of oxidative damage
and inflammation, links these two processes and could become a useful marker for aging.
Polyphenols, known for their antioxidant properties, are potent in preventing or reduc-
ing the harmful effects of various health-related issues. Understanding how oxidative
and inflammatory changes differ with aging in each sex is crucial, as it may impact the
differences in lifespan observed between the sexes [301]. Abundant evidence suggests
that some polyphenols have a beneficial effect on health, specifically in terms of avoiding
and delaying specific chronic diseases. The ability to harness these benefits is restricted
by the current limited understanding of their mechanisms, the dosage requirements, and
their potential adverse effects. It is imperative to analyze the potential negative effects on
certain metabolites and carry out more human-based research to confirm the biological
mechanisms and public health implications of polyphenols. Prior to performing human
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supplementation experiments with these metabolites, researchers should take meticulous
care to achieve a comprehensive grasp of the mechanisms and implications involved. Ex-
periments conducted in laboratory settings and on animals have employed substantially
higher doses of polyphenols than those that are typically seen in the human diet and are
safe for their usage. Hence, the precise and advantageous threshold for polyphenol con-
sumption in humans remains uncertain. The study of polyphenols is complex because of
the diverse range of molecular structures and the limited knowledge about their absorption
in the body. Furthermore, there is a lack of adequate techniques available for quantifying
oxidative damage within a living organism, and the assessment of definitive outcomes
continues to be difficult. There is a requirement to improve analytical techniques to obtain
further data on the processes of absorption and excretion. There is also limited knowledge
regarding the long-term impacts of polyphenol intake. Many reports have highlighted
the necessity of conducting molecular docking studies to find the prospective polyphenol
compounds that may be used to postpone the severity of many undesirable human health
disorders. The study of the interactions between polyphenols and receptor molecules in
the delay and prevention of acute and chronic diseases is a crucial field for future research.
In addition, inadequate stability, low solubility, and restricted bioavailability greatly hinder
the application of these metabolites in the fields of food and medicine. Although plant
polyphenol metabolites have numerous positive benefits, it has been observed that at high
doses, some of these metabolites can exhibit mutagenesis properties and toxicity. Further
comprehensive studies on their safety and pharmacological research are necessary to vali-
date the contentious results obtained from sub-chronic and oral toxicity trials. Additional
research is necessary to uncover novel polyphenols derived from natural sources to replace
the utilization of detrimental synthetic medications. Polyphenols are exposed to a wide
variety of chemical substances in their natural habitats, and their abundance of active func-
tional groups enables them to interact with both reactive oxygen species and free radicals.
Some of these interactions can be very harmful to human health, making it important to
highlight them. The therapeutic effects of drugs are influenced by many factors; among
the most significant are the interactions between polyphenols and drug components (such
as iron-containing preparations used to treat anemia) and the influence of polyphenols
on drug metabolism and pharmacokinetics [302]. Many people understand that certain
products can negatively interact with each other; for example, they are aware that certain
medications should not be combined with grapefruit juice or herbal infusions. However,
many do not fully understand the reasoning behind such advisories. The effects of polyphe-
nols on the activity of drug-metabolizing enzymes underpin this process. These enzymes
include phase I and phase II enzymes, such as cytochrome P450, glutathione S-transferase,
UDP–glucuronosyltransferase, sulfotransferase, N-acetyltransferase, methyltransferase,
epoxide hydrolase, and NAD(P)H–quinone oxidoreductase. To avoid these side effects,
both patients and doctors should be aware of the known interactions between the most com-
monly used drugs and various kinds of food or polyphenolic preparations [190,303–305].
Research and development activities are necessary in this area to study the pharmacological
effects and ensure a positive and secure future perspective. At present, it is advised to
consume fruits, vegetables, and beverages that contain polyphenols. However, it is pre-
mature to provide definitive guidelines on the recommended daily intake of polyphenols.
Regulatory organizations should give priority to staying informed about scientific findings
in order to establish guidelines for the use and supplementation of polyphenols. This
encompasses the regulation of health and functional assertions linked to polyphenols, as
well as the establishment of dietary guidelines for commonly ingested polyphenols or those
that may pose a risk. To promote the adoption of good dietary habits, it is recommended
to incorporate recommendations for their consumption into existing nutrition education
campaigns and standards. Although there are still gaps in our understanding of this new
field, it is essential to take proactive measures in public health to ensure the safety and
awareness of individuals.
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5. Conclusions

Several studies have provided evidence for the protective effects of polyphenols
in preventing chronic illnesses. Various mechanisms of action have been suggested to
explain these protective effects. Significant advancements have also been achieved in
assessing the bioavailability of polyphenols. Nevertheless, further human studies are
required to establish conclusive evidence about the beneficial effects of polyphenols. The
primary source of definitive evidence will predominantly arise from additional clinical and
epidemiological investigations. The number of clinical trials published thus far remains
limited. When creating novel products that include polyphenols and are intended to
have targeted effects on a specific pathology, it is crucial to ensure that they do not pose
an elevated risk for additional pathologies. In the near future, it is expected that the
most effective polyphenols and optimal levels of consumption will be identified for both
the general population and for individuals at risk of acquiring specific diseases. Prior to
achieving this objective, it is essential to use the available information before recommending
an increase in their usage. This consideration is also crucial for dietary supplements, as
promoting them can lead to a significant rise in polyphenol consumption, often beyond
the levels typically obtained from a regular diet. Once the optimal levels of polyphenol
intake have been determined, it will be feasible to enhance the nutritional value of food
through plant breeding or food processing, and to provide accurate dietary guidelines for
promoting good health.
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Bark Extract (Pycnogenol) on Symptoms of Knee Osteoarthritis. Phytother. Res. 2008, 22, 1087–1092. [CrossRef] [PubMed]

296. Farid, R.; Mirfeizi, Z.; Mirheidari, M.; Rezaieyazdi, Z.; Mansouri, H.; Esmaelli, H.; Zibadi, S.; Rohdewald, P.; Watson, R.R.
Pycnogenol Supplementation Reduces Pain and Stiffness and Improves Physical Function in Adults with Knee Osteoarthritis.
Nutr. Res. 2007, 27, 692–697. [CrossRef]

297. Awan, F.T.; Jones, J.A.; Maddocks, K.; Poi, M.; Grever, M.R.; Johnson, A.; Byrd, J.C.; Andritsos, L.A. A Phase 1 Clinical Trial of
Flavopiridol Consolidation in Chronic Lymphocytic Leukemia Patients Following Chemoimmunotherapy. Ann. Hematol. 2016,
95, 1137–1143. [CrossRef] [PubMed]

298. Amato, B.; Compagna, R.; Amato, M.; Gallelli, L.; de Franciscis, S.; Serra, R. Aterofisiol(®) in Carotid Plaque Evolution. Drug Des.
Devel Ther. 2015, 9, 3877–3884. [CrossRef]

299. Biesinger, S.; Michaels, H.A.; Quadros, A.S.; Qian, Y.; Rabovsky, A.B.; Badger, R.S.; Jalili, T. A Combination of Isolated Phytochem-
icals and Botanical Extracts Lowers Diastolic Blood Pressure in a Randomized Controlled Trial of Hypertensive Subjects. Eur. J.
Clin. Nutr. 2016, 70, 10–16. [CrossRef] [PubMed]

300. Bhatt, J.K.; Thomas, S.; Nanjan, M.J. Resveratrol Supplementation Improves Glycemic Control in Type 2 Diabetes Mellitus.
Nutr. Res. 2012, 32, 537–541. [CrossRef] [PubMed]

301. Martínez De Toda, I.; González-Sánchez, M.; Díaz-Del Cerro, E.; Valera, G.; Carracedo, J.; Guerra-Pérez, N. Sex Differences in
Markers of Oxidation and Inflammation. Implications for Ageing. Mech. Ageing Dev. 2023, 211, 111797. [CrossRef] [PubMed]

302. Duda-Chodak, A.; Tarko, T. Possible Side Effects of Polyphenols and Their Interactions with Medicines. Molecules 2023, 28, 2536.
[CrossRef] [PubMed]

303. Fukami, T.; Yokoi, T.; Nakajima, M. Non-P450 Drug-Metabolizing Enzymes: Contribution to Drug Disposition, Toxicity, and
Development. Annu. Rev. Pharmacol. Toxicol. 2022, 62, 405–425. [CrossRef] [PubMed]

304. Esteves, F.; Rueff, J.; Kranendonk, M. The Central Role of Cytochrome P450 in Xenobiotic Metabolism—A Brief Review on a
Fascinating Enzyme Family. J. Xenobiotics 2021, 11, 94–114. [CrossRef]

305. Bhamre Vaibhav, G.; Deore Pranjal, D.; Amrutkar Rakesh, D.; Patil Vinod, R. Polyphenols: The Interactions with CYP Isoenzymes
and Effect on Pharmacokinetics of Drugs. Curr. Trends Pharm. Pharm. Chem. 2022, 4, 13–23. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s10072-018-3415-1
https://www.ncbi.nlm.nih.gov/pubmed/29808331
https://www.ncbi.nlm.nih.gov/pubmed/28601049
https://doi.org/10.23736/S0391-1977.18.02820-1
https://www.ncbi.nlm.nih.gov/pubmed/30561176
https://doi.org/10.1002/ptr.2461
https://www.ncbi.nlm.nih.gov/pubmed/18570266
https://doi.org/10.1016/j.nutres.2007.09.007
https://doi.org/10.1007/s00277-016-2683-1
https://www.ncbi.nlm.nih.gov/pubmed/27118540
https://doi.org/10.2147/DDDT.S87609
https://doi.org/10.1038/ejcn.2015.88
https://www.ncbi.nlm.nih.gov/pubmed/26059745
https://doi.org/10.1016/j.nutres.2012.06.003
https://www.ncbi.nlm.nih.gov/pubmed/22901562
https://doi.org/10.1016/j.mad.2023.111797
https://www.ncbi.nlm.nih.gov/pubmed/36868323
https://doi.org/10.3390/molecules28062536
https://www.ncbi.nlm.nih.gov/pubmed/36985507
https://doi.org/10.1146/annurev-pharmtox-052220-105907
https://www.ncbi.nlm.nih.gov/pubmed/34499522
https://doi.org/10.3390/jox11030007
https://doi.org/10.18231/j.ctppc.2022.004

	Introduction 
	Bioavailability 
	The Aim of this Study 
	Data Sources 

	Recent Studies and Emerging Trends on Polyphenols 
	Anticancer Activity 
	Anti-Diabetic Activity 
	Anti-Arthritic Activity 
	Anti-Microbial Activity 
	Cardioprotective Activity 
	Neuroprotective Activity 
	Anti-Obesity and Immunomodulatory Activity 

	Preclinical and Clinical Data on Polyphenols 
	Future Perspectives and Takeaway Message 
	Conclusions 
	References

