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Abstract: Procyanidin is an abundant polyphenol found in nature. It is composed of flavan-3-ol units,
including catechin and epicatechin. Procyanidin is a polyphenolic polymer found in abundance in
grapes, cranberries, apples, tea, cocoa, and pine bark. Procyanidin possessed antioxidant, anticancer,
antitumor, anti-inflammatory, immunosuppressive, and antiallergy properties and protected against
chronic diseases and metabolic disorders. Consequently, procyanidin may protect against chronic
diseases such as cardiovascular disease, cancer, and immune-related diseases. Procyanidin acts as an
anti-inflammatory, inhibits adipogenesis, melanogenesis, oxidative stress, and enhances lipid
metabolism and macrophage activity. The current review summarized the numerous potential health
benefits of procyanidin. Despite recent advances, multiple questions and challenges remain regarding
procyanidin’s action, biogenesis, and bioavailability mechanisms. Further investigation of
procyanidin’s metabolism, genetics, and cellular effects is necessary and should be pursued.
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1. Introduction

Polyphenols are the most abundant secondary metabolites, and several of them have
been discovered in plant-based food products [1]. Several studies have recently begun to report
the various health benefits of consuming polyphenols like procyanidin that may reduce chronic
diseases and metabolic disorders [2—-4].

Procyanidin is gaining traction in the fields of nutrition and medicine. The number of
studies on the potential health benefits of procyanidin has recently increased. Procyanidin is a
naturally found polyphenol composed of flavan-3-ol units, epicatechins, and catechins [5-7].
It is a type of polyphenolic polymer that is widely distributed in grapes, grains, red wine, nuts,
berries, apples, tea, cocoa, and pine bark [3, 5, 8-10]. Procyanidin can also be derived from
flowers, leaves, and legumes [10-13].

https://biointerfaceresearch.com/ 5918


https://biointerfaceresearch.com/
https://biointerfaceresearch.com/
https://doi.org/10.33263/BRIAC125.59185940
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-9424-015X
https://orcid.org/0000-0002-4594-4115
https://orcid.org/0000-0001-5992-9664
https://orcid.org/0000-0002-4104-518X
https://orcid.org/0000-0002-4134-2504
https://orcid.org/0000-0001-5080-1023

https://doi.org/10.33263/BRIAC125.59185940

This review will examine the occurrence and structure of procyanidin, bioavailability,
antioxidant, anticancer, anti-inflammatory, antivirus, and immunosuppressive activity and a
protective role against chronic diseases and metabolic disorders. In addition, some suggestions
for studies involving procyanidin are discussed in this review.

2. Occurrence, Chemical Structure, and Sources of Procyanidin

Procyanidin is a proanthocyanidin composed of a homo-oligomeric structure (epi)
catechin and two B-ring hydroxyl groups [14, 15]. It is generally categorized as A-type or B-
type based on the degree of polymerization and the stereo configuration between the monomers
(Figure 1). An interflavan bond and a second ether linkage exist between the A-ring hydroxyl
group and carbon-2 of the A-ring in A-type procyanidins. On the other hand, the B-type is
distinguished by a single interflavan bond between carbon-4 of the B-ring and either carbon-8
or carbon-6 of the C-ring [9, 16]. Oligoprocyanidins are procyanidins that contain 2—7
monomeric units. The most common monomeric unit is ()-epicatechin, with B-type being the
most prominent, as reported by Tsao [1]. Procyanidin C1 is one of the B-type
proanthocyanidins derived from (-)-epicatechin. It is made up of three (-)-epicatechin units
linked together by two successive (4beta->8)-linkages. These units are typically connected by
CC or C-O-C bonds (Figure 2). Procyanidin C1 is also widely recognized as cinnamtannin Al,
proanthocyanidin C1, epicatechin, or procyanidol C1 [17, 18].
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Figure 2. Molecular structure of Procyanidin C1 [18].

Procyanidin is widely distributed in legumes, fruits, grains, and leaves. Some of the
foods that contain the highest concentration of procyanidin are chocolates [19, 20], apples
[6, 21], and cocoa powder [22]. A lower concentration of procyanidin can be found in grapes
[4, 8], red wine [23], kiwis [24, 25], and pears [26, 27]. On top of that, procyanidin can be
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detected in flowers [11, 13], bananas [28, 29], lettuce [30, 31], legumes [12, 15], cinnamon
[32], pumpkin [33] and tea leaves [11, 34] (Figure 3).

Figure 3. Various sources of procyanidin C1.

3. Bioavailability and Metabolism

Dietary polyphenols have recently attracted considerable attention among nutritionists
and food scientists due to their abundance in almost all foods and possessed numerous health
benefits. Several studies and models have been used to describe procyanidin absorption and
bioavailability. In an in vitro study using human placental and rat liver models, the degree and
position of methylation of procyanidin are dependent on the three-dimensional structure of the
entire substrate molecule as reported by Weinert et al. They also discovered that human and
rat cytosolic catechol-O-methyltransferase (COMT) methylated procyanidins and the trimer
underwent monophasic, biphasic, or triphasic reactions, respectively [35].

Procyanidins are polyphenols with low oral bioavailability significantly affected by the
type of food consumed. The absorption and bioavailability of procyanidins might be interrupted
by carbohydrates, fibers, and protein. The interactions between these compounds may enhance
the efficacy of the absorption process by causing synergistic or antagonistic effects [36—39].
The absorption process is highly dependent on the pH of the stomach’s gastric juice. Other than
that, procyanidin’s molecular structure influences its bioavailability and function. Its
absorption in the small intestine is indirect as it is determined by the type of monomer structure
or dimer recognized by the plasma [40, 41]. Because of their smaller size, monomeric
procyanidins are more absorbable than dimeric procyanidins. Large molecules are poorly
absorbed through the intestinal barrier [40, 42, 43].

Procyanidins are extensively conjugated in the liver, accumulated in tissues, and
excreted in the urine before returning to the intestine via bile. The gut microbiota will absorb
and metabolize the depolymerized procyanidin before passing to the colon [6, 44, 45]. It is
catabolized into low molecular weight phenolic acids in the colon [41, 46]. Procyanidin
absorption is also closely related to the activity of gut microbiota in the intestine. This gut
microbiota will degrade procyanidin molecules into other valuable metabolites in the intestines
[12, 46]. Additionally, consuming procyanidins boosts the intestinal flora of pig models,
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thereby improving physiological processes in the metabolism of carbohydrates, amino acids,
energy, and nucleotides are recently reported by Zhao et al. [47]. Surprisingly, the phenolic
acids degraded by the gut microbiota have a more significant biological effect than the original
compound [45]. The procyanidins will also change the gut microbiota composition, acting as a
natural treatment for diseases by increasing the positive biomarker and decreasing the bacteria
ratio [48, 49].

4. Antioxidant Activities

Procyanidin has very potent antioxidant activity, which functions as a protective
mechanism against oxidative stress caused by reactive oxygen species (ROS) in the
environment [5, 22]. Proanthocyanidins have 20 times the antioxidant capacity of vitamin C
and 50 times the antioxidant capacity of vitamin E [50]. Aside from that, procyandin’s
antioxidant activity and scavenging capacity are proportional to its size and composition [25].
Its antioxidant function is frequently associated with reactive oxygen species (ROS).

ROS (reactive oxygen species) are produced by a variety of sources. They are divided
into two categories: non-radical and free radical species. In general, ROS are formed from
molecular oxygen via redox reactions or electronic excitation. Several processes in our body,
such as differentiation, metabolism, proliferation, and apoptosis, are maintained in a normal
physiological state by our body’s endogenous antioxidative system. They keep the system in a
state of dynamic redox equilibrium [51, 52]. Excessive production of reactive nitrogen species
(RNS) and reactive oxygen species (ROS) causes oxidative stress (OS), and accumulation of
ROS can trigger a cascade that causes direct damage to DNA, lipids, and proteins, ultimately
leading to tissue dysfunction. Aside from that, ROS accumulation can contribute to the
development of diseases, including cancers, neurodegenerative disorders, cardiovascular
diseases, and metabolic disorders [32, 53, 54].

When the ROS level is low, it is usually advantageous and beneficial for cells and
tissues, such as cell division, tissue repair, and angiogenesis. However, when the ROS level is
high, and overproduction is hazardous because it causes apoptosis, cell damage, DNA
mutations, and cell death [55-58]. Excessive ROS production disrupts multiple biomolecules,
which can cause membrane damage. Furthermore, it will inactivate membrane receptors and
enzymes, reduce membrane fluidity, increase membrane permeability to ions, and, in extreme
cases, rupture the cell membrane and release organelles. In addition, lipid peroxides, nitric
oxides, and superoxide radicals accumulate in cells and directly damage them by generating
unstable radicals and interfering with natural antioxidant molecules and enzymes such as GSH,
CAT, SOD, and GSH-Px [52, 59-63].

Procyanidin has been shown to prevent oxidative stress-induced DNA damage and
promote DNA repair via various pathways. To progress, they disrupt oxidative stress damage
and redox chain reactions by scavenging oxidative species like ROS and RNS. DNA repair
enzymes, on the other hand, functioned better. The formation was then inhibited by the
induction of I1L-12, which promoted the nucleotide excision mechanism and inhibited DNA
hypomethylation [64-67].

Studies on cultured cells and rat liver revealed that procyanidin supplementation could
downregulate stress-activated MAPK and apoptosis-related pathways. Furthermore, they
discovered that procyanidin could increase the expression and activity of antioxidant enzymes
[68, 69]. Another study on the lead-induced liver oxidative stress model discovered that
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procyanidin reduced oxidative stress by increasing Nrf2 gene expression and ARE-mediated
transcription via Nrf2/ARE signaling pathway activation [62].

One of the primary functions of antioxidants is to prevent apoptosis and reduce the level
of ROS in cells. A study showed that supplementing procyanidin reduced ROS production and
inhibited apoptosis in oocytes. They also found that procyanidin increased mitochondrial
membrane potential and glutathione levels, as well as oocyte quality and development [51].
Furthermore, other researchers discovered that procyanidin has an apoptosis-inducing effect
on senescent cells under in vivo conditions in a study on human stromal cells. Procyanidins
were also found to reduce senescence markers in solid organs and multiple tissues [54].

Researchers discovered that procyanidin supplementation significantly reduced UVB-
induced lipid peroxidation [63, 70]. It has been reported that combining procyanidin with
DHA-OR improves PUFAs, reduces lipid hydroperoxides, and increases the detoxification of
postprandial xenobiotics in rats [71]. Another study on rat erythrocytes and lymphocytes found
that procyanidin supplementation could protect against cadmium-induced ROS production,
free radical production, and lipid peroxidation [72].

Procyanidins inhibit lipases and cholesterol esterase in a dose-dependent manner.
According to the findings, procyanidin fuses into insoluble complexes in the intestine, which
reduces fat absorption, inhibits the formation of cholesterol micelles in the intestinal lumen,
increases their fecal excretion, and thus reduces lipid digestion [3, 73]. In a liposomal
membrane system, the procyanidin fraction exhibited higher antioxidant activity, influenced
cell wviability, and inhibited lipid peroxidation induced by 2,2'-azobis-2-methyl-
propanimidamide dihydrochloride [74, 75].

Procyanidin has been reported to inhibit inducible nitric oxide synthase-mediated nitric
oxide production. Procyanidin was also found to influence the release of interleukin-6 and
tumor necrosis factor-, as well as the levels of prostaglandin E2 and cyclooxygenase-2, and the
expression of cell surface molecules in lipopolysaccharide (LPS)-induced macrophages [76,
77].

5. Anticancer and Antitumor Activity

A redox imbalance in the body can cause disease to form. It is frequently associated
with an increase or accumulation of oxidative stress. Oxidative stress can cause DNA mutations
and epigenetic changes, as well as alter chromatin proteins. These conditions will cause
disruptions in the normal functions of the cells and changes in the signaling pathways [52].
Cancer cells, in general, have an accelerated metabolism. A high level of ROS is needed to
maintain their metabolic processes, progression, and proliferation. The presence of a high level
of ROS will trigger and exasperate their metabolism, as well as vigorously assault and damage
their DNA, lipids, and proteins [78-80].

Numerous studies on skin cancer and photoaging concluded that oxidative stress plays
a role in developing and progressing skin cancer, chloasma, vitiligo, skin trauma,
polymorphous light eruptions, psoriasis alopecia areata, dermatitis, and allergic purpura.
Oxidative stress agitates dermatoses by causing DNA damage, interrupting lipids and proteins,
and activating cytokine activities. Aside from that, oxidative stress activities impacted the
preponderance of biochemical cascades, including Nrf2, MAPK, NF-kB/p65, and PI3K/Akt
[81-85].
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Several in vivo and in vitro studies have shown that procyanidins can act as an
anticancer agent by activating NF-xB, mitogen-activated protein kinases, PI3K/AKkt, caspases,
cytokines, angiogenesis, and cell cycle regulatory proteins [76, 86-88]. In the case of
dermatoses, procyanidins act as antioxidants by repairing DNA damage, lipids, and proteins,
according to Mantena et al. [89]. Procyanidin has been shown to control cytokine release,
regulate oxidative stress-related signaling pathways, and induce oxidative stress-mediated
dermatoses via the NF-kB and MAPK pathways [89].

Procyanidins were discovered to have a chemopreventive effect on high-grade prostate
cancer [90]. This study supported the findings from the discovery that a combination of
procyanidin and its active constituent could target cancer stem cells in prostate cancer. Their
findings revealed that procyanidin and its constituents significantly reduced the constitutive
(Notchl ligand)-induced activated Notch1 pathway targeting prostate cancer growth and tumor
relapse [91].

Furthermore, procyanidins have been shown to prohibit the progression and
proliferation of xenograft tumor growth, as reported by Ravindranathan and colleagues [92].
They discovered that procyanidins significantly inhibit the formation of colorectal cancer
patient-derived organoids in vivo experimental models. The study was then confirmed in cancer
cell lines and mouse xenografts using cell cycle and DNA replication-associated genes
analysis. Procyanidins have anticancer properties in colorectal cancer, according to their
evidence. Another study on lowbush berry procyanidins found that they induce apoptosis in
human colorectal cancer cell lines [93].

Procyanidin was discovered to inhibit human colorectal adenocarcinoma (Caco-2) cells
in another study. Researchers found that procyanidin with low molecular weight enhanced
fluoropyrimidine 5-fluorouracil (5-FU) in cancer treatment. The bioactivity also outperformed
the standard 5-FU chemotherapy anticancer agent [94]. Procyanidins were also used to treat
colorectal cancer (CRC) cells in another study. The findings demonstrated that procyanidin
could impede CRC cell growth via the Akt kinase pathway, which explains the potential of a
procyanidin-rich ability to reduce the risk of developing colorectal cancer [95].

Apart from that, procyanidins extracted from grape seeds were demonstrated to inhibit
and down-regulate COX-2/PGE2 pathways in lung cancer. And apart from that, there was a
significant increase in PGI2 and 15-HETE against lung cancer. Procyanidin extracted from
grape seeds also targets IGFBP-3 enzymes in lung cancer related to the IGF-I/IGF-I
receptor/IGFBP-3/phosphatidylinositol 3-kinase pathway [96]. Procyanidin has anti-
proliferative, apoptotic, and autophagic effects on gastric cancer cells by modulating the
Akt/mTOR signaling pathway [97].

Furthermore, procyanidins from Lafoensia pacari are cytotoxic to lung cancer cells by
inducing caspase-3-dependent apoptosis. Caspase-3 activation triggered sub-G1 cell cycle
arrest in cancer cells, implying cell death [98]. In another study on B-cell lymphoma cancer,
researchers found that procyanidins inhibited cell migration and invasion at the G2/M phase.
This study’s results also revealed a significant decrease in the levels of interleukin (IL)-6, IL-
1, and tumor necrosis factor (TNF) [99].

Procyanidin was also used to treat another type of cancer cell, the human breast cancer
cell line (MCF-7). According to the study’s findings, procyanidin significantly inhibited MCF7
cell proliferation in a concentration/time-dependent manner. They also discovered that
procyanidin induced cell cycle arrest and apoptosis by suppressing the EGFR/VEGF/MMP9
pathway [100]. Vorinostat treatment is always used in the treatment of non-small cell lung
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cancer (NSCLC). NCSLC causes the majority of lung cancer cases. The study discovered that
combining vorinostat and procyanidin had a synergistic anti-proliferative effect and increased
apoptotic cell death. As a result, it was proposed as an effective antitumor therapy for the
treatment of NSCLC [101].

Procyanidins were also tested on human bladder cancer (BIU87) cells and analyzed
using a semi-quantitated RT-PCR and Western blotting, as demonstrated by Liu and colleagues
[102]. They discovered that procyanidin treatments impaired cell proliferation by arresting the
cell cycle at the G1 phase and induced apoptosis by increasing the level of caspase-3. Other
researchers investigated the effect of procyanidins from apples on oesophageal
adenocarcinoma (OA) cells. They found that procyanidins reduced cell viability, induced
apoptosis, and caused cell cycle arrest in GO/G1. These findings suggest that procyanidins
derived from apples could have chemotherapeutic effects on OA cells [103].

6. Anti-Inflammatory Activity

Procyanidins’ anti-inflammatory activity was also investigated using various models.
For example, ultraviolet radiation induces erythema, edema, and hyperplastic epithelial
responses, all of which play important roles in forming skin tumors. The research found that
dietary intake of procyanidins influences cyclooxygenase-2 (COX-2) enzyme expression,
inhibits UV radiation-induced edema, erythema, infiltration of inflammatory leukocytes, and
myeloperoxidase activity in mouse skin [65, 104].

In another study, researchers discovered that the transcription of the transcription factor
NF-kB was directly linked to regulating genes involved in oxidative stress, apoptosis, and
inflammation. NF-xB proteins are normally retained in the cytoplasm alongside NF-kB
inhibitory proteins. Multiple cellular stressors, such as oxidants, antigens, and oxidative stress,
will trigger and activate it. All cellular stressors will elicit phosphorylation, which will detach
the protein from NF-«xB before it is degraded, allowing NF-«B translocation into the nucleus.
Procyanidin treatment was proven to affect oxidative damage and inflammation by influencing
the suppression of NF-kB, ERK, p38, and JNK phosphorylation. Procyanidins inhibited the
NF-kB and MAPK pathways, which hindered the mRNA expression of proinflammatory
cytokines and COX-2 inflammatory prostaglandin products [87, 105-107].

Another discovery found that procyanidins inhibit the LPS-induced production of
reactive oxygen species (ROS), and the anti-inflammatory activities were triggered by the
inhibition of the ERK1/2 and IKKb enzymes. The research also discovered that procyanidins
impeded IKKb activity in vitro [88]. Furthermore, procyanidins derived from red rice
negatively impacted interleukin-6, tumor necrosis factor-, and nitric oxide production in LPS-
induced Raw 264.7 cells. Aside from that, the findings revealed that procyanidins inhibit the
phosphorylation of extracellular signaling-regulated kinases and p38 MAPK signaling, which
are responsible for the expression of inflammatory mediators in LPS-stimulated Raw 264.7
cells [106].

Furthermore, supplementing procyanidins from grape seeds reduced the release of
inflammatory cytokines IL-6 and TNF-, increased the activity of Nrf2, superoxide dismutase,
and catalase, and significantly reduced the output of malondialdehyde and hydrogen peroxide
in PFOA-treated mice. The findings also showed that procyanidin supplementation tends to
increase the expression of the anti-apoptotic protein Bcl-2 while decreasing the expression of
the pro-apoptotic proteins p53 and Bax, as well as the activity of caspase-3 in the liver. They
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suggest that procyanidins reduce PFOA-induced inflammatory response, oxidative stress, and
apoptosis in the mouse liver [108].

In the classic knockout model that develops spontaneous colitis, supplementation of
procyanidins derived from grape seeds indicated that supplementing colitis animals with
various concentrations of procyanidins for 12—-16 days significantly decreased the expression
of multiple inflammatory markers, which was associated with the suppression of NF-«xB
signaling in the colitis animals. The findings also reveal the effect of procyanidins on the
density of goblet cells in the jejunum of treated animals, implying that the inflammation process
was slowed by another mechanism in the treated animals [109].

In other studies, researchers discovered that procyanidin Cl promotes anti-
inflammatory activity in macrophages. They discovered that procyanidin treatment reduced
prostaglandin E2 and cyclooxygenase-2 levels and the expression of cell surface molecules like
CD80, CD86, and MHC class Il. The findings also revealed that procyanidins have an anti-
inflammatory effect by inhibiting the mitogen-activated protein kinase and nuclear factor-B
signaling pathways [76, 110].

7. Immunosuppressive Properties and Anti-Allergy

Procyanidins have also been shown in numerous studies to have immunosuppressive
and antiallergy properties. Various disorders, such as systemic lupus erythematosus, uremia,
Behcet’s disease, and irritable bowel disease, may also involve molecules and pathways
targeted by procyanidins. Caspases, PERK/NRF2, NADPH oxidase, and JNK/MAPK
signaling cascades are part of the pathway [52]. As a result, the impact of procyanidins on
disease prevention is the most plausible in ameliorating various immune disorders. Despite
many in vitro and cell-based evidence of immunomodulatory effects, animal model studies are
limited; therefore clinical evidence is urgently required before granting credible dietary or
supplement recommendations and complementary treatments based on procyanidins [34].

Other researchers reported interesting clinical evidence for lupus nephritis prevention.
The researchers discovered that procyanidin suppresses inflammation and significantly affects
NLRP3 inflammasome activation, and lowers renal and serum levels of IL-1b and IL-18 in
MRL/lpr mice [111]. Another study reported that procyanidin C1 trimer is a promising
metabolite for the reactivation of latent HIV-1 reservoirs. They discovered that NF-kB-
dependent transcription peaked 12 hours after stimulation and then declined significantly,
implying Tat-mediated self-sustainability of HIV-1 expression [17].

Procyanidin oligomers from cinnamon bark possess immunosuppressive properties and
could be used to treat immune-related diseases [112]. They discovered that the oligomers
significantly suppressed splenocyte proliferation and decreased interferon and interleukin-2
levels. In another study, researchers used procyanidins derived from grape seeds to treat UVB-
exposed mice. Procyanidins inhibit UVB-induced immunosuppression by stimulating CD8
effector T cells and decreasing regulatory CD4 T cells, according to the study’s findings [67].
In UVB-exposed mice, procyanidins from grape seed extracts also demonstrated
immunosuppressive activity by inducing regulatory T cells (Treg cells), inhibiting
photocarcinogenesis, and promoting DNA repair in dendritic cells [67, 113].

In a mouse model of experimental autoimmune encephalomyelitis, highly polymerized
procyanidins from Jatoba extracts were injected (EAE). The researchers reported a decrease in
both dendritic and CD4-T cells in this study. They also reported the inhibition of CD80 and
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MHC class Il molecule expression, indicating immature macrophages and reducing antigen-
presenting capability [114]. Recent psoriasis research demonstrated that procyanidins are an
excellent candidate for psoriasis management and can be used in conjunction with other
substances, such as anti-cytokine biologics. They discovered that procyanidins could induce
the proliferation and differentiation of Th17/Th1/Th22 cells while also impairing the anti-
inflammatory activities of regulatory T lymphocytes [115]. Furthermore, a study found that
procyanidins impeded morphine-induced increases in interleukin-1 and activation of the NOD-
like receptor protein3 (NLRP3) inflammasome, suppressing nuclear factor-B translocation
curtailed the level of reactive oxygen species in microglia in a study of procyanidins and
morphine co-administration [116].

8. Improves Reproductive Parameters and Fertility

It has been demonstrated that procyanidins affect reproductive parameters,
development, and fetal health. However, additional research is urgently needed to understand
their potential benefits for health, physiology, mechanisms, and clinical utility concerning
reproduction and fertility. This section will summarize the research on the effects of
procyanidins on reproductive parameters, development, and fetal health.

Researchers conducted a cross-sectional before-and-after study on twenty-nine patients
with idiopathic male infertility (IMI) to determine the effect of procyanidin on seminal
parameters. They determined the levels of seminal catalase, superoxide dismutase,
malondialdehyde, and serum FSH, LH, and testosterone at the start and end of the study. Their
findings indicated that procyanidin treatment alleviated seminal oxidative stress in patients
with IMI by increasing semen catalase, decreasing semen malondialdehyde, and increasing
serum FSH levels [117].

The effect of procyanidins on reproductive parameters and fertility has been studied
using a variety of animal models. Procyanidin treatment improved sperm motility in Merino
rams during the non-breeding season, according to a study [118]. Furthermore, procyanidin
was tested on black boar sperm to evaluate the quality of the sperm during liquid preservation
at 17°C. When compared to the control group, procyanidin improved boar sperm motility,
acrosome integrity, membrane integrity, and mitochondrial membrane potential [119].

In another study, procyanidin derived from grape seeds was used to treat goat sperm.
The researchers discovered that the treatment groups had significantly higher sperm motility,
acrosome membrane integrity, mitochondrial activity, plasma membrane integrity, total
antioxidant capacity, catalase activity, and superoxide dismutase activity than the control
group, while the control group had significantly lower malondialdehyde (MDA) content.
Additionally, they discovered that litter sizes were larger in the procyanidin-treated group than
in the control group following artificial insemination (Al) [120].

The effect of procyanidin supplementation was also examined on porcine oocytes’ in
vitro maturation (IVM). The findings indicated that supplementation with procyanidin reduced
ROS production and apoptotic levels. Additionally, procyanidin has been shown to increase
both mitochondrial membrane potential and glutathione (GSH) levels. Thus, they concluded
that procyanidin enhanced the quality of oocytes and stimulated embryonic development [51].

Additionally, procyanidin was studied in rabbits to determine some male reproductive
parameters. A study demonstrated that procyanidin derived from a methanolic extract of
Phoenix dactylifera dramatically reversed the detrimental reproductive effects of Cadmium
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(Cd) by increasing semen quality, motility, libido, semen concentration, total ejaculation,
viability, and morphology. Additionally, they discovered that the control rabbits’ testis density
and epididymis length were significantly different from those of the Cd-only exposed rabbits
[121]. The study was confirmed by other researchers that revealed the protective effect of
procyanidins against cadmium (Cd)-induced testicular apoptosis, inflammation, and oxidative
stress in rats. They discovered that procyanidin protected DNA from damage and increased the
expression of antioxidant responsive elements Nrf2/HO-1 in cadmium (Cd)-induced rats via a
PI3K/Akt-dependent pathway [72].

Aluminum chloride (AICl3) has been shown to significantly impair reproductive
quality, increase oxidative stress, and alter the testicular structure and hormonal levels. A study
demonstrated that procyanidin treatment improves the histological structure of the testis and
greatly enhances the damaged tissue in AICI3-induced rats [122]. Procyanidin administration
also resulted in a significant decrease in spermatogenic cell apoptosis, an increase in serum
testosterone levels, sperm quality, and histological characteristics of the testicular tissue, as
well as a significant increase in antioxidant enzyme activities (SOD, GSH, and GSH-Px) and
a remarkable decrease in MDA. This study demonstrated that procyanidin inhibited testicular
dysfunction and possessed anti-apoptotic activity in rats fed a high-fat diet (HFD) [123].
Additionally, procyanidins enhance sperm motility by inhibiting the c-kit expression and
reversing the apoptosis and oxidative stress induced by nickel (Ni) through directly lowering
MDA and NO, scavenging H-O>, and downregulating Bax expression [124].

In another study of HFD-induced rats, the offspring of rats fed an HFD and treated with
procyanidin had a significantly higher adiposity index and weight of all-white adipose tissue
(retroperitoneal, mesenteric, epididymal, and inguinal) than the offspring of rats fed an HFD
but not treated with procyanidin. The procyanidin-treated group had more epididymal cells,
lower circulating levels of MCP-1, and lower plasma glycerol levels. They suggested that
procyanidin treatment in pregnant and lactating rats increased adiposity, decreased MCP-1
circulating levels, and altered gene expression associated with immune function and
inflammatory response [125]. All biochemical parameters, including total lipids, total
cholesterol, triglycerides, phospholipids, and low-density lipoprotein cholesterol, were
recovered in the serum and histological testicular disorders of procyanidin-supplemented rats,
indicating procyanidin’s protective effect [126].

The detrimental effects of bisphenol A (BPA) on subsequent generations were also
investigated using procyanidin from grape seeds, as recently reported by Zulazlan and
colleagues’ [127]. Their findings through oligonucleotide array-based comparative genomic
hybridization (CGH) analysis revealed the expression of sulfotransferase family genes
(Sult2a2, Sult2all, and Sult2al) was significantly lower intergenerationally and
intergenerationally in the procyanidin-treated group compared to the BPA-treated group.
Additionally, they discovered that the number of deleted genes increased significantly in the P
generation compared to the F1 generation, while the number of deleted genes decreased
significantly in the procyanidin-treated rats in the P generation compared to the F1 generation.
Thus, this study established that procyanidin could mitigate the detrimental effects of BPA on
the expression of sulfotransferase family genes across generations.

In another study, researchers examined whether grape seed procyanidin extract can
protect testicular cells from oxidative injury caused by varicocele via the nuclear factor
(erythroid-derived 2)-like 2 (Nrf2) antioxidant pathway. As a result, they discovered that
administering procyanidin significantly improved sperm count and motility, as well as other
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pathological changes associated with varicocele. Apart from that, procyanidin administration
partially reversed the decreased antioxidant enzyme activity (superoxide dismutase and
glutathione peroxidase) and increased oxidative stress levels, as well as the testis apoptotic
level. These findings suggest that procyanidin may be able to alleviate abnormal
spermatogenesis and testicular injury in varicocele rats, possibly through its antioxidant
activity and ability to activate the Nrf2 pathway [128].

Another study has been conducted to determine whether procyanidin can protect mice
from doxorubicin-induced mutagenicity and to delineate the mechanism by which they can do
so. In this study, oral administration of procyanidins for seven consecutive days before and
seven consecutive days after doxorubicin treatment significantly increased sperm count and
motility, which were decreased by doxorubicin treatment. Additionally, procyanidins
significantly reduced doxorubicin-induced increases in spermatogonia and spermatocyte
chromosomal aberrations and sperm head abnormality. This study demonstrated that
procyanidins protect against doxorubicin-induced mutagenesis and cell proliferation changes
in mouse germinal cells, suggesting that they may be a good potential chemopreventive agent
for cancer patients undergoing doxorubicin-involved treatment [129].

Procyanidin has been shown to improve the quality of eggs, as reported by Barbe and
colleagues [130]. They revealed that supplementation with procyanidin had no effect on egg
production or fertility parameters. However, it decreased the number of reactive oxygen species
and steroidogenesis in yolk eggs. Additionally, they discovered that procyanidin improved egg
quality by reducing the number of double-yolk eggs and increasing the size and elasticity of
normal eggs. On the other hand, maternal procyanidin intake during lactation resulted in
offspring with insulin resistance and an adiponectin resistance-like phenotype [131].

9. Protective Roles Against Chronic Diseases and Metabolic Disorders

Procyanidins have been shown in several studies to improve the survival of chronic
disease patients by reducing the complications of cardiovascular disease and metabolic
syndrome and improving the overall quality of life. Procyanidins inhibit oxidative stress
effectively by repairing DNA damage, restricting lipid peroxidation, and activating signaling
pathways. However, additional clinical trials are urgently needed to investigate procyanidin's
synergistic and antagonistic effects and other drugs [96].

A study reported that procyanidin derived from grape seeds provided great protection
against acetaminophen-induced liver and kidney damage by reducing oxidative stress.
Additionally, it was reported to provide superior protection against myocardial ischemia-
reperfusion injury and myocardial infarction in rats and chronic pancreatitis in humans [74].
Other researchers supplemented the diabetic rat model with procyanidins from grapes in
another study. Their results indicated that oral administration of procyanidins dramatically
improved pancreatic glutathione (GSH) levels and impaired alloxan-induced lipid
peroxidation. Apart from that, their findings indicated that procyanidins significantly decreased
pancreatic total nitrate/nitrite content and exhibited antihyperglycemic activity by inhibiting
alloxan-induced hyperglycemia [132].

Procyanidins also affect glycolytic homeostasis by lowering blood glucose levels and
increasing the production of coenzyme A for binding and raising lipoproteins [133]. Cinnamon
procyanidins also exhibit anti-diabetic activity in a mouse model, as demonstrated by Sun and
colleagues [32]. They discovered that trimer procyanidins in cinnamon extract protect
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pancreatic cells by increasing glucose-stimulated insulin secretion in procyanidin-treated cells
and islets and decreasing ROS accumulation in H2O»-treated islets. Besides this, procyanidins
may ameliorate cognitive dysfunction in Sprague-Dawley rats with focal cerebral ischemia,
used as a model for type 2 diabetes (T2D) by diminishing STAT1 expression and impeding
JAK/STAT signaling [52, 134]. Additionally, procyanidin inhibited the growth of vascular
smooth muscle cells induced by high glucose by inhibiting the PI3k/Akt signaling pathway and
ROS overproduction [135].

Other researchers discovered that a three-week treatment with procyanidins at lower
doses improved insulin resistance indexes, plasma glucose, and insulin levels in rats fed a high-
fat diet (HFD). Additionally, they discovered that low doses of procyanidins significantly
reduced fasting plasma insulin levels after ten and thirty days and decreased glucose levels by
14% [136-138]. In an obesity study, researchers discovered that chronic administration of
procyanidins derived from grape seeds elevated plasma levels of TNF-, IL-6, and monocyte
chemotactic protein 1 (MCP-1), all of which promote macrophage accumulation. Additionally,
it improved gut health in diet-induced obese rats by decreasing proinflammatory cytokine TNF-
secretions, lowering transepithelial electrical resistance in the small and large intestine, and
reversing plasma bacterial endotoxins. Likewise, procyanidins were found to inhibit the
expression of inflammatory factors such as myeloperoxidase, interleukin-1, interleukin-6, and
TNF-in the lung tissue of rats with pulmonary arterial hypertension [109, 139].

Additionally, procyanidins were found to lower both systolic and diastolic blood
pressure in rats, as reported by Quinones and colleagues [140]. They demonstrated that
administration of procyanidins reduced systolic blood pressure in hypertensive rats when
compared to the normotensive group and that the effect was comparable to that of the standard
drug captopril. Another study revealed that administration of procyanidin from grape seeds
effectively reduced serum cholesterol, LDL, free fatty acids, and TAGs levels while
accelerating serum phospholipids and HDL levels in the hypercholesterolemia rat model.
Additionally, they discovered that procyanidins improve the activity of enzymes associated
with diagnostic cardiac serum markers such as glutamate oxaloacetate transaminase (SGOT),
lactate dehydrogenase (LDH), and creatine kinase (CK) [141].

Numerous studies have demonstrated procyanidins’ efficacy in preventing and treating
cardiovascular diseases such as atherosclerosis, hypertension, heart failure, and restenosis.
Procyanidins effectively lowered blood pressure caused by salt and ameliorated cardiovascular
remodeling by inhibiting ROS generation and p38MAPK pathway activation. Additionally, it
reduces lipid peroxidation, lowers blood pressure, and improves hypertriglyceridemia [52,
142-144].

10. Antibacterial Effects of Procyanidins

Procyanidin has been shown to have potential health benefits by having the ability to
function as an antibacterial compound against various bacteria, as revealed by Yang and
colleagues [52]. They discovered that a procyanidin diet derived from cranberry juice could
accelerate E. coli agglutination and reduce bacterial invasion in the urinary tract via interactions
at the gastrointestinal tract mucosal surface. On another note, research on tea procyanidins
revealed that procyanidins could directly or indirectly reduce infection by Staphylococcus
aureus, Streptococcus pyogenes, Escherichia coli Helicobacter pylori, and certain other gram-
positive and gram-negative bacteria. The experiments demonstrated that procyanidins could
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inhibit bacterial growth through various mechanisms, including inhibition of extracellular
enzymes, deprivation of essential microbial substrates, bacterial outer membrane disintegration
with cytoplasm leakage, and direct action on microbial metabolism [38, 145-147].

Furthermore, a study discovered that the ethanol extract and fractions of N. imperialis
have anti-diarrheal properties, which may be due to procyanidin and ellagic acid derivatives
[148]. Another study discovered that hawthorn methanol extracts inhibit intracellular enzyme
activity, damage the cell wall and membrane integrity, increase reactive oxygen species (ROS),
change the expression of associated genes, and induce apoptosis in S. aureus [149]. The in-
silico study found that catechin and procyanidin from P. spruceanum leaves and fractions can
act as antibacterial agents by damaging the cell wall and changing the cell shape of resistant
bacteria [150]. The study also discovered that procyanidins from Pelargonium sidoides root
extract exhibited remarkable antibacterial activities against gram-negative keystone dental
medicine and peri-implant morbific strains Porphyromonas gingivalis, in an oral bacteria
viability study [151].

Other researchers discovered that procyanidin mediates the gut microbiota and
intestinal metabolic function, resulting in positive effects on metabolic homeostasis such as
carbohydrate, amino acid, energy, and nucleotide metabolism [47]. Procyanidins derived from
Pinus pinaster aqueous bark extract were discovered to have potent antibacterial activity
against multidrug-resistant Acinetobacter baumannii isolates [152]. In addition, procyanidin
fractions from Pelargonium sidoides root extract exhibited strong antibacterial activity against
Staphylococcus aureus, Staphylococcus epidermidis, Aggregatibacter
actinomycetemcomitans, and Escherichia coli under periodontitis-mimicking conditions,
making them promising candidates for periodontitis treatment [153]. As reported by another
study, a procyanidin-rich extract prepared from food-grade winery grape seeds was found to
possess antibacterial activity against Helicobacter pylori [154].

11. Antivirus Properties of Procyanidins

Procyanidins have also been shown to have antiviral activity against a variety of
viruses. Procyanidins had antiviral properties against herpes simplex and coxsackie viruses,
and their minimal inhibitory concentrations were much higher than the anti-herpes and
anticoxsackie references acyclovir or 3-methylquercetin [155]. Furthermore, procyanidins
have been shown to inhibit RSV replication by blocking RSV-induced nuclear factor-B, p38
MAPK/INK, AP-1, and ERK signaling pathways. These experiments also revealed that
procyanidins inhibited RSV-induced signaling pathways such as extracellular signal-regulated
kinase, c-Jun N-terminal kinase, and activating protein-1 family members, implying that
procyanidins could be a potent therapeutic agent to suppress excessive mucus production and
viral replication in RSV-induced airway inflammatory disorders [156].

In another study, researchers discovered that procyanidins extracted from tea had
inhibitory potential against influenza A and B viruses. They discovered that procyanidins bind
to viral envelope glycoproteins to block hemagglutinin domains, inhibiting virus particle
agglutination and preventing influenza virions from adsorbing and entering host cells [147,
157]. Aside from that, procyanidins found in tea have been shown to inhibit hepatitis C virus
entry and replication in hepatocytes [158, 159]. Furthermore, the antiviral effects of these
procyanidins were shown to impede the life cycle of the HIV-1 virus by impairing gp120
binding to human CD4 T cells [160, 161]. Recent research found that procyanidin may have
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antiviral properties against coronavirus (SARS-CoV-2) by inhibiting the interaction of several
proteins during virus entry and replication [162—-164].

Blueberry procyanidins fraction has been tested for antiviral activity against human
enteric viruses, specifically Aichi virus (AiV), which causes gastroenteritis. Joshi and
colleagues discovered and suggested that procyanidins from blueberries can lower AiV titers,
potentially preventing AiV-related illnesses and outbreaks [165]. A butanol fraction of
Cinnamomi cotex containing procyanidins has also been reported to have inhibitory activity
against wild-type SARS-CoV and HIV/SARS-CoV S pseudovirus infection by interfering with
endocytosis [166]. Aside from that, researchers discovered that procyanidin-enriched Rumex
acetosa extracts had antiviral activity against influenza A viruses by preventing viral entry into
the host cell [167]. Researchers discovered that procyanidins from cranberries have inhibitory
activity against murine norovirus (MNV-1), feline calicivirus (FCV-F9), MS2 (ssRNA)
bacteriophage, and fX-174 (ssDNA) bacteriophage. Within the first 10 minutes of treatment,
procyanidins were able to reduce virus titers [168].

12. Suggestion and Future Directions

Procyanidin research should be conducted in the future using various in vivo and in
vitro models better to understand potential health benefits, metabolism, and toxicity. The
procyanidin-gut microbiota interactions should be the main focus, especially on microbiota
isolation, identification, and metabolism. Procyanidin metabolism and absorption can be
explored using next-generation sequencing or sound in vitro models. Also, other A-and B-type
polyphenol metabolites should be investigated for health implications.

13. Conclusions

Procyanidin is a polyphenol that occurs naturally in various plants, flowers, nuts, and
barks. Procyanidin possesses antioxidant, anticancer, antitumor, anti-inflammatory,
immunosuppressive, and antiallergy properties and protective properties against chronic
diseases and metabolic disorders. Additionally, extensive research on the health effects,
genotoxicity, metabolism, bioavailability, and toxicology is required before recommending a
dietary supplement.
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