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According to two recently published research papers: 
 Physiological functions of poorly absorbed polyphenols via the glucagon-like peptide-1.  

Yamashita Y., et al. (2024). Bioscience, Biotechnology, and Biochemistry, Oxford Press.  

 Grape pomace as a cardiometabolic health-promoting ingredient: Activity in intestinal environment 

Taladrid D., et al. (2023) Antioxidants.  

the polyphenols, fiber, and organic acids found in grape pomace 

provide significant health benefits when added to food or 

beverage formulas. 

Polyphenols are plant-derived compounds with profound health 

benefits. For example, they play a key role in regulating glucagon-

like peptide-1 (GLP-1), a hormone vital for glucose regulation, 

appetite suppression, and vascular health.  

There are 20 known hormones that effect satiety and weight 

management. The other critical ones are:  

 Peptide YY: also controls digestion and satiety 

 cholecystokinin (CCK): controls digestion and satiety 

 Polypeptide GIP: stimulates insulin secretion 

 Incretin hormone: stimulates insulin secretion 

 DPP-IV: inhibition can increase  
(Taladrid D., et al.) 

Although raw polyphenols are often poorly absorbed, their activity within the gastrointestinal 

(GI) tract directly influences metabolic pathways.  

CDI puree, derived from fermented grape pomace, serves as a rich source of these bioactive 

compounds, including procyanidins, anthocyanins, flavan-3-ols, and phenolic acids. The 

patented CDI fermentation process greatly enhances the bioavailability and potency of these 

compounds, particularly their ability to stimulate GLP-1 secretion. 

Polyphenol Activation of GLP-1 Secretion 
GLP-1 is secreted by L-cells in the gut in response to nutrients and bioactive compounds. 

Procyanidins, especially tetrameric forms like cinnamtannin A2, are potent GLP-1 activators. 

These compounds stimulate the hormone's release by activating G-protein-coupled 

receptors (e.g., GPR40/120), which trigger calcium-dependent signaling pathways involving 

TRPM5 channels. Anthocyanins, such as delphinidin 3-rutinoside, enhance secretion through 

similar mechanisms. Together, these polyphenols amplify GLP-1 release, promoting better 

glucose regulation and metabolic health. (Taladrid D., et al.) 

CDI Fermentation Enhances Bioavailability 
Fermentation enhances the efficacy of CDI puree by breaking down large polyphenols into 

smaller, more absorbable forms, such as catechins and phenolic acids. It also releases 

polyphenols bound to grape cell walls, improving their bioavailability. Once in the colon, gut 

microbiota metabolizes these polyphenols into bioactive compounds that further stimulate 

GLP-1 molecule 
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GLP-1 secretion and provide systemic health benefits. This dual action highlights 

fermentation's role in unlocking the full potential of grape pomace (Yamashita Y., et al.) 

Cardiometabolic and Gut Health Benefits 
Beyond GLP-1 secretion, polyphenols in CDI support cardiometabolic health by improving 

vascular function and regulating lipid profiles. They increase nitric oxide production, reduce 

oxidative stress, and inhibit enzymes involved in carbohydrate and lipid digestion, such as α-

amylase, α-glucosidase, and lipase. Additionally, the dietary fiber in grape pomace 

modulates the gut microbiome, promoting short-chain fatty acid (SCFA) production. These 

SCFAs further enhance gut health, strengthen the intestinal barrier, and reduce systemic 

inflammation (Taladrid D., et al.; Yamashita Y., et al.) 

Conclusion 
CDI puree combines the synergistic benefits of polyphenols and fermentation, creating a 

functional food with significant potential for managing metabolic health.  

  

(C) Crush Dynamics Page 2 of 34



Bioscience, Biotechnology, and Biochemistry , 2024, 88 , 493–498 

https://doi.org/10.1093/bbb/zbae021
Advance access publication date: 20 February 2024 

Award Review 

Physiological functions of poorly absorbed polyphenols 

via the glucagon-like peptide-1 

Yoko Yamashita ∗† 

Graduate School of Agricultural Science, Kobe University, Kobe, Hyogo, Japan 
∗Correspondence: Yoko Yamashita, yoko.y@crystal.kobe-u.ac.jp
† This review was written in response to the author’s receipt of the JSBBA Award for Young Scientists in 2022. 

Abstract 

Polyphenols are compounds of plant origin with several documented bioactivities related to health promotion. Some polyphenols 
are hard to be absorbed into the body due to their structural characteristics. This review focuses on the health beneficial effects 
of polyphenols mediated by intestinal hormones, particularly related to the systemic functions through the secretion of glucagon- 
like peptide-1 (GLP-1), an enteric hormone that stimulates postprandial insulin secretion. GLP-1 is secreted from L cells in the distal 
small intestine. Therefore, some poorly absorbed polyphenols are known to have the ability to act on the intestines and promote 
GLP-1 secretion. It has been reported that it not only reduces hyperglycemia but also prevents obesity by reduction of overeating and 
improves blood vessel function. This review discusses examples of health effects of polyphenols mediated by GLP-1 secretion. 

Keywords: polyphenols, glucagon-like peptide-1, hyperglycemia, obesity, vascular function 

Graphical abstract 

The mechanisms of procyanidin of physiological functions. 

Abbreviations: AMPK: AMP-activated protein kinase; BE: black soybean seed coat extract; C/EBP α: CAAT/enhancer binding protein 

α; cAMP: cyclic adenosine monophosphate; CLPr: cacao liquor procyanidin-rich extract; CVD: cardiovascular diseases; DP: degrees 
of polymerization; EGCG: epigallocatechin-3-gallate; ELISA: enzyme-linked immuno sorbent assay; eNOS: endothelial nitric oxide 
synthase; GI: gastrointestinal; GLP-1: glucagon-like peptide-1; GLUT4: glucose transporter 4; GSPE: grape seed–derived proantho- 
cyanidins; ICR: Institute of Cancer Research; IR: insulin receptor; IRS: insulin receptor substrate; NO: nitric oxide; PKA: protein kinase 
A; PLC: phospholipase C; PPAR γ : peroxisome proliferator-activated receptor γ ; TRPM5: transient receptor potential cation channel, 
subfamily M, member 5; UCP: uncoupling proteins 

 

 

 

 

 

 

 

 

 

 

 

about 0.1%, and anthocyanins and condensed tannins belong to 
this category (Manach et al. 2004 ). One of the most extensively 
studied categories of polyphenols, are flavonoids. A majority of 
flavonoids are noncovalently bound to glucose in plants, and some 
are present as flavonoid oligomers such as epicatechin in cocoa. 
The hydrolysis of the glycoside form of flavonoids begins in the 
mouth where flavonoids are partially released from the food ma- 
trix by saliva (Walle et al. 2005 ). The low pH in the stomach fa- 
cilitates the degradation of flavonoid oligomers into small units 
(Piskula 2000 ), but most flavonoids are hydrolyzed and further me- 
tabolized in the small intestine, where β-glucosidases cleave the 
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(C)
Polyphenols are secondary metabolites found in vegetables, fruits,
grains, bark, tea, and wine. These compounds exhibit several
health benefits such as immune modulators, vasodilators, an-
tioxidants, and preventing life-style diseases. Based on their di-
verse chemical structures, polyphenols are classified into pheno-
lic acids, flavonoids, stilbenes, and lignans (Pandey and Rizvi 2009 ).
Phenolic acids are a group of compounds with a phenolic ring and
carboxylic acid. Most dietary polyphenols exist naturally in the
form of esters, glycosides, or polymers, many of which are poorly
absorbed by the intestine. In general, poorly absorbable polyphe-
nols are defined as those that are absorbed into the body at only
Received: 17 November 2023; Accepted: 13 February 2024
© The Author(s) 2024. Published by Oxford University Press on behalf of Japan Society for Bioscience, Biotechnology, and Agrochemistry.
All rights reserved. For permissions, please e-mail: journals.permissions@oup.com
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Figure 1. Schematic overview of nutrient-induced GLP-1 secretion from 

L cells. Abbreviations: AC: adenylyl cyclase; GLP-1: glucagon-like 
peptide-1; GPCRs: G-protein–coupled receptors; IP3: inositol 
trisphosphate; PLC: phospholipase C; PKA: protein kinase A; SGLT1: 
sodium/glucose cotransporter 1; TRPM5: transient receptor potential 
channel M5. 
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(C
lucose moiety from flavonoids and generate the aglycone form
Day et al. 1998 ; Walle et al. 2000 ). A large proportion of ingested
avonoids do not undergo hydrolysis or conjugation in the small
ntestine (Crespy et al. 1999 ) and are not absorbed (Landete 2012 ).
nstead, these unabsorbed flavonoids reach the colon where they
re metabolized by colonic bacteria into smaller molecules such
s phenolic acids, which can be partially absorbed into the circu-
ation. Specifically, some intestinal bacteria strains have the enzy-
atic activity of glucuronidase and glucosidase that can deconju-
ate the glucuronidated or glycosylated forms of flavonoids, and
ield simple deconjugated products that are partially absorbed
nd metabolized by colonic enterocytes (Feng et al. 2018 ). It is thus
ssumed that polyphenols exert various functions during their
assage through the gastrointestinal (GI) tract (Lan et al. 2023 ; Os-
kabe, Fushimi and Fujii 2022 ). In fact, it has been reported that
olyphenols exert effects such as secretion of various hormones,
egulation of enzyme activities, and nerve stimulation, starting
n the intestines. Given the low bioavailability but relatively high
oncentrations of polyphenols in the GI tract following dietary
ngestion, it is likely that the intestine might be a primary site
or polyphenols to exert the observed metabolic actions (Barnes
t al. 2011 ). This review introduces the effect of polyphenol on
ealth beneficial functions via the promotion of incretin hormone
ecretion. 
The gut is the largest endocrine organ in the body and releases

n array of hormones, which play many key roles in physiological
nd metabolic regulation. Specifically, GI hormones secreted after
 meal play a critical role in regulating appetite, food intake, and
lucose homeostasis (Koliaki et al. 2020 ). Glucagon-like peptide-
 (GLP-1) is a well-studied incretin hormone secreted by L cells
n the gut, the second largest population of enteroendocrine cells.
ncretin hormones are defined as gut peptides that are secreted af-
er ingesting nutrients and stimulate insulin secretion (Nauck and
eier 2018 ). The role of GLP-1 in maintaining glucose homeostasis

s mediated through its receptor (GLP-1R). GLP-1 binding to its re-
eptor triggers cyclic adenosine monophosphate (cAMP) signaling
hat augments glucose-stimulated insulin secretion from pancre-
tic β cells while inhibiting glucagon release from α cells. In ad-
ition, the activation of GLP-1 signaling promotes β-cell prolifer-
tion and survival, therefore preserving islet mass. Furthermore,
LP-1 slows the gastric emptying and gut mobility, and probably
lso targets its receptor in the hypothalamus to promote satiety,
hereby reducing food intake. Moreover, it increases cardiac func-
ion as well as other physiological functions (Müller et al. 2019 ). 
GLP-1 secretion is primarily stimulated by ingested nutrients.

lucose, fatty acid, and amino acid stimulation of GLP-1 secre-
ion is largely mediated via their respective receptors. Schematic
verview of nutrient-induced GLP-1 secretion from L cells is de-
cribed in Figure 1 . Emerging evidence shows that not only nutri-
nts but also some polyphenols can induce GLP-1 secretion from L
ells via various mechanisms. Specifically, polyphenols can func-
ion as ligands of G-protein–coupled receptors (GPCRs), or regu-
ate intracellular signaling molecules to modulate GLP-1 secre-
ion. Additionally, some polyphenols might indirectly cause GLP-1
ecretion mediated by gut microbiota. In this way, polyphenols are
lso known to promote GLP-1 secretion and exert various physio-
ogical functions (Wang, Alkhalidy and Liu 2021 ). 

ffects of polyphenols on secretion of GLP-1 

LP-1, insulin, and the peripheral actions of insulin are strongly
nfluenced by dietary components. Macronutrients are the most
otable examples, but polyphenols and other micronutrients have
lso been documented as important regulators. It is well estab-
) Crush Dynamics
ished that the elevation of intracellular cAMP levels induces both
ranscription and secretion of GLP-1 via protein kinase A (PKA)
nd Epac, a camp-activated effector protein, so it is speculated
hat polyphenols that contribute to its regulation may be involved
n promoting GLP-1 secretion. Several polyphenolic compounds
ave been found to regulate GLP-1 secretion via GPCRs or cAMP
ignaling pathway (Müller et al. 2019 ). 
Specifically, GPCRs on the L cells might be activated by

olyphenols to regulate GLP-1 secretion. Curcumin, a polypheno-
ic turmeric, has been found to induce GLP-1 secretion (Kato et al.
017 ; Harada et al. 2022 ). It was reported that curcumin-induced
LP-1 secretion can be abrogated by the Ca2 + channel antagonist
r IP3 receptor inhibitor, suggesting that both Ca2 + entry and re-
ease from intracellular store play a role in mediating curcumin-
timulated GLP-1 secretion, the latter of which may be due to
he activation of phospholipase C (PLC). In addition, it has been
lready reported that GPR40/120 and 55 are involved in the in-
uction of GLP-1 secretion of curcumin (Kato et al. 2017 ; Harada
t al. 2022 ). Delphinidin 3-rutinoside, one of the anthocyanin
erivatives from berry, increased GLP-1 secretion, via GPR40/120-
ediated mechanism (Kato et al. 2015 ). As GPR40/120 are fatty
cid receptors, it is unclear how above-discussed polyphenols are
ble to activate GPCRs. 
The superfamily of bitter taste receptors (Tas2Rs) are expressed

n the intestinal enteroendocrine cells (Wang, Alkhalidy and Liu
021 ). Given that many dietary polyphenolic compounds are
nown to have a bitter taste, and they can interact with various
aste receptors, in particular, Tas2Rsm, it is possible that Tas2Rs
ediated polyphenols-induced GLP-1 secretion. While polyphe-
ols have been found to activate several Tas2Rs, studies on
hether polyphenols stimulate GLP-1 secretion via Tas2Rs are

imited. Epigallocatechin-3-gallate (EGCG) is one of the most ef-
ective Tas2R39 activators among polyphenolic compounds. In ad-
ition, EGCG activated transient receptor potential ion channel A1
n the mouse clonal L-cell line (STC-1) (Kurogi et al. 2012 ), which
as opened after Tsd2Rs activation to initiate the Ca2 + influx.
GCG has been reported to induce GLP-1 secretion in the mouse
leum segment (Song et al. 2015 ), and oral intake of EGCG stim-
lated GLP-1 secretion in mice and diabetic patients (Liu et al.
014 ), suggesting that EGCG-stimulated GLP-1 might be mediated
Page 4 of 34
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(C)
Recently, we also found that nonabsorbable polyphenols on
procyanidin from cacao and black soybean seed coat induced GLP-
1 secretion. Especially tetramer procyanidin on cinnamtannin A2
strongly increased GLP-1 secretion in the STC-1 cell line and in
mice (Yamashita et al. 2013 ; Odongo et al. 2023 ). We extracted pro-
cyanidin oligomers from cacao liquor and acutely administered
them individually to male Institute of Cancer Research (ICR) mice
(10-μg/kg body weight, p.o.). The animals were sacrificed an hour
after the treatment, and Enzyme-Linked Immuno Sorbent Assay
(ELISA) analyses were used to quantify GLP-1 and insulin. Among
the studied compounds (epicatechin, procyanidin B2, procyanidin
C1, and cinnamtannin A2), cinnamtannin A2 increased GLP-1 and
insulin concentration, and was the most bioactive overall. The
same compound also exerts significant changes on skeletal mus-
cle, by increasing insulin receptor (IR)- β and insulin receptor sub-
strate (IRS)-1 phosphorylation. All compounds present in the ca-
cao liquor samples are epicatechin and its oligomers, for example,
procyanidin B1 is an epicatechin dimer, procyanidin C1 is an epi-
catechin trimer, and cinnamtannin A2 is an epicatechin tetramer.
The evidence supports the hypothesis that the length of the pro-
cyanidin is key to the insulin-sensitizing results, as demonstrated
by a lack of significant effects by the epicatechin monomer, dimer
and trimer. In the STC-1 cell line, cinnamtannin A2 also induced
GLP-1 secretion; however a low-degree of procyanidins, which are
less than the tetramer, did not (Odongo et al . 2023 ). However, the
mechanism of action of how cinnamtannin A2 promotes GLP-
1 secretion is unknown, and more research is required. Grape
seed–derived proanthocyanidins (GSPEs), which are composed
of monomers or flavan-3-ols, dimers, trimers, tetramers, and
oligomers of procyanidins, were found to increase GLP-1 secretion
from clonal L cells as well as mouse ileum and colin segments
(Casanova-Martí et al. 2017 ). This composition consists of com-
pounds similar to the cacao polyphenols we used. The stimulatory
action of GSPE on GLP-1 secretion might result from a rise in intra-
cellular Na+ influx via cation channel, transient receptor poten-
tial cation channel, subfamily M, member 5 (TRPM5), which leads
to the depolarization and the opening of voltage-gated calcium
channel, resulting in an increase in Ca2 + influx (González-Abuín
et al. 2014 ), an essential step for exocytosis of GLP-1 granules. As
condensed tannins are ligands of Tas2R, procyanidins might also
activate taste receptors to regulate GLP-1 secretion. However, the
degree of polymerization of procyanidins might affect their affin-
ity for taste receptors (Soares et al. 2013 ); for example, procyanidin
trimer C2 activates Tas2R5, but procyanidin dimer B2 fails to acti-
vate any Tas2Rs. Thus, studies on specific procyanidin should be
performed to verify the activity of certain procyanidin on Tas2Rs.

Some polyphenols may promote GLP-1 secretion via activating
cAMP-mediated intracellular signaling. Genistein, an isoflavone,
hispidulin, a flavone, and coffee-derived polyphenols were shown
to stimulate GLP-1 secretion mediated via increasing intracellular
cAMP content. This review focuses on polyphenols that are diffi-
cult to absorb, so a detailed explanation will be omitted. These
reports suggest that poorly absorbed polyphenols contribute to
GLP-1 secretion from the GI tract, and that the mechanism of ac-
tion may involve binding to GPCRs or taste receptors. Depending
on the structure of each compound, the receptors it binds to differ.

Effect of procyanidins on antidiabetes and 

hyperglycemia through secretion of GLP-1 

Since tetramer procyanidin induced GLP-1 secretion, we per-
formed whether procyanidin prevent acute hyperglycemia.
Procyanidin-rich compositions were extracted from cacao liquor
 Crush Dynamics
and black soybean seed coat (BE) and prepared procyanidin 
fractions with different degrees of polymerization (DP), namely 
low-DP (DP ≤ 3) and high-DP (DP ≥ 4) fractions, from a cacao liquor
procyanidin-rich extract (CLPr). These extracts and fractions were 
administered orally to ICR mice and their antihyperglycemic ef- 
fects were examined. We found that CLPr and its fractions 
prevent postprandial hyperglycemia accompanied by an increase 
in the plasma GLP-1 level with or without glucose load. In the
absence of glucose load, both fractions increased the plasma 
insulin level and activated its downstream signaling pathway in 
skeletal muscle, resulting in promotion of the translocation of 
glucose transporter 4 (GLUT4). Phosphorylation of AMP-activated 
protein kinase (AMPK) was also involved in the promotion of 
GLUT4 translocation. High- and low-DP fractions showed a simi- 
lar activation of insulin and AMPK pathways. In conclusion, cacao 
liquor procyanidins prevent hyperglycemia by promoting GLUT4 
translocation in skeletal muscle, and both the GLP-1-activated 
insulin pathway and the AMPK pathway are involved in the under- 
lying molecular mechanism. In addition, among the procyanidin 
monomers to tetramers, cinnamtannin A2 showed the strongest 
effect in ICR mice (Yamashita et al. 2016 ). Preadministration of 
cinnamtannin A2 suppressed postprandial hyperglycemia in a 
dose-dependent manner. When mice received 0.1-10 μg/kg body 
weight of cinnamtannin A2, a significant effect was observed.
Cinnamtannin A2 also showed a similar activation of insulin and 
AMPK pathways. Moreover, BE prevented hyperglycemia via GLP-1 
secretion. The effect was stronger for procyanidin-rich fraction 
(PCBE) compared to BE (Odongo et al . 2023 ). Surprisingly, AMPK
pathway as insulin-independent pathway was also activated by 
procyanidins. It was noteworthy that an antagonist for GLP-1 
receptor exendin (9-39) canceled procyanidin-increased phospho- 
rylation of AMPK (Hironao et al. 2020 ). These results suggest that 
procyanidin prevents hyperglycemia through GLP-1 secretion,
and its underlying mechanisms contribute to both insulin and 
AMPK pathways. As described above, it is known that some 
polyphenol compounds prevent diabetes and hyperglycemia 
through the promotion of GLP-1 secretion. 

Effect of procyanidins on antiobesity 

through secretion of GLP-1 

GLP-1 is also known to contribute to obesity prevention by regu- 
lating energy metabolism and appetite. AMPK is a nutrient and 
energy sensor, enhances lipolysis, fatty acid oxidation, and ke- 
togenesis, and attenuates lipogenesis and synthesis of choles- 
terol, fatty acids, and triglycerides (Long and Zierath 2006 ; Hardie,
Ross and Hawley 2012 . AMPK also enhances energy consump- 
tion through mitochondrial biogenesis and its related functions.
Moreover, AMPK regulates adipocyte differentiation through mod- 
ulation of the expression of peroxisome proliferator-activated re- 
ceptor γ (PPAR γ ) and CAAT/enhancer binding protein α (C/EBP α) 
(Moseti, Regassa and Kim 2016 ). Thus, AMPK is a main target 
molecule for the prevention of obesity and hyperglycemia. An- 
other important factor in regulation of obesity is uncoupling 
proteins (UCPs), which are key mitochondrial membrane trans- 
porters responsible for energy expenditure and thermogenesis.
There are 2 types of adipocytes, white and brown adipocytes.
White adipocytes store excess energy as fat, while brown ones 
play an important role in heat production because of having a 
large number of mitochondria expressing UCP1. 

We have already reported the preventive effects of BE and CLPr 
on obesity and involvement of AMPK and UCPs using in vivo and
Page 5 of 34
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(C
n vitro experiments (Kanamoto et al. 2011 ; Yamashita et al. 2012 ,
020 ). Intake of BE for 2 weeks significantly increased phospho-
ylation of AMPK in the liver, skeletal muscle, and white adipose
issue (Yamashita et al . 2020 ). Long-term feeding of BE (Yamashita
t al . 2020 ) and CLPr (Yamashita et al . 2012 ) prevented body weight
ain and fat accumulation in white adipose tissue accompanied
y upregulation of UCPs and downregulation of inflammatory cy-
okines in high-fat diet–fed C57BL/6 mice. Similar results were ob-
erved in KK-Ay mice fed a normal diet containing BE and C57BL/6
ice fed a high-fat diet containing CLPr. Procyanidins are also
andidates for the active ingredients in BE because procyanidins
rom cacao and grape seed promoted AMPK phosphorylation in
he liver, skeletal muscle, and adipose tissues in vivo and in vitro .
s mentioned above, long-term feeding of BE increased UCPs in
hite and brown adipose tissue, suggesting that BE may increase
nergy expenditure through heat production. Recently, it has been
eported that GLP-1R analog activates AMPK (Yang et al. 2020 ).
e also found that the activation of AMPK by CLPr was canceled
y pretreatment with a GLP-1R inhibitor (Hironao et al . 2020 ). Al-
hough the details are not clear, GLP-1 may be involved as one of
he mechanisms of preventive effects on AMPK-mediated obesity.
GLP-1 is a major player in the gut-brain axis regulation of en-

rgy balance (Salehi and Purnell 2019 ). Many studies also sug-
est that GLP-1 receptor analogs promote weight loss mainly
ue to their inhibitory effect on food intake through the gut-
rain axis (Valassi, Scacchi and Cavagnini 2008 ). GLP-1 bind-
ng to the GLP-1 receptors on the surface of neurons initi-
tes intracellular signal transduction and activation of target
enes, resulting in the synthesis and release of neuropeptides
pro-opiomelanocortin [POMC] and cocaine- and amphetamine- 
egulated transcript [CART]) with anorectic effects. GLP-1 can also
e expected to contribute to the prevention of obesity by suppress-
ng feeding. We also found that BE intake suppressed hyperpha-
ia in KK-Ay mice and prevented obesity. Furthermore, at the end
f the experiment, the concentration of GLP-1 in the plasma, as
ell as the expression levels of POMC and CART in the hypotha-
amus (preparing for paper submission), significantly increased in
he BE-fed group. Thus, we also found that BE and CLPr, which are
ich in procyanidins, prevent obesity through secretion of GLP-1.
LP-1 may play an important role in one of the mechanisms of
he antiobesity effect of polyphenols. 

ffect of procyanidins on improvement of 
ascular function via GLP-1 secretion 

ascular function is important to the pathogenesis of cardio-
ascular diseases (CVDs) (Sun et al. 2019 ). Vascular dysfunction
aused by aging and vascular stiffness is associated with a risk of
VD. In addition, injurious stimuli such as oxidative stress, inflam-
ation, diabetes, and obesity result in the dysfunction of vascular
ndothelial cells (Ding, Hashem and Triggle 2007 ; Tabit et al. 2010 ).
ecause vascular dysfunction is recoverable, it is important to de-
ect vascular dysfunction as early as possible and improve it. 
Nitric oxide (NO) regulates vascular functions by inducing

asodilation and inhibiting platelet aggregation in blood vessels
Michel and Vanhoutte 2010 ; Ghimire et al. 2017 ). A reduction
n NO levels can trigger the onset of CVD. Therefore, increasing
O production in the vascular endothelium might prevent CVD
nd improve vascular function. NO is produced by endothe-
ial nitric oxide synthase (eNOS). eNOS activation is regulated
y several molecular mechanisms, including Ca2 + /calmodulin
inding (Cai, Liu and Garcia 2008 ; Michel and Vanhoutte 2010 ),
) Crush Dynamics
AMP-dependent protein kinase, AMP-activated protein kinase5,
nd Akt (Fulton et al. 1999 ; Michel and Vanhoutte 2010 ). Of note,
kt promotes the phosphorylation of eNOS at Ser1177 residues in
esponse to various stimuli, including insulin (Fulton et al. 1999 ).
n addition, GLP-1 induced endothelium-dependent vasodila-
ion (Golpon et al. 2001 ; Nathanson et al. 2009 ). It was reported
hat GLP-1 affected vascular endothelial cells and increased
NOS phosphorylation and subsequent NO production via the
AMP/PKA pathway in vitro . We found that BE increased NO
roduction in the aortas of rats (Domae et al. 2019 ). Regarding
he underlying mechanism of BE-induced NO production, BE pro-
oted the phosphorylation of eNOS in vascular endothelial cells

hrough GLP-1 secretion from intestinal cells. We confirmed that
 GLP-1 receptor antagonist (exendin 9-39) inhibited BE-induced
O production and eNOS phosphorylation. To the best of our
nowledge, this is the first report revealing that food components
ncrease NO production in the aorta through GLP-1 secretion from
ntestinal cells. Recently, we also investigated the effect of black
oybean consumption on the vascular function and oxidative
tress associated with the polyphenol concentrations in healthy
omen (Yamashita et al. 2020 , 2020 ). There was an observed

mprovement of the vascular stiffness, an increase in the plasma
nd urinary NO level, and a decrease in the oxidative stress. Black
oybean has the potential to improve vascular function through
ncreasing NO accompanied by GLP-1 secretion, although GLP-1
evels were not measured in this study. In addition, a previous
tudy reported that mean blood pressure decreased significantly
ollowing oral administration of flavan-3-ols extracted from
ocoa for 2 weeks in normal rats (Yu et al. 2021 ). In addition, it
as reported that coffee polyphenol consumption improves post-
randial hyperglycemia and vascular endothelial function, which
s associated with increased GLP-1 secretion and decreased ox-
dative stress in healthy humans (Jokura et al. 2015 ). These results
uggest that polyphenols that promote GLP-1 secretion contribute
o improving vascular function and reducing oxidative stress. 

onclusion 

any polyphenols have low absorption efficiency due to their
tructure. However, recent research has revealed that it con-
ributes to the action of the entire body, starting from the GI
ract. Although this review only introduced the functionality of
olyphenols mediated by the GI hormone GLP-1, there have been
any reports targeting the intestine, such as functionality medi-
ted by other hormones and intestinal microbiota. Although there
s still hope that polyphenols may contribute to health, in the fu-
ure it is necessary to develop research that takes into account
ignal transmission that occurs within the body, such as the net-
ork between multiple organs. 
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Abstract: Grape pomace (GP) is a winemaking by-product particularly rich in (poly)phenols and

dietary fiber, which are the main active compounds responsible for its health-promoting effects.

These components and their metabolites generated at the intestinal level have been shown to play an

important role in promoting health locally and systemically. This review focuses on the potential

bioactivities of GP in the intestinal environment, which is the primary site of interaction for food

components and their biological activities. These mechanisms include (i) regulation of nutrient diges-

tion and absorption (GP has been shown to inhibit enzymes such as α-amylase and α-glucosidase,

protease, and lipase, which can help to reduce blood glucose and lipid levels, and to modulate the

expression of intestinal transporters, which can also help to regulate nutrient absorption); (ii) modu-

lation of gut hormone levels and satiety (GP stimulates GLP-1, PYY, CCK, ghrelin, and GIP release,

which can help to regulate appetite and satiety); (iii) reinforcement of gut morphology (including the

crypt-villi structures, which can improve nutrient absorption and protect against intestinal damage);

(iv) protection of intestinal barrier integrity (through tight junctions and paracellular transport);

(v) modulation of inflammation and oxidative stress triggered by NF-kB and Nrf2 signaling pathways;

and (vi) impact on gut microbiota composition and functionality (leading to increased production

of SCFAs and decreased production of LPS). The overall effect of GP within the gut environment

reinforces the intestinal function as the first line of defense against multiple disorders, including

those impacting cardiometabolic health. Future research on GP’s health-promoting properties should

consider connections between the gut and other organs, including the gut-heart axis, gut-brain axis,

gut-skin axis, and oral-gut axis. Further exploration of these connections, including more human

studies, will solidify GP’s role as a cardiometabolic health-promoting ingredient and contribute to

the prevention and management of cardiovascular diseases.

Keywords: grape pomace; (poly)phenols; dietary fiber; intestinal environment; digestive enzymes;

nutrient transporters; enteroendocrine hormones; intestinal barrier integrity; inflammation; oxidative

stress; gut microbiota

1. Introduction

Grape pomace (GP) is the solid residue from the winemaking process and is composed
mainly of grape skins and seeds [1]. Currently, GP is probably one of the food by-products
most commonly used in the formulation of dietary supplements and fortified foods [2,3].
The potential health-promoting properties of GP are mainly attributed to its (poly)phenols
and dietary fiber content, among other components. It is estimated that around 60–70% of
the phenolic compounds of the grape remain in the pomace after winemaking [4], account-
ing for 4.8–5.4% of GP dry matter [5]. GP (poly)phenols encompass non-flavonoids such as
hydroxybenzoic acids (C6-C1) (i.e., gallic, protocatechuic, and vanillic acids), hydroxycin-
namic acids (C6-C3) (i.e., p-coumaric, caffeic, and ferulic acids) and stilbenes (C6-C2-C6)
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(i.e., resveratrol, piceatannol, and resveratrol dimers), and flavonoids (C6-C3-C6) such as
flavanols (i.e., catechins, procyanidins and polymeric proanthocyanidins or condensed
tannins), anthocyanins (i.e., derivatives of malvidin, petunidin, cyanidin, peonidin and
delphinidin) and flavonols (i.e., derivatives of quercetin, myricetin, and kaempferol) [6].
Dietary fiber is the major component of GP, ranging between 29 and 58% in dry weight [7,8].
The fiber present in GP is fundamentally insoluble and is mainly made up of structural
polysaccharides such as cellulose, hemicelluloses (xyloglucans, arabinans, galactans, xy-
lans, and mannans), pectins, and lignin [7]. These polysaccharides are commonly bound
to (poly)phenols and other non-digestible compounds, forming what was denominated
“antioxidant dietary fiber” [9].

For its use in the food industry, fresh pomace usually undergoes a process of extraction,
resulting in the concentration of both (poly)phenols and dietary fiber. Extracts are further
stabilized by adding encapsulation agents such as maltodextrins [10]. For example, Table 1
reports the composition of (poly)phenols and dietary fiber of four GP-derived extracts. In
these products, the (poly)phenols content is normally referred to as the free phenolics solu-
bilized in organic solvents used for their determination. In contrast, the fiber is determined
as the percentage of soluble and insoluble fractions or as alcohol-insoluble residue (AIR)
that might include phenolics bound to polysaccharides. These data give an idea of the
GP’s compositional variability depending on the starting grapes’ diversity (variety, state of
maturity, etc.), the winemaking process, and the extraction and stabilization processes [10].

Table 1. Some examples of industrially manufactured GP-derived extracts: RGPE and RGPE2

(red grape pomace extracts), ORGPE (organic red grape pomace extract), and WGPE (white grape

pomace extract).

RGPE RGPE2 ORGPE WGPE

Total (poly)phenols (mg/g) a 48.0 ± 4.1 13.0 ± 2.3 5.7 ± 0.5 3.5 ± 0.5
Phenolic acids (µg/g) a 1843.0 ± 23.2 652.5 ± 12.6 853.7 ± 15.2 1211.8 ± 20.1

Flavonols (µg/g) a 72.7 ± 3.5 nd 87.0 ± 7.6 nd
Flavan-3-ols (µg/g) a 276.3 ± 7.6 nd 682.8 ± 8.7 295.2 ± 6.1

Anthocyanins (µg/g) a nd nd 1706.2 ± 21.7 nd

AIR (mg/g) b 930.5 ± 18.1 819.4 ± 18.9 969.8 ± 22.3 613.1 ± 21.8

Glucose (mg/g AIR) b, c 446.6 ± 2.1 270.4 ± 0.6 598.4 ± 4.5 839.3 ± 1.7

Galactose (mg/g AIR) b, c 28.8 ± 1.1 32 ± 0.7 36.9 ± 2.8 47.7 ± 1.1

Mannose (mg/g AIR) b, c 5.9 ± 0.3 17.4 ± 0.2 4 ± 0.2 2.7 ± 0.1

Rhamnose (mg/g AIR) b, c 3.2 ± 0.2 5.7 ± 0.2 2.1 ± 0.1 6.3 ± 0.1

Uronic acids (mg/g AIR) b, c 62.6 ± 4.2 44.1 ± 2.9 58.1 ± 4.8 52.2 ± 2.6
Total sugars (mg/g AIR) 555.9 374.3 702.3 969.1

Klason lignin (mg/g AIR) 161 ± 9.3 22.8 ± 3.6 118.4 ± 13.3 193.6 ± 26.8

a Reported in Taladrid et al. [11]. b Unpublished results. c After hydrolysis (12 M H2SO4, 3 h and room temperature,
followed by 0.6 M H2SO4, 3 h and 100 ◦C). nd: non-detected.

GP-derived products have been proposed to manage cardiovascular risk factors,
including endothelial dysfunction, inflammation, hypertension, hyperglycemia, and obe-
sity [12]. In this sense, some human intervention studies have evidenced reductions in
blood pressure (BP) between 3 and 8% after GP supplementation in individuals with vari-
ous symptoms of metabolic syndrome [13,14], which reached up to 14.5% in patients who
suffered from hypertension [15,16]. However, other studies have reported almost no effects
on BP after supplementation with GP (poly)phenols [17,18], which could be attributed to
differences in the composition of the GP-derived products, doses, targeted population, etc.
There is also a growing interest in evaluating the effect of GP on the regulation of base-
line hyperglycemia, considered an early defect of type 2 diabetes and one of the primary
anti-diabetic targets. Several intervention studies have suggested the ability of GP-derived
products to reduce plasma glucose levels [14,18,19].
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Nevertheless, in a certain way, it can be said that this activity of GP as a cardiometabolic
health-promoting ingredient would begin in the gastrointestinal tract as GP components
(i.e., (poly)phenols and fiber) undergo extensive catabolism, mainly by the action of the
intestinal microbiota, that gives rise to low-molecular-weight bioactive compounds that can
be absorbed and utilized by the body [20]. Dietary (poly)phenols are metabolized by the gut
microbiota and concentrated in the gut lumen, reaching biologically relevant concentrations
that allow them to exert local beneficial effects [21]. Regarding GP (poly)phenols, microbial
catabolism pathways of the different flavonoid classes (anthocyanins, flavonols, flavan-
3-ols, etc.) are known to share similar intermediate and end products such as benzoic,
cinnamic, phenylacetic, and phenylpropanoic acids [22]. These phenolic metabolites are
better absorbed than their precursors, occurring in plasma and urine as phase I and
phase II-conjugated derivatives, and seem primarily responsible for the positive health
activities in tissues and organs (systemic effects). Hepatic metabolism is a crucial step in
the biotransformation of (poly)phenols, as it enables the formation of more bioavailable
and biologically active metabolites that can exert beneficial effects on various tissues and
organs [21,22]. Among other mechanisms, GP (poly)phenols and their metabolites appear to
modulate the cell redox state by direct and indirect mechanisms such as inhibition of oxidant
enzymes, activation of enzymatic and non-enzymatic antioxidant systems, and regulation
of gene expression of antioxidants by interaction with redox signaling pathways [12].
The GP fiber fraction is fermented by colonic microbiota yielding short-chain fatty acids
(SCFAs) such as acetate, butyrate, and propionate. SCFAs present cardioprotective effects,
including modulating blood pressure and glucolipid metabolism, promoting post-infarction
cardiac repair, anti-inflammation, and maintaining the gut barrier [23]. Notably, the two
components, (poly)phenols and dietary fiber, interact in the body affecting their metabolism
in the colon, which in turn may affect long-term systemic health effects [24].

Therefore, our goal in this paper was to disclose the potential bioactivities of GP -as a
whole- in the intestinal environment, not only as a new target of health-promoting proper-
ties at the local level but also as the beginning for further effects at the systemic level (i.e.,
cardiometabolic effects). After a peer review, we have identified six main targets of potential
bioactivity of GP in the gut: (i) nutrient digestion and absorption, (ii) enteroendocrine gut
hormones release and satiety, (iii) gut morphology, (iv) intestinal barrier integrity, (v) intesti-
nal inflammatory and oxidative status, and (vi) gut microbiome (Figure 1). The following
sections (Sections 2–7) recompile the most recent studies concerning the effects of GP intake
on each of these issues, and the final section (Section 8) compiles the overall conclusions
from all of them.

The search strategy for the literature review focused on the effects of GP on the in-
testinal environment (nutrient digestion and absorption, enteroendocrine gut hormones
release and satiety, gut morphology, intestinal barrier integrity, intestinal inflammatory
and oxidative status, and gut microbiome). The review included publications from 2010
onwards, sourced from online databases such as Scopus, Web of Science, Wiley, ScienceDi-
rect, SpringerLink, and Google Scholar. In instances where information was scarce or
crucial to the discussion, a small number of older references were also included. The
literature was searched using keywords such as grape pomace, grape marc, winemaking
by-products, grape residues, nutrient digestibility, intestinal enzyme, intestinal transporter,
enteroendocrine hormone, intestinal barrier integrity, inflammation, oxidative stress and
gut microbiota. In vitro and in vivo studies and articles focused solely on specific molecules
were excluded from the main text. The relevance of each study was evaluated using a
hierarchical approach based on the title, abstract, and full manuscript.
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Figure 1. Scheme of the potential bioactivity of grape pomace (GP) in the intestinal environment.

2. Effects of GP on Intestinal Nutrient Digestion and Absorption

In this section, we examine the impact of GP on intestinal nutrient digestion and
absorption. Rich in dietary fiber and (poly)phenols, GP influences nutrient digestion
and absorption through several mechanisms: physically impeding nutrient digestion and
absorption, regulating intestinal enzymes, and modulating the expression of intestinal
transporters. Gaining a deeper understanding of these mechanisms will offer valuable
insights into the potential health benefits of GP and its role in modulating metabolic
processes and promoting cardiovascular health.

2.1. Physical Impediment on Nutrient Digestion and Absorption

GP is a rich source of both soluble and insoluble dietary fibers. The insoluble fraction
can increase the bulk of the stool and promote food movement through the digestive tract,
reducing the time available for nutrient absorption [25]. In contrast, soluble fiber can form
a gel-like substance in the gut, leading to delayed gastric emptying and slower nutrient
absorption [26]. While this effect can be beneficial for regulating blood sugar levels, it may
also limit the bioavailability of some nutrients. The high dietary fiber content in GP can
slow down the rate of glucose absorption in the small intestine by forming a viscous gel-like
matrix. This hinders the accessibility of digestive enzymes to carbohydrates and glucose
diffusion, resulting in a more gradual release of glucose into the bloodstream [27–30]. This
mechanism contributes to better glycemic control and reduced insulin spikes [31].

The soluble fiber in GP can also interfere with the emulsification process, which is
necessary for the hydrolysis of triglycerides and subsequent fat absorption [30,32]. In
addition to its effects on fat absorption, GP has been shown to lower dietary cholesterol ab-
sorption through multiple mechanisms. Specifically, GP’s soluble fiber and (poly)phenols
can bind to bile salts in the intestine, reducing their reabsorption and promoting their
excretion [33,34]. This leads to the liver utilizing more circulating cholesterol to synthe-
size new bile salts, ultimately resulting in decreased serum cholesterol levels. Moreover,
(poly)phenols and dietary fibers in GP have been shown to inhibit intestinal cholesterol
absorption by destabilizing cholesterol micelles, thereby reducing cholesterol solubility
and availability [33,35]. These mechanisms have potential implications for reducing the
risk of cardiovascular diseases and improving overall lipid profiles.
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2.2. Regulation of Intestinal Enzymes

At the intestinal lumen, enzymes (α-amylase and α-glucosidase, protease, and lipase)
are implicated in the digestion of primary macronutrients: carbohydrates, proteins, and
lipids, respectively (Figure 2). Numerous studies have long shown the inhibitory capacity
of (poly)phenols and dietary fiber separately against intestinal enzymes. It is widely known
that (poly)phenols interact with enzymes, being these interactions through van der Waals,
electrostatic forces, and hydrogen, as well as hydrophobic binding [36]. Concerning dietary
fiber, enzyme-inhibitory capacity might be related to the inhibitors present on the surface
of the insoluble fiber as well as the trapping capacity of the porous fiber network [32,37].

Figure 2. Schematic representation of the effects of GP on nutrient digestion and absorption.

However, studies about the GP capacity -as a whole- to inhibit the activity of intesti-
nal enzymes are quite recent; it should be noted that they are mainly based on in vitro
assays using microbial and animal enzymes, and GP-derived products are tested directly,
without previous intestinal digestion. A recompilation of these studies for α-amylase and
α-glucosidase has just been done by Cisneros-Yupanqui et al. [38]. From the ten studies
recompiled [28,31,39–46], only that of Kato-Schwartz et al. [31] evaluated in vivo inhibi-
tion of α-amylase and α-glucosidase by running starch and maltose tolerance tests in rats
with or without administration of a GP extract. From the revised studies, the authors
concluded that GP, especially the red varieties, can be perceived as a possible source of
α-amylase and α-glucosidase inhibitors. However, further investigations are necessary to
understand key factors such as the bioavailability and the physiological responses to the
GP components [38].
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The action of GP on purified intestinal proteases and peptidases has been scarcely
evaluated [40]. However, studies with complex enzymatic sources such as snake venoms
indicated that the dried GP exerted inhibitory actions on proteolytic activity in conjunction
with other phospholipase, hemolytic, and thrombolytic activities [47]. In relation to lipases,
direct GP extracts were found to inhibit pure lipases obtained from porcine pancreas [41]
and also cholesterol esterase [33], although no studies have been carried out to confirm
these results in vivo.

In addition to its other effects, inhibiting carbohydrate-hydrolyzing enzymes such
as α-amylases and α-glucosidases in the digestive system can help prevent glucose ab-
sorption, thereby reducing postprandial hyperglycemia. This is particularly important
as postprandial hyperglycemia is a significant component of all forms of diabetes [48].
Concurrently, intestinal lipase plays an important role in triacylglycerols absorption, which
is related to body weight control and obesity [49]. Therefore, this capacity of GP to inhibit
intestinal enzymes has been suggested to be behind, at least partly, its cardiometabolic
potential proved in vivo [50,51].

2.3. Regulation of Intestinal Transporters

Intestinal transporters are essential for the absorption of nutrients, including sugars,
lipids, amino acids, and vitamins, from the gut lumen into the bloodstream (Figure 2).
Modifying intestinal transporter expression can have significant implications for nutrient
uptake, gut health, and overall cardiovascular health. GP has been reported to influence
the expression of glucose transporters, particularly sodium-dependent glucose transporter
1 (SGLT1) [52], facilitative glucose transporter 2 (GLUT2) [52–54], and fructose transporter
(GLUT5) [54], which are responsible for sugars absorption in the small intestine [24]. Stud-
ies have demonstrated that GP (poly)phenols and polysaccharide-(poly)phenol complexes
can enhance the expression of these transporters, leading to improved glucose uptake and
blood glucose regulation [24,55]. GP has been shown to impact the expression of lipid
transporters (cholesterol and fatty acids), such as Niemann–Pick C1-like 1 (NPC1L1) [56],
fatty acid binding protein 1 (FABP1), and fatty acid translocase (CD36) [57], and bile salt
transporters [56,58]. Studies suggest that GP (poly)phenols may downregulate the expres-
sion of these transporters, resulting in reduced cholesterol and bile salts absorption [59],
which can be beneficial in managing lipid levels and cardiovascular health.

In brief, GP’s impact on nutrient digestion and absorption is multifaceted, mediated
by its high content of dietary fiber and (poly)phenols, as summarized in Table 2. GP can
physically impede nutrient absorption and regulate intestinal enzymes, as mentioned above.
Furthermore, GP can modulate the expression of intestinal transporters, such as SGLT1,
GLUT2, and NPC1L1, affecting the absorption of sugars and lipids. These mechanisms
contribute to better glycemic control and reduced serum cholesterol levels, potentially
lowering the risk of cardiovascular diseases. Gaining a deeper understanding of these
mechanisms will provide valuable insights into the potential health benefits of GP and its
role in modulating metabolic processes and promoting cardiovascular health.

Table 2. Effect of GP on nutrient digestion and absorption using in vitro and in vivo models.

Nutrient
Effect of GP on

Physical Impediment
Refs.

Effect of GP on
Intestinal Enzymes

Refs.
Effect of GP on

Nutrient Transport
Refs.

Carbohydrates

↓ Glucose diffusion [29] α-amylase inhibition [31,39–45]
SGLT1 downregulation [52]
GLUT2 downregulation [52–54]

Starch digestibility [27,28,30] α-glucosidase
inhibition

[28,31,40,42–46]
GLUT5 downregulation [54]

↓ Intestinal glucose uptake [24]

Lipids
↓ Triglyceride

hydrolysis
[30] Pancreatic lipase

inhibition
[33,39–41,46]

CD36 downregulation [57]

FABP1 downregulation [57]
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Table 2. Cont.

Nutrient
Effect of GP on

Physical Impediment
Refs.

Effect of GP on
Intestinal Enzymes

Refs.
Effect of GP on

Nutrient Transport
Refs.

Cholesterol ↓ Micellar cholesterol [33] Cholesterol esterase
inhibitor

[33]
NPC1L1 downregulation [56]

↓ Intestinal cholesterol uptake [59]

Bile salts Binding [33] — — ASBT downregulation [56,58]

Proteins ↓ Protein hydrolysis [30]
Trypsin inhibition

Chymotrypsin
inhibition

[40] PEPT1 downregulation [54]

↓: Decrease in; SGLT1: sodium-glucose co-transporter 1; GLUT2: glucose transporter 2; GLUT5: fructose
transporter; CD36: fatty acid translocase; FABP1: fatty acid-binding protein 1; NPC1L1: Niemann–Pick C1-like 1;
ASBT: apical sodium-dependent bile acid transporter; PEPT1: H+/peptide transporter 1.

3. Effects of GP on Enteroendocrine Gut Hormones Release and Satiety

Numerous animal model studies have shown that GP can modulate gut hormone
levels, such as glucagon-like peptide-1 (GLP-1), peptide YY (PYY), cholecystokinin (CCK),
ghrelin, and glucose-dependent insulinotropic polypeptide (GIP), which play crucial roles
in regulating satiety and regulating food intake [60–62] (Figure 3).

GP has been shown to stimulate the release of GLP-1 in vitro and in vivo [63,64], an
incretin hormone that enhances insulin secretion, inhibits glucagon release and reduces
glycemia [65], and promotes satiety, potentially through the activation of specific G-protein-
coupled receptors [66]. Increased GLP-1 levels may contribute to enhancing satiety and
reducing food intake, thereby promoting weight management. The phenolic content in GP
may contribute to this effect [67,68], associated with an increased L-cell number [68].

GP has been reported to increase PYY levels [64,69], another gut hormone that plays
a role in appetite regulation and energy balance. Both dietary fiber and (poly)phenols
in GP may be responsible for this effect [68]. Additionally, CCK, a hormone involved in
digestion and satiety, has been shown to increase following GP consumption [64,70]. GP’s
high (poly)phenol content may contribute to this effect by interacting with gut receptors
and stimulating CCK release.

GP has been found to decrease ghrelin levels, an appetite-stimulating hormone [55,61].
Ghrelin stimulates gastrointestinal motility, reduces fat utilization and glucose-stimulated
insulin release, increases body weight, and, notably, increases appetite [62]. The mecha-
nisms underlying this ghrelin-reducing effect may include the influence of GP bitter-sensing
(poly)phenols on ghrelin secretion [63] and the inhibitory effects of dietary fiber on ghrelin
release [64].

GIP is an incretin hormone secreted by the K-cells in the proximal small intestine.
GIP plays a role in stimulating insulin secretion in response to food intake, particularly
carbohydrate-rich meals, and modulating lipid metabolism [71]. The potential mechanism
through which GP might affect GIP secretion could be via the fermentation of its dietary
fiber content by gut microbiota, producing SCFAs such as acetate, propionate, and butyrate.
SCFAs have been implicated in the regulation of gut hormones, including GIP [72,73].
Furthermore, GP contains bioactive (poly)phenols, which may influence GIP release [63].

Dipeptidyl peptidase-IV (DPP-IV) is an enzyme that plays a crucial role in regulating
incretin hormones, such as GLP-1 and GIP. DPP-IV rapidly degrades these incretins, reduc-
ing their insulin-stimulating and appetite-suppressing effects. Inhibition of DPP-IV activity
can lead to increased levels of GLP-1 and GIP, improving glucose control and promoting
satiety [65]. GP and grape seed proanthocyanidin extracts have demonstrated DPP-IV
inhibitory activity in vitro and in vivo [63,74], suggesting a potential role in modulating
incretin hormone levels and improving satiety and glycemic control.

In summary, although the evidence on humans is still scarce, accumulating in vitro
and in vivo research indicates that GP modulates gut hormones involved in regulating
food intake and satiety. GP’s phenolic and fiber content can increase GLP-1, PYY, and CCK
levels while decreasing ghrelin levels, potentially promoting weight management. GP may
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also improve glycemic control by inhibiting DPP-IV and promoting GIP secretion. Overall,
these findings suggest that GP has a potential as a dietary intervention for managing weight
and improving glucose control.

Figure 3. Schematic representation of the effects of GP on enteroendocrine hormone secretion. GLP-1

is secreted in L-cells in the distal ileum and colon, PYY in L-cells in the distal ileum and colon, CCK

in I-cells in the duodenum and jejunum, ghrelin in X/A-like cells in the fundus of the stomach,

GIP in K-cells in the duodenum and jejunum, and DPP-IV in the brush border membrane of the

enterocytes primarily in the duodenum and jejunum. Numbers represent those activities associated

with GP in several in vitro and in vivo experiments: (1): Li et al. [63]; Casanova-Martí et al. [64];

(2): Casanova-Martí et al. [68]; (3): Casanova-Martí et al. [64,68]; Casanova-Martí et al. [69];

(4): Casanova-Martí et al. [64]; Ginés et al. [70]; (5): Serrano et al. [75]; (6): Li et al. [63]; (7): Li et al. [63];

González-Abuín et al. [65,74]; (8): Serrano et al. [60,62,64].

4. Effects of GP on Gut Morphology

The gut morphology (i.e., crypt-villi structures) is a key aspect of the absorptive capac-
ity of the intestine. The intestinal tract is lined by a single layer of epithelium originating
from stem cells at the base of each crypt, giving rise to four major types of epithelial cells:
absorptive enterocytes, enteroendocrine cells, which export peptide hormones, goblet cells,
responsible for mucus segregation, stem cells, responsible for maintaining and repairing
the tissue that lines the gut, paneth cells which secrete antimicrobial defensins, digestive
enzymes, and growth factors, and tuft cells, with a role in the immune system, nutrient
sensing, and gut motility regulation (Figure 4) [76]. Presumably, an impaired villus/crypt
ratio implies reduced digestive capacity and imbalance in the intestinal barrier. In fact,
decreased villus height/crypt depth ratio is a common response in animals treated with
dextran sodium sulphate (DSS) or 2,4,6-trinitrobenzene sulfonic acid (TNBS), two inductors
of intestinal damage [52,77].
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Figure 4. Schematic representation of villus/crypt structures in the duodenum epithelium. Numbers

represent those activities linked to gut morphology associated with GP in several in vivo models:

(1): Bibi et al. [52]; Wang et al. [78]; (2): Wang et al. [78]; Wang et al. [79]; Gessner et al. [80]; Zhang

et al. [81]; (3): Bibi et al. [52]; Lu et al. [82]; Pistol et al. [83].

In this line, several authors reported increased villus length [52,78] or villus height/crypt
depth ratio [78–81] and decreased crypt depth [81,84] in the jejunum, ileum, and colon cells
from rodents, lambs, pigs, and broilers fed with GP-derived products. These products
were also responsible for reducing the colonic lesion and colon shortening in rats sub-
jected to stressful DSS and TNBS treatments [77,85], with the dietary fiber and fiber-bound
(poly)phenols of the GP being more effective than free (poly)phenols [85]. This response
may be a consequence of the increase in villin, a calcium-regulated actin-binding protein
inhabiting the intestinal brush border and related to epithelial differentiation, which in turn
was responsible for the rise in goblet cell density [52]. In contrast, these outcomes enhance
mucosal thickness promoted by GP products [52] and upregulation of genes involved in
extracellular mucin secretion (i.e., Muc1, Muc2, and Muc3) [82,83]. Furthermore, as a sec-
ondary issue derived from the consumption of GP (poly)phenols, it has also been described
the enhanced expression of genes related both to nutrient transporters in general [52] but
specifically to (poly)phenols absorption [82].

The reduction in the inner surface area due to the defective development of crypt-villi
structures might result in various intestinal dysfunctions and disorders such as celiac
disease, inflammatory bowel disease, colorectal cancer, and brush border-related en-
teropathies [86]. The evidence reviewed herewith indicates that GP-derived products
might help in the management of these pathologies, although, to our knowledge, there are
still no specific human interventions with GP concerning them.

5. Effects of GP on Intestinal Barrier Integrity

As mentioned above, the intestinal barrier is a dynamic structure that separates the
internal part of the host from the intestinal lumen. Of particular importance for the in-
tegrity of the intestinal barrier are the tight junctions (TJ) formed between neighboring
epithelial cells, including several proteins such as occludins, claudins, junctional adhesion
molecules, and plaque proteins [87] (Figure 5). The intestinal barrier selectively allows or
restricts the exchange of water, ions, and macromolecules between the intestinal lumen and
the underlying tissues. This exchange occurs through both transcellular pathways, gov-
erned by the cell-specific profile of transporters and channels, and paracellular pathways,
mainly controlled by TJ. However, the disruption of the intestinal barrier results in what is
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known as the “leaky gut” and has been related to inflammation processes and intestinal
dysfunction [88].

Figure 5. Schematic representation of intestinal epithelium (enterocytes). LPS: lipopolysaccharide;

ZO: Zonula occludens or tight junction protein. Numbers represent those activities associated with

GP in several in vitro and in vivo models: (1): Pistol et al. [83]; Gil-Cardoso et al. [89]; (2): Pistol

et al. [83]; (3): Maurer et al. [85]; Pistol et al. [83]; (4): Nallathambi et al. [90]; Reiche and Huber [91];

(5): Hidalgo-Liberona et al. [92]; Yang et al. [93]; Cremonini et al. [94]; Gil-Cardonso et al. [95];

González-Quilen et al. [96]; (6): Taladrid et al. [97].

In recent years, there has been growing interest in how food-derived molecules,
particularly (poly)phenols, affect the gut barrier by influencing the TJ and paracellular
transport [92]. Numerous studies have investigated the effect of various grape-derived
products on in vitro intestinal models such as Caco-2 cells or animal digestive tracts. These
studies have demonstrated that grape-derived compounds can counteract permeabilization
by studying paracellular flux (e.g., fluoroisothiocyanate-dextran (FITC-dextran)) or transep-
ithelial electrical resistance (TEER) [93–96]. In our most recent research, we observed a
decrease in paracellular transport of FITC-dextran after incubating Caco-2 monolayers with
different GP-digested samples [97]. We also noted that GP-digested samples resulted in
increased production of SCFAs and phenolic acids during colonic fermentation compared
to control samples. This increase in SCFA and phenolic acid production may partially
explain the observed decrease in permeabilization [97]. The mechanisms underlying the
enhancement of the gut barrier exerted by GP are varied, including the upregulation of key
genes encoding for diverse TJ proteins, such as occludins [83], claudins [83,85], ZO-1 [83,89],
and TJ protein 1 [90]. Moreover, higher expression of the same proteins without variations
in mRNA levels has also been reported [82,98]. Therefore, GP compounds may mediate a
boost in intercellular unions through different routes than the transcription of TJ proteins,
such as post-translational modifications required in TJ assembly and their association with
the cytoskeleton [91] (Figure 5). However, the physiological impact of all these mechanisms
is still difficult to assess.

In summary, GP-derived molecules, such as (poly)phenols, have been shown to
influence the gut barrier through TJ and paracellular transport. GP (poly)phenols have a
counteracting effect on permeabilization, upregulating key genes encoding for TJ proteins
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and mediating a boost in intercellular unions. These mechanisms result in a reduction in
paracellular transport and enhanced gut barrier function.

6. Effects on Intestinal Inflammatory and Oxidative Status

The intestinal lumen is continuously exposed to harmful stimuli that may cause
oxidative stress, inflammation, and injury. Thus, reactive oxygen species (ROS) can damage
cell membranes, disturb barrier integrity, and lead to enhanced intestinal permeability,
inflammation, and endotoxemia [99]. The antioxidant and anti-inflammatory properties of
grape/wine (poly)phenols are widely known [100] and can be expected to be evident in
the GP. Similar behavior can be said for dietary fiber, whose intake has been associated, in
general, with lower systemic inflammation [101]. In this review, among the multiple and
complex signaling routes involved in inflammation and oxidative stress, we have focused
on those concerning the nuclear factor κB (NF-κB) for inflammation and the nuclear factor
erythroid 2-related factor 2 (Nrf2) for oxidative stress since their activation cascades are
considerably susceptible to GP components (Figure 6).

Figure 6. Effects of GP on intestinal inflammatory and oxidative status. A schematic representation

of relevant signaling cascades mediating the gene expression of key mediators of inflammation and

oxidative stress. Numbers represent those activities associated with GP in several in vitro and in vivo

experiments: (1): Pistol et al. [83,102]; Sheng et al. [98]; Maurer et al. [103]; (2): Bibi et al. [52]; Wang

et al. [104]; (3): Boussenna et al. [77]; Wang at al. [78]; Gil-Cardoso et al. [89]; Nallathambi et al. [90];

Pistol et al. [102]; Maurer at al. [103]; (4): Wang et al. [78]; Gil-Cardoso et al. [89] (5): Boussenna

et al., [77]; (6): Pistol et al. [83]; (7): Gessner et al. [80]; (8): Wang et al. [78]; Maurer et al. [103];

(9): Gessner et al. [80]; Sheng et al. [98]; Kafantaris et al. [105].

6.1. Regulation of the NF-κB Signaling Pathway

Under ordinary conditions, NF-κB is restricted to the cytoplasm forming a complex
with its inhibitor (IκBα). However, several responses may initialize their decoupling
through the inhibitors of kappa kinase β (IKKβ) and α (IKKα), which phosphorylate IκBα
for polyubiquitination and subsequent degradation [106]. Once the NF-κB becomes free,
it begins its activation and translocation to the nucleus, where it joins to specific DNA
regions, the NF-κB sites [106]. This binding to DNA is responsible for expressing cytokines,
adhesion molecules, and inflammatory enzymes. Among the principal stimuli that trigger
the NF-κB cascade are the Toll-Like Receptors (TLR), transmembrane proteins mainly
present in immune cells which react to cytokines, ROS, and, notably, to lipopolysaccharide
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(LPS) [107]. Overexpression of TLR is clearly recognized in various cases of intestinal
bowel disease (IBD) [108]. Furthermore, through the p300 coreceptor, phosphorylated and
activated by mitogen-activated protein kinase (MAPK), this enzyme participates in the
inflammatory cascade since the phosphorylated NF-κB forms an active complex with the
p300, which facilitates their binding to DNA [109].

Some trials feeding rodents or pigs with GP-derived products have evidenced re-
ductions in NF-κB expression, mRNA levels, and transactivation in the duodenum [80],
jejunum [52], and colon [102] cells. Moreover, Maurer et al. [103] reported downregu-
lation of IKKβ, the kinase responsible for NF-κB liberation prior to its transport to the
nucleus, and of the TLR-4 signaling, concluding that fiber-bound (poly)phenols of grape
peels were mainly responsible for both responses. In accordance, Yang et al. [93] reported
reduced levels of MAPK in mice colonic cells, while Pistol and collaborators observed
the same pattern accompanied by the suppression of TLR2 and TLR4 genes after feeding
piglets with a grape seed meal [83,102]. In addition, the last authors emphasized that
not only (poly)phenols may exert an inflammatory activity, highlighting the important
amount of fiber and unsaturated fatty acids in grape seed products [102]. In fact, it has
been described that butyrate may suppress LPS-induced NF-κB due to G-protein coupled
receptors (GPCRs) both in vitro in colonic cells and ex vivo in rodents’ large intestine [110],
and specific dietary fibers present in GP voided the TLR2 cascade in human dendritic
cells [111].

In addition to modulating the transcription factor NF-κB, GP may also mitigate the
progression of associated inflammatory processes. Following the intracellular increase in
inflammatory mediators, these molecules are released into the intestinal mucosa, initiating
the breakdown of the extracellular matrix and the recruitment of innate immune cells such
as neutrophils and macrophages. This cascade of events can lead to significant intestinal
impairment, a pattern commonly observed in patients with IBD. In studies investigating
the effects of GP products on intestinal inflammation, researchers often induce ulcerative
colitis in animal models. As a primary outcome, there is a significant increase in pro-
inflammatory cytokines, including interleukin (IL)-1β, IL-1α, IFN-γ, tumor necrosis factor
(TNF)α, and IL-6 [89,103], adhesion molecules such as intercellular adhesion molecule 1
(ICAM1) [77], and proteins involved in the breakdown of the extracellular matrix, like
those belonging to the matrix metalloproteinase (MMP) family [83]. Upon administering
GP in various formulations, researchers observed a reduction in cytokine levels and a
downregulation of their gene expression [77,89,103]. Additionally, anti-inflammatory
cytokines such as IL-10 increased [102], and ICAM-1 and MMP9 gene expression was
suppressed [77]. Neutrophil migration and infiltration into the intestinal mucosa are closely
associated with myeloperoxidase (MPO) activity, a potent oxidative inducer that catalyzes
the production of hypochlorous acid from Cl− and H2O2 in neutrophils [112]. In line with
this, some studies reported reduced colonic MPO levels in animal models of ulcerative
colitis after GP consumption [78,89,103], with Maurer et al. [103] attributing this response to
the fiber-bound (poly)phenols fraction. Moreover, the anti-inflammatory effects of GP have
been observed in healthy animals, resulting in reduced pro-inflammatory cytokine levels
and gene expression [78,102], decreased MMP2 and MMP9 activity [83], and increased
levels of anti-inflammatory IL-10 and IL-4 [102,103].

6.2. Regulation of the Nrf2 Signaling Pathway

Oxidative stress is a physiological state that arises from an imbalance between the
production of reactive oxygen species (ROS) and the body’s ability to detoxify them. ROS
are highly reactive molecules that can damage lipids, proteins, and nucleic acids, leading to
cellular dysfunction, tissue damage, and inflammation. Oxidative stress and inflammation
are closely intertwined processes that play important roles in the development of various
diseases, including gut inflammation [113]. Neutrophil infiltration into the mucosa, for
example, leads to increased ROS production in the area, which in turn facilitates the
migration of other immune cells to the epithelium and enhances the establishment of a
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niche for pro-oxidant enzymes, such as inducible nitric oxide synthase (iNOS). This enzyme
catalyzes the generation of the potent oxidative peroxynitrite radical [114]. Moreover, ROS
are effectors of TLRs, which can stimulate the translocation of NF-κB into the nucleus [104].

As previously mentioned, another crucial signaling pathway involves antioxidant
responses mediated by Nrf2 [115]. Similarly to NF-κB, Nrf2 is sequestered in the cytoplasm
by binding to a Kelch-like ECH-associated protein 1 (Keap1) [116] (Figure 6). Keap1 is
an oxidation-sensitive protein that dissociates from Nrf2 when ROS levels increase in the
cytoplasm, enabling Nrf2 to translocate to the nucleus and bind to the antioxidant response
elements (ARE) in its target genes. This process induces the expression of antioxidant
enzymes such as superoxide dismutase (SOD), catalase (CAT), or glutathione peroxidase
(GPx) [117]. Apart from regulating Nrf2, Keap1 has been found to inhibit the activity
of IKKβ, which is responsible for initiating the NF-κB cascade. This provides another
intersection point between oxidation and inflammation. Then, the activation of Nrf2 can
enhance the gut epithelium’s antioxidant capacity and reduce inflammation. Many studies
examining the effects of GP on inflammation have also reported increased SOD, CAT, and
GPx activity and gene expression [78,103], as well as reduced levels of ROS, nitric oxide
(NO), or iNOS protein [89]. Specifically, Gessner et al. [80] conducted a study involving
pigs in which they observed that the increase in antioxidant enzymes was accompanied by
enhanced transactivation of both Nrf2 and NF-κB.

Considering that obesity and other associated metabolic disorders are characterized
by chronic low-grade intestinal inflammation—also mediated by factors such as Nrf2 and
NF-κB [118]—it is plausible that the protective effects of GP against these disorders might
be achieved through the regulation of these molecular pathways at the intestinal level.

In conclusion, the antioxidant and anti-inflammatory properties of GP (poly)phenols
and dietary fiber have been widely studied and shown to have potential benefits in reducing
oxidative stress and inflammation in the gut. Specifically, the activation cascades of the NF-
κBand the Nrf2 are susceptible to GP components, as demonstrated by studies in rodents,
pigs, and humans. GP-derived products have been shown to reduce NF-κB expression and
transactivation, downregulate TLR signaling, and mitigate the progression of associated
inflammatory processes. Moreover, GP consumption has been associated with an increase
in antioxidant enzyme activity and gene expression, as well as reduced levels of ROS, nitric
oxide, or iNOS. Given the association between chronic low-grade intestinal inflammation
and metabolic disorders, the regulation of these molecular pathways at the intestinal level
may play a crucial role in the protective effects of GP against these disorders.

7. Effects of GP on the Gut Microbiome

Because of its health implications, the gut microbiome is now a thriving area of research
integrating basic and clinical sciences and a priority topic worldwide [119]. Alterations
in the state of the gut microbiota (dysbiosis) are increasingly linked to the incidence of
non-communicable diseases [120]. Among the factors that determine our gut microbiota,
diet is one of the most important and, possibly, the one we can influence the most. The
dietary fiber fraction has long been recognized as a food component that most modulates
gut microbiota [121]. Regarding (poly)phenols, current research suggests that they have
great potential for action against microbial dysbiosis, with a favorable impact on other
aspects of health related to the gut microbiome [122].

As seen in gastrointestinal digestion simulations of GP, gut microbiota extensively de-
grade their constituents leading to a great battery of bioaccessible phenolic metabolites (i.e.,
benzoic, phenylacetic, and phenylpropionic acids) as well as SCFAs mainly derived from
the dietary fiber fraction [123]. In turn, these GP components and their microbial-derived
metabolites can modulate the composition and functionality of the gut communities [123].
The mechanisms behind this phenolic-mediated modulation are intricate and still scarcely
known, which gives rise to a considerable amount of pending work in the area. For the
time being, some hypotheses point to the interference of the quorum sensing mediated
by (poly)phenols, limiting the formation of pathogens biofilms [124]; others suggest that
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competition for nutrients favors those bacteria capable of extracting the sugars attached to
(poly)phenols and fiber to obtain sugars and SCFAs, generally species associated with a
probiotic effect [125].

Table 3 reports the in vivo studies reported in the literature concerning the effects of GP-
derived products on gut microbiota composition. Other studies dealing with other grape
products (grapes, raisins, grape seeds, wine, etc.) have not been considered in this review
as they show different chemical compositions, especially concerning the fiber fraction.

Table 3. Animal and human studies concerning the effects of GP on gut microbiota composition.

Study Pl Design/Intervention
Microbiota-Related
Measurements

Changes in
Microbiota
Composition

Relation to
Other Biomarkers

Refs.

Broiler chicks

Cobb broiler chicks; 1-day old
n = 25 ♂animals/group
Duration: 21 days
Diets:

• Antibiotic-free (control)
• Antibiotic-included (50

mg/kg of avoparcin)
• Antibiotic-free diet + GP

concentrate (60 g/kg)

Plate counting
16S rRNA sequencing

• Ileum

↑ Enterococcus
↓ Clostridium

• Cecum

↑ E. coli
↑ Lactobacillus
↑ Enterococcus
↑ Clostridium
↑ Bacterial diversity

=Weight gain

• Jejunum

↑ Villus height/crypt depth ratio

[126]

Cobb-500 broiler chicks; 1-day old
n = 192 animals/group
Duration: 42 days
Diets:

• Antibiotic-free (control)
• Antibiotic-included (0.05%

BMD)
• Antibiotic-free + 2.5% GP

16S rRNA sequencing
SCFAs by GC

↑ Bacteroidetes
↓ Firmicutes
↑ Bacteroides
↑ Lactobacillus
=SCFAs

↑ Feed intake
=Feed conversion ratio

• Duodenum

↑ Villus height
↑ Villus height/crypt depth ratio

• Jejunum

↑ Villus height
↑ Villus width

• Illeum

=Crypt depth
=Villus height/crypt depth ratio

[127]

Rodents (rats, mice)

Wistar rats; n = 6 animals/group
Duration: 14 months
Diets:

• 0.1% DMSO (control)
• GP phenolic extract (2.5, 5,

10, and 20 mg/kg/day)

qPCR
Urine phenolic
metabolites by LC-QTOF

↑ Bifidobacterium
=Bacteroides
=Clostridium leptum
=Enterococcus
↓ Clostridium Cluster I

[128,129]

C57BL/6J mice; 9-week old
n = 14 animals/group
Duration: 8 weeks
Diets:

• Control
• High-fat diet
• High-fat diet + GP phenolic

extract (8.2 g/kg)

16S rRNA sequencing
SCFAs by GC

↓ Desulfovibrio
↓ Lactococcus
↑ Allobaculum
↑ Roseburia

↓ Fat mass gain
↓ Adipose tissue inflammation
=Food intake
↑ Glucose tolerance
↓ Insulin resistance index
↑ Antimicrobial peptides
↑ Tight junction proteins

[57]
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Table 3. Cont.

Study Pl Design/Intervention
Microbiota-Related
Measurements

Changes in
Microbiota
Composition

Relation to
Other Biomarkers

Refs.

C57BL/6J mice; 9-week old
n = 10 ♂animals/group
Duration: 3-week antibiotics + 1
week diet
Diets:

• Saline solution (control)
• GP extract 200 mg/kg

16S rRNA sequencing

• Fecal microbiota

↑ Relative abundance
↑ Diversity
↑ Akkermansia

[130]

Piglets

Landrace × Large White–Duroc
n = 12 animals/group
Duration: 15 days
Diets:

• Control
• 4% GP

Plate counting

↑ Facultative probiotic
bacteria
↑ Lactic acid bacteria
↓ Enterobacteriacae
↓ Campylobacter jejuni

↑ Weight gain
↑ GSH
↑ H2O2 decomposition activity
↑ Total antioxidant capacity
↓ MDA (TBARS)
↓ Protein carbonyls

[105]

Songliao black pigs; 28-day old
n = 6 animals/group
Duration: 28 days
Diets:

• Control
• 5% GP

16S rRNA sequencing
↑ Lactobacillus delbrueckii
↑ Olsenella umbonate
↑ Selenomonas bovis

=Growth

• Jejunum

↑ Villus height
↑ Villus height/crypt depth ratio

• Caecum

↓ Pro-inflammatory cytokines
(IL-1β, IL-8, IL-6, TNF-α)
=SCFAs receptors (GPR41/43)
↑ Serum IgG

[78]

Lambs

Chios lambs; 15-day old
n = 12 ♂animals/group
Duration: 55 days
Diets:

• Control
• 45% GP

Plate counting

↑ Facultative probiotic
bacteria
↓ Enterobacteriacae
↓ Escherichia coli

↑ CAT
↑ GSH
↓ MDA (TBARS)
↓ Protein carbonyls

[131]

Humans

Healthy women (n = 10)
Duration: 3 weeks
Diet: 1.4 g/day of a red GP extract

qPCR
SCFAs by GC-MS
Phenolic metabolites by
UPLC-ESI-MS/MS

=Faecal bacteria
populations
=Faecal/urine phenolic
metabolites
↑ Fecal SCFAs

↓ Blood fasting glucose
Glucose metabolism-related
miRNA modulation

[19]

≥2 metabolic syndrome factors
subjects (n = 49)
Duration: 6 weeks
Diet: 8 g/day of GP extract

qPCR
SCFAs by GC

=Microbiota profile
↑ Lactobacilliales
↑ Bacteroides
=SCFAs

↑ insulin levels
(responders)

[132]

Responders (n = 23) and
non-responders (n = 26)
to insulin reduction
Duration: 6 weeks
Diet: 8 g/day of GP extract

16S rRNA sequencing
Sequencing
SCFAs by GC

↓ Prevotella
↓ Firmicutes

↑ miRNA-222 levels
(responders)

[133]
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Table 3. Cont.

Study Pl Design/Intervention
Microbiota-Related
Measurements

Changes in
Microbiota
Composition

Relation to
Other Biomarkers

Refs.

High-risk cardiometabolic (n = 17)
healthy (n = 12) subjects
Duration: 6 weeks
Diets:

• Control
• 2 g/day of GP seasoning

16S rRNA sequencing
SCFAs by GC-MS
Phenolic metabolites by
UPLC-ESI-MS/MS

=α and β diversity
↓ Peptoniphilus
↓ Clostridiaceae 1
↓ Clostridium sensu stricto 1
↓ Ezakiella
↓ Streptococcus
↓ Lachnospiraceae ND3007
↓ Paraprevotella
↓ Senegalimassilia
↑ Streptococcaceae
↓ Eggerthellaceae
↓ Coribacteriales
Incertae Sedis
↓ Propionic acid
↑ Protocatechuic acid

↓ Blood pressure
↓ Fasting blood glucose
Bacterial communities
associated with
cardiovascular and
metabolic data

[16]

↓: Decrease in; ↑: Increase in.

The first studies reporting GP’s effect on gut microbiota aimed to assess the possible
application of (poly)phenols as alternatives to antibiotics in broiler chicken production [126].
These authors found that GP concentrates seemed to be effective in increasing the ileal
populations of beneficial bacteria as well as markers of healthy gut morphology (Table 3).
Recently, other researchers have found similar results, further corroborating that the inclu-
sion of GP-derived products in the diet of broiler chickens favors intestinal health without
affecting their blood biochemical and immune profiles [127] (Table 3).

In rodents, Chacar et al. [128,129] specifically assessed the impact of a GP phenolic
extract on gut microbiota, finding that, at the conditions used, GP supplementation could
inhibit non-beneficial bacteria and potentiate the growth of probiotic ones, counteracting
the adverse outcomes of aging on the gut bacterial population (Table 3). Experiments
have also been conducted in mice fed high-fat diets, finding that GP supplementation
appeared to ameliorate the overall metabolic profile derived from a high-fat diet [57] or to
facilitate the recovery of gut microbiota after antibiotic treatment [130], both effects related
to changes in some key microbial genera (Table 3).

Other studies in larger animals such as pigs [78,105] and lambs [131] corroborated that
GP supplementation has no adverse effects on animal growth and can also promote the
content of some beneficial bacteria in the caecum [78,105,131], as well as the enhancement
of particular antioxidant [105,131], and anti-inflammatory mechanisms [78] (Table 3).

Concerning human intervention studies (Table 3), the only three studies carried out
to date reported slight changes in the composition of the gut microbiota after GP sup-
plementation in healthy women [19]; subjects exhibited at least two factors for metabolic
syndrome [132,133] and subjects at high-risk cardiovascular or not [16]. No significant
increase in GP-derived metabolites such as SCFAs and phenolic acids after supplementation
was reported [19,132,133]. A key aspect of these studies was the high inter-individual vari-
ability observed in the body response to GP supplementation in terms of biomarkers such
as blood pressure [16], fasting glucose [16,19], or insulin levels [132] (Table 3). This inter-
individual variability in clinical trials with GP-derived products was related to differences
in gut microbiota and miRNA [19,133]. On the other hand, it happens that the relationship
between gut microbiota composition and clinical and metabolic changes derived from GP
supplementation may rely more on metabolic-related bacterial communities rather than
bacterial genera/family, emphasizing the ecological/functional aspects of the different
communities over taxonomic aspects [16].

The differences in the extent and impact of these in vivo effects may be attributable to
differences in study design (animal model, GP-derived product, doses, etc.), although it
seems clear that the human gut microbiota is more stable and, therefore, more resilient to
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diet-induced changes. However, all these studies highlight the potential modulatory effects
of GP-derived products on gut microbiota composition and open the door to studies on how
GP supplementation impacts gut microbiota metabolism and functionality in relation to
different pathologies. For instance, gut microbiome-modulating properties of GP seem to be
behind the reduction of trimethylamine-N-oxide (TMAO) [134], a gut microbiota-derived
metabolite recognized as strongly related to cardiovascular diseases, mainly increasing the
risk of atherosclerosis development [135].

Hence, gut microbiota can degrade GP components, producing bioaccessible phenolic
metabolites and SCFAs, which can modulate gut communities’ composition and func-
tionality (Figure 7). In vivo studies have shown that GP supplementation can promote
intestinal health, ameliorate metabolic profiles, enhance antioxidant and anti-inflammatory
mechanisms, and increase the content of beneficial bacteria in animals. Clinical trials with
GP-derived products show inter-individual variability in terms of biomarkers, emphasizing
the importance of metabolic-related bacterial communities over bacterial genera/family.
GP-derived products have significant potential for modulating gut microbiota composi-
tion and functionality in relation to different pathologies, including reducing the risk of
non-communicable diseases such as cardiovascular disease. Further research is needed to
explore the therapeutic applications of GP-derived products in promoting gut health.

Figure 7. Schematic representation of the potential of GP in modulating gut microbiota composition

and functionality in vivo and in clinical studies.

8. Conclusions

GP is a fascinating food by-product that has long been studied for its potential use
as a dietary supplement and its protective properties against cardiovascular diseases.
The health-promoting properties of GP are primarily attributed to its rich content of
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(poly)phenols and dietary fiber, as well as the interactions between these components.
Considering that the intestinal tract is the first site of interaction for food components and
their potential biological activities, this review focuses on GP’s bioactivity within the gut
environment and its possible implications for cardiovascular health. Based on in vitro and
in vivo studies, substantial evidence supports GP’s ability to (i) regulate nutrient digestion
and absorption (modulating digestive enzyme action in the intestinal lumen and the expres-
sion of intestinal transporters), (ii) modulate gut hormones (GLP-1, PYY, CCK, ghrelin, and
GIP) levels and satiety, (iii) reinforce gut morphology (crypt-villi structures), (iv) protect
intestinal barrier integrity through tight junctions and paracellular transport, (v) modulate
intestinal inflammation and oxidative stress via NF-κB and Nrf2 signaling pathways, and
(vi) positively impact gut microbiota composition and functionality. Hence, GP promotes
cardiovascular health within the intestinal environment by regulating blood lipid and
glucose levels, supporting appetite regulation, reducing inflammation and oxidative stress,
and fostering a beneficial gut microbiota composition. The current state of knowledge
does not clearly define a primary mechanism of action for GP at the intestinal level, which
may vary among individuals and pathological conditions. However, these mechanisms are
evidently interconnected. For example, GP-mediated changes in microbiota composition
may lead to increased production of SCFAs such as acetate, propionate, and butyrate or
decreased production of bacterial LPS, which are known disruptors of gut barrier integrity
and inflammation stimulants. Thus, GP’s overall effect reinforces the intestinal function
as a crucial first line of defense against multiple disorders, including those impacting
cardiometabolic health. In a sense, GP’s systemic bioactivity begins in the gut, which can
contribute to the prevention and management of cardiovascular diseases. Future research
on GP’s health-promoting properties should consider connections between the gut and
other organs (gut-heart axis, gut-brain axis, gut-skin axis, oral-gut axis), further solidifying
its role as a cardiometabolic health-promoting ingredient.
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BMD bacitracin methylene disalicylate

CCK cholecystokinin

GIP glucose-dependent insulinotropic polypeptide

GLP-1 glucagon-like peptide-1

GP grape pomace

LPS lipopolysaccharide

PYY peptide YY

qPCR quantitative real-time PCR

NF-κB nuclear factor κB

Nrf2 nuclear factor erythroid 2-related factor 2

SCFAs short-chain fatty acids

(C) Crush Dynamics Page 27 of 34

bill



Antioxidants 2023, 12, 979 19 of 24

References

1. Bordiga, M.; Travaglia, F.; Locatelli, M. Valorisation of grape pomace: An approach that is increasingly reaching its maturity—A

review. Int. J. Food Sci. Technol. 2019, 54, 933–942. [CrossRef]

2. Ferrer-Gallego, R.; Silva, P. The Wine Industry By-Products: Applications for Food Industry and Health Benefits. Antioxidants

2022, 11, 2025. [CrossRef]

3. Zhou, D.D.; Li, J.; Xiong, R.G.; Saimaiti, A.; Huang, S.Y.; Wu, S.X.; Yang, Z.J.; Shang, A.; Zhao, C.N.; Gan, R.Y.; et al. Bioactive

Compounds, Health Benefits and Food Applications of Grape. Foods 2022, 11, 2755. [CrossRef]

4. Dwyer, K.; Hosseinian, F.; Rod, M. The Market Potential of Grape Waste Alternatives. J. Food Res. 2014, 3, 91. [CrossRef]

5. Yu, J.; Ahmedna, M. Functional components of grape pomace: Their composition, biological properties and potential applications.

Int. J. Food Sci. Technol. 2013, 48, 221–237. [CrossRef]

6. García-Lomillo, J.; González-SanJosé, M.L. Applications of Wine Pomace in the Food Industry: Approaches and Functions. Compr.

Rev. Food Sci. Food Saf. 2017, 16, 3–22. [CrossRef]

7. Beres, C.; Costa, G.N.S.; Cabezudo, I.; da Silva-James, N.K.; Teles, A.S.C.; Cruz, A.P.G.; Mellinger-Silva, C.; Tonon, R.V.; Cabral,

L.M.C.; Freitas, S.P. Towards integral utilization of grape pomace from winemaking process: A review. Waste Manag. 2017, 68,

581–594. [CrossRef]

8. Bordiga, M.; Travaglia, F.; Locatelli, M.; Arlorio, M.; Coïsson, J.D. Spent grape pomace as a still potential by-product. Int. J. Food

Sci. Technol. 2015, 50, 2022–2031. [CrossRef]

9. Saura-Calixto, F. Dietary fiber as a carrier of dietary antioxidants: An essential physiological function. J. Agric. Food Chem. 2011,

59, 43–49. [CrossRef]

10. Gil-Sánchez, I.; Ayuda-Durán, B.; González-Manzano, S.; Santos-Buelga, C.; Cueva, C.; Martín-Cabrejas, M.A.; Sanz-Buenhombre,

M.; Guadarrama, A.; Moreno-Arribas, M.V.; Bartolomé, B. Chemical characterization and in vitro colonic fermentation of grape

pomace extracts. J. Sci. Food Agric. 2017, 97, 3433–3444. [CrossRef]

11. Taladrid, D.; Laguna, L.; Vendrell, V.D.; Guadarrana, A.; Moreno-Arribas, M.V.; Bartolomé, B. Sensory acceptability of winery

by-products as seasonings for salt replacement. Eur. Food Res. Technol. 2020, 246, 2359–2369. [CrossRef]

12. Gerardi, G.; Cavia-Saiz, M.; Muñiz, P. From winery by-product to healthy product: Bioavailability, redox signaling and oxidative

stress modulation by wine pomace product. Crit. Rev. Food Sci. Nutr. 2022, 62, 7427–7448. [CrossRef] [PubMed]

13. Ras, R.T.; Zock, P.L.; Zebregs, Y.E.M.P.; Johnston, N.R.; Webb, D.J.; Draijer, R. Effect of polyphenol-rich grape seed extract on

ambulatory blood pressure in subjects with pre- and stage I hypertension. Br. J. Nutr. 2013, 110, 2234–2241. [CrossRef] [PubMed]

14. Urquiaga, I.; D’Acuña, S.; Pérez, D.; Dicenta, S.; Echeverría, G.; Rigotti, A.; Leighton, F. Wine grape pomace flour improves

blood pressure, fasting glucose and protein damage in humans: A randomized controlled trial. Biol. Res. 2015, 48, 49. [CrossRef]

[PubMed]

15. Belcaro, G.; Ledda, A.; Hu, S.; Cesarone, M.R.; Feragalli, B.; Dugall, M. Grape seed procyanidins in pre- and mild hypertension: A

registry study. Evid. Based Complement. Altern. Med. 2013, 2013, 313142. [CrossRef]

16. Taladrid, D.; De Celis, M.; Belda, I.; Bartolomé, B.; Moreno-Arribas, M.V. Hypertension- and glycaemia-lowering effects of a

grape-pomace-derived seasoning in high-cardiovascular risk and healthy subjects. Interplay with the gut microbiome. Food Funct.

2022, 13, 2068–2082. [CrossRef]

17. Tomé-Carneiro, J.; Larrosa, M.; Yáñez-Gascón, M.J.; Dávalos, A.; Gil-Zamorano, J.; Gonzálvez, M.; García-Almagro, F.J.; Ruiz Ros,

J.A.; Tomás-Barberán, F.A.; Espín, J.C.; et al. One-year supplementation with a grape extract containing resveratrol modulates

inflammatory-related microRNAs and cytokines expression in peripheral blood mononuclear cells of type 2 diabetes and

hypertensive patients with coronary artery disease. Pharmacol. Res. 2013, 72, 69–82. [CrossRef]

18. Urquiaga, I.; Troncoso, D.; Mackenna, M.J.; Urzúa, C.; Pérez, D.; Dicenta, S.; de la Cerda, P.M.; Amigo, L.; Carreño, J.C.; Echeverría,

G.; et al. The consumption of beef burgers prepared with wine grape pomace flour improves fasting glucose, plasma antioxidant

levels, and oxidative damage markers in humans: A controlled trial. Nutrients 2018, 10, 1388. [CrossRef]

19. Gil-Sánchez, I.; Esteban-Fernández, A.; González de Llano, D.; Sanz-Buenhombre, M.; Guadarrana, A.; Salazar, N.; Gueimonde,

M.; de los Reyes-Gavilánc, C.G.; Martín Gómez, L.; García Bermejo, M.L.; et al. Supplementation with grape pomace in healthy

women: Changes in biochemical parameters, gut microbiota and related metabolic biomarkers. J. Funct. Foods 2018, 45, 34–46.

[CrossRef]

20. Yang, C.; Han, Y.; Tian, X.; Sajid, M.; Mehmood, S.; Wang, H.; Li, H. Phenolic composition of grape pomace and its metabolism.

Crit. Rev. Food Sci. Nutr. 2022, 1–17. [CrossRef]

21. Chiou, Y.S.; Wu, J.C.; Huang, Q.; Shahidi, F.; Wang, Y.J.; Ho, C.T.; Pan, M.H. Metabolic and colonic microbiota transformation may

enhance the bioactivities of dietary polyphenols. J. Funct. Foods 2014, 7, 3–25. [CrossRef]

22. Cueva, C.; Gil-Sánchez, I.; Ayuda-Durán, B.; González-Manzano, S.; González-Paramás, A.M.; Santos-Buelga, C.; Bartolomé, B.;

Victoria Moreno-Arribas, M. An integrated view of the effects of wine polyphenols and their relevant metabolites on gut and host

health. Molecules 2017, 22, 99. [CrossRef]

23. Lu, Y.; Zhang, Y.; Zhao, X.; Shang, C.; Xiang, M.; Li, L.; Cui, X. Microbiota-derived short-chain fatty acids: Implications for

cardiovascular and metabolic disease. Front. Cardiovasc. Med. 2022, 9, 2082. [CrossRef] [PubMed]

24. Campos, F.; Peixoto, A.F.; Fernandes, P.A.R.; Coimbra, M.A.; Mateus, N.; de Freitas, V.; Fernandes, I.; Fernandes, A. The

antidiabetic effect of grape pomace polysaccharide-polyphenol complexes. Nutrients 2021, 13, 4495. [CrossRef]

(C) Crush Dynamics Page 28 of 34

https://doi.org/10.1111/ijfs.14118
https://doi.org/10.3390/antiox11102025
https://doi.org/10.3390/foods11182755
https://doi.org/10.5539/jfr.v3n2p91
https://doi.org/10.1111/j.1365-2621.2012.03197.x
https://doi.org/10.1111/1541-4337.12238
https://doi.org/10.1016/j.wasman.2017.07.017
https://doi.org/10.1111/ijfs.12853
https://doi.org/10.1021/jf1036596
https://doi.org/10.1002/jsfa.8197
https://doi.org/10.1007/s00217-020-03581-1
https://doi.org/10.1080/10408398.2021.1914542
https://www.ncbi.nlm.nih.gov/pubmed/33951976
https://doi.org/10.1017/S000711451300161X
https://www.ncbi.nlm.nih.gov/pubmed/23702253
https://doi.org/10.1186/s40659-015-0040-9
https://www.ncbi.nlm.nih.gov/pubmed/26337448
https://doi.org/10.1155/2013/313142
https://doi.org/10.1039/D1FO03942C
https://doi.org/10.1016/j.phrs.2013.03.011
https://doi.org/10.3390/nu10101388
https://doi.org/10.1016/j.jff.2018.03.031
https://doi.org/10.1080/10408398.2022.2146048
https://doi.org/10.1016/j.jff.2013.08.006
https://doi.org/10.3390/molecules22010099
https://doi.org/10.3389/fcvm.2022.900381
https://www.ncbi.nlm.nih.gov/pubmed/36035928
https://doi.org/10.3390/nu13124495


Antioxidants 2023, 12, 979 20 of 24

25. Zhu, F.; Du, B.; Zheng, L.; Li, J. Advance on the bioactivity and potential applications of dietary fibre from grape pomace. Food

Chem. 2015, 186, 207–212. [CrossRef]

26. Giuntini, E.B.; Sardá, F.A.H.; de Menezes, E.W. The Effects of Soluble Dietary Fibers on Glycemic Response: An Overview and

Futures Perspectives. Foods 2022, 11, 3934. [CrossRef]

27. Rocchetti, G.; Rizzi, C.; Cervini, M.; Rainero, G.; Bianchi, F.; Giuberti, G.; Lucini, L.; Simonato, B. Impact of grape pomace powder

on the phenolic bioaccessibility and on in vitro starch digestibility of wheat based bread. Foods 2021, 10, 507. [CrossRef]

28. Hogan, S.; Zhang, L.; Li, J.; Sun, S.; Canning, C.; Zhou, K. Antioxidant rich grape pomace extract suppresses postprandial

hyperglycemia in diabetic mice by specifically inhibiting alpha-glucosidase. Nutr. Metab. 2010, 7, 71. [CrossRef]

29. Asgharpour, F.; Pouramir, M.; Khalilpour, A.; Alamdari, S.A.; Rezaei, M. Antioxidant Activity and Glucose Diffusion Relationship

of Traditional Medicinal Antihyperglycemic Plant Extracts. Int. J. Mol. Cell. Med. 2013, 2, 169.

30. Yu, J.; Mi, Y.; Ji, S. In vitro Evaluating the Influence of Grape Seed Polyphenol Extract on the Digestibility of Macronutrients. J.

Health Sci. 2016, 4, 167–176. [CrossRef]

31. Kato-Schwartz, C.G.; Corrêa, R.C.G.; de Souza Lima, D.; de Sá-Nakanishi, A.B.; de Almeida Gonçalves, G.; Seixas, F.A.V.;

Haminiuk, C.W.I.; Barros, L.; Ferreira, I.C.F.R.; Bracht, A.; et al. Potential anti-diabetic properties of Merlot grape pomace extract:

An in vitro, in silico and in vivo study of α-amylase and α-glucosidase inhibition. Food Res. Int. 2020, 137, 109462. [CrossRef]

[PubMed]

32. Benítez, V.; Rebollo-Hernanz, M.; Aguilera, Y.; Bejerano, S.; Cañas, S.; Martín-Cabrejas, M.A. Extruded coffee parchment shows

enhanced antioxidant, hypoglycaemic, and hypolipidemic properties by releasing phenolic compounds from the fibre matrix.

Food Funct. 2021, 12, 1097–1110. [CrossRef] [PubMed]

33. Adisakwattana, S.; Srichairat, S.; Ngamukote, S.; Moonrat, J.; Chanasit, C.; Tirapongporn, H.; Chanathong, B.; Mäkynen, K.;

Sapwarobol, S. Lipid-Lowering mechanisms of grape seed extract (Vitis vinifera L) and its antihyperlidemic activity. Artic. J. Med.

Plant Res. 2010, 4, 2113–2120.

34. Jiao, R.; Zhang, Z.; Yu, H.; Huang, Y.; Chen, Z.Y. Hypocholesterolemic activity of grape seed proanthocyanidin is mediated by

enhancement of bile acid excretion and up-regulation of CYP7A1. J. Nutr. Biochem. 2010, 21, 1134–1139. [CrossRef] [PubMed]

35. Ngamukote, S.; Mäkynen, K.; Thilawech, T.; Adisakwattana, S. Cholesterol-lowering activity of the major polyphenols in grape

seed. Molecules 2011, 16, 5054–5061. [CrossRef]

36. Martinez-Gonzalez, A.I.; Díaz-Sánchez, Á.G.; De La Rosa, L.A.; Vargas-Requena, C.L.; Bustos-Jaimes, I.; Alvarez-Parrilla, E.

Polyphenolic compounds and digestive enzymes: In vitro non-covalent interactions. Molecules 2017, 22, 669. [CrossRef]

37. Yang, X.; Kong, F. Effects of tea polyphenols and different teas on pancreatic α-amylase activity in vitro. LWT Food Sci. Technol.

2016, 66, 232–238. [CrossRef]

38. Cisneros-Yupanqui, M.; Lante, A.; Mihaylova, D.; Krastanov, A.I.; Rizzi, C. The α-Amylase and α-Glucosidase Inhibition Capacity

of Grape Pomace: A Review. Food Bioprocess Technol. 2022, 16, 691–703. [CrossRef]

39. Hassan, H.M. Inhibitory Effects of Red Grape Seed Extracts on Pancreatic α-amylase and Lipase. Glob. J. Biotech. Biochem. 2014, 9,

130–136.

40. Jang, Y.S.; Jeong, J.M. Antioxidative Effect and Digestive Enzyme Inhibition of Grape Seed Extract (GSE). J. Korean Soc. Food Sci.

Nutr. 2010, 39, 783–788. [CrossRef]

41. Fernandes, A.C.F.; Martins, I.M.; Moreira, D.K.T.; Macedo, G.A. Use of agro-industrial residues as potent antioxidant, antiglycation

agents, and α-amylase and pancreatic lipase inhibitory activity. J. Food Process. Preserv. 2020, 44, e14397. [CrossRef]

42. Kong, F.; Su, Z.; Zhang, L.; Qin, Y.; Zhang, K. Inclusion complex of grape seeds extracts with sulfobutyl ether β-cyclodextrin:

Preparation, characterization, stability and evaluation of α-glucosidase and α-amylase inhibitory effects in vitro. LWT 2019, 101,

819–826. [CrossRef]

43. Kadouh, H.C.; Sun, S.; Zhu, W.; Zhou, K. α-Glucosidase inhibiting activity and bioactive compounds of six red wine grape

pomace extracts. J. Funct. Foods 2016, 26, 577–584. [CrossRef] [PubMed]

44. Lavelli, V.; Sri Harsha, P.S.C.; Fiori, L. Screening grape seeds recovered from winemaking by-products as sources of reducing

agents and mammalian α-glucosidase and α-amylase inhibitors. Int. J. Food Sci. Technol. 2015, 50, 1182–1189. [CrossRef]

45. Huamán-Castilla, N.L.; Campos, D.; García-Ríos, D.; Parada, J.; Martínez-Cifuentes, M.; Mariotti-Celis, M.S.; Pérez-Correa, J.R.

Chemical properties of vitis vinifera carménère pomace extracts obtained by hot pressurized liquid extraction, and their inhibitory

effect on type 2 diabetes mellitus related enzymes. Antioxidants 2021, 10, 472. [CrossRef]

46. Fernández-Fernández, A.M.; Iriondo-DeHond, A.; Dellacassa, E.; Medrano-Fernandez, A.; del Castillo, M.D. Assessment of

antioxidant, antidiabetic, antiobesity, and anti-inflammatory properties of a Tannat winemaking by-product. Eur. Food Res.

Technol. 2019, 245, 1539–1551. [CrossRef]

47. Freire, J.M.; Barroso, A.R.; de Assis, A.A.; Texeira, B.H.; Braga, J.H.G.; Oliveira, D.A.; Braga, M.A.; Marcussi, S. Enzymes

modulation by dried grape pomace from the manufacture of wines and juices. Braz. J. Pharm. Sci. 2021, 56, e18467. [CrossRef]

48. Uuh Narvaez, J.J.; Segura Campos, M.R. Combination therapy of bioactive compounds with acarbose: A proposal to control

hyperglycemia in type 2 diabetes. J. Food Biochem. 2022, 46, e14268. [CrossRef]

49. Li, N.; Liu, X.; Zhang, J.; Lang, Y.Z.; Lu, L.; Mi, J.; Cao, Y.L.; Yan, Y.M.; Ran, L.W. Preventive Effects of Anthocyanins from Lycium

ruthenicum Murray in High-Fat Diet-Induced Obese Mice Are Related to the Regulation of Intestinal Microbiota and Inhibition

of Pancreatic Lipase Activity. Molecules 2022, 27, 2141. [CrossRef]

(C) Crush Dynamics Page 29 of 34

https://doi.org/10.1016/j.foodchem.2014.07.057
https://doi.org/10.3390/foods11233934
https://doi.org/10.3390/foods10030507
https://doi.org/10.1186/1743-7075-7-71
https://doi.org/10.17265/2328-7136/2016.04.001
https://doi.org/10.1016/j.foodres.2020.109462
https://www.ncbi.nlm.nih.gov/pubmed/33233136
https://doi.org/10.1039/D0FO02295K
https://www.ncbi.nlm.nih.gov/pubmed/33427263
https://doi.org/10.1016/j.jnutbio.2009.10.007
https://www.ncbi.nlm.nih.gov/pubmed/20092993
https://doi.org/10.3390/molecules16065054
https://doi.org/10.3390/molecules22040669
https://doi.org/10.1016/j.lwt.2015.10.035
https://doi.org/10.1007/s11947-022-02895-0
https://doi.org/10.3746/jkfn.2010.39.6.783
https://doi.org/10.1111/jfpp.14397
https://doi.org/10.1016/j.lwt.2018.12.007
https://doi.org/10.1016/j.jff.2016.08.022
https://www.ncbi.nlm.nih.gov/pubmed/30381791
https://doi.org/10.1111/ijfs.12763
https://doi.org/10.3390/antiox10030472
https://doi.org/10.1007/s00217-019-03252-w
https://doi.org/10.1590/s2175-97902020000118467
https://doi.org/10.1111/jfbc.14268
https://doi.org/10.3390/molecules27072141


Antioxidants 2023, 12, 979 21 of 24

50. Léniz, A.; Martínez-Maqueda, D.; Fernández-Quintela, A.; Pérez-Jiménez, J.; Portillo, M.P. Potential relationship between the

changes in circulating micrornas and the improvement in glycaemic control induced by grape pomace supplementation. Foods

2021, 10, 2059. [CrossRef]

51. Martínez-Meza, Y.; Pérez-Jiménez, J.; Salgado-Rodríguez, L.M.; Castellanos-Jiménez, A.K.; Reynoso-Camacho, R. In Vivo

Evaluation of the Cardiometabolic Potential of Grape Pomace: Effect of Applying Instant Controlled Pressure Drop. Foods 2022,

11, 3537. [CrossRef]

52. Bibi, S.; Kang, Y.; Yang, G.; Zhu, M.J. Grape seed extract improves small intestinal health through suppressing inflammation and

regulating alkaline phosphatase in IL-10-deficient mice. J. Funct. Foods 2016, 20, 245–252. [CrossRef]

53. Zhang, L.; Carmody, R.N.; Kalariya, H.M.; Duran, R.M.; Moskal, K.; Poulev, A.; Kuhn, P.; Tveter, K.M.; Turnbaugh, P.J.;

Raskin, I.; et al. Grape proanthocyanidin-induced intestinal bloom of Akkermansia muciniphila is dependent on its baseline

abundance and precedes activation of host genes related to metabolic health. J. Nutr. Biochem. 2018, 56, 142–151. [CrossRef]

[PubMed]

54. Fiesel, A.; Gessner, D.K.; Most, E.; Eder, K. Effects of dietary polyphenol-rich plant products from grape or hop on pro-

inflammatory gene expression in the intestine, nutrient digestibility and faecal microbiota of weaned pigs. BMC Vet. Res.

2014, 10, 196. [CrossRef] [PubMed]

55. Fernández-Fernández, A.M.; Iriondo-Dehond, A.; Nardin, T.; Larcher, R.; Dellacassa, E.; Medrano-Fernandez, A.; Del Castillo,

M.D. In Vitro Bioaccessibility of Extractable Compounds from Tannat Grape Skin Possessing Health Promoting Properties with

Potential to Reduce the Risk of Diabetes. Foods 2020, 9, 1575. [CrossRef]

56. Heidker, R.M.; Caiozzi, G.C.; Ricketts, M.L. Grape Seed Procyanidins and Cholestyramine Differentially Alter Bile Acid and

Cholesterol Homeostatic Gene Expression in Mouse Intestine and Liver. PLoS ONE 2016, 11, e0154305. [CrossRef]

57. Van Hul, M.; Geurts, L.; Plovier, H.; Druart, C.; Everard, A.; Ståhlman, M.; Rhimi, M.; Chira, K.; Teissedre, P.L.;

Delzenne, N.M.; et al. Reduced obesity, diabetes, and steatosis upon cinnamon and grape pomace are associated with

changes in gut microbiota and markers of gut barrier. Am. J. Physiol. Endocrinol. Metab. 2018, 314, E334–E352. [CrossRef]

58. Wu, Y.; Mo, R.; Zhang, M.; Zhou, W.; Li, D. Grape Seed Proanthocyanidin Alleviates Intestinal Inflammation through Gut

Microbiota-Bile Acid Crosstalk in Mice. Front. Nutr. 2022, 8, 1316. [CrossRef]

59. Leifert, W.R.; Abeywardena, M.Y. Grape seed and red wine polyphenol extracts inhibit cellular cholesterol uptake, cell prolifera-

tion, and 5-lipoxygenase activity. Nutr. Res. 2008, 28, 842–850. [CrossRef]

60. Serrano, J.; Casanova-Martí, À.; Gual, A.; Pérez-Vendrell, A.M.; Blay, M.T.; Terra, X.; Ardévol, A.; Pinent, M. A specific dose of

grape seed-derived proanthocyanidins to inhibit body weight gain limits food intake and increases energy expenditure in rats.

Eur. J. Nutr. 2017, 56, 1629–1636. [CrossRef]

61. Serrano, J.; Casanova-Martí, À.; Blay, M.; Terra, X.; Ardévol, A.; Pinent, M. Defining Conditions for Optimal Inhibition of Food

Intake in Rats by a Grape-Seed Derived Proanthocyanidin Extract. Nutrients 2016, 8, 652. [CrossRef]

62. Serrano, J.; Casanova-Martí, À.; Gil-Cardoso, K.; Blay, M.T.; Terra, X.; Pinent, M.; Ardévol, A. Acutely administered grape-seed

proanthocyanidin extract acts as a satiating agent. Food Funct. 2016, 7, 483–490. [CrossRef] [PubMed]

63. Li, H.; Parry, J.; Weeda, S.; Ren, S.; Castonguay, T.W.; Guo, T.L. Grape Pomace Aqueous Extract (GPE) Prevents High Fat

Diet-Induced Diabetes and Attenuates Systemic Inflammation. Food Nutr. Sci. 2016, 7, 647–660. [CrossRef]

64. Casanova-Martí, À.; Serrano, J.; Portune, K.J.; Sanz, Y.; Blay, M.T.; Terra, X.; Ardévol, A.; Pinent, M. Grape seed proanthocyanidins

influence gut microbiota and enteroendocrine secretions in female rats. Food Funct. 2018, 9, 1672–1682. [CrossRef] [PubMed]

65. González-Abuín, N.; Martínez-Micaelo, N.; Margalef, M.; Blay, M.; Arola-Arnal, A.; Muguerza, B.; Ardévol, A.; Pinent, M. A

grape seed extract increases active glucagon-like peptide-1 levels after an oral glucose load in rats. Food Funct. 2014, 5, 2357–2364.

[CrossRef]

66. González-Abuín, N.; Martínez-Micaelo, N.; Blay, M.; Ardévol, A.; Pinent, M. Grape-seed procyanidins prevent the cafeteria-diet-

induced decrease of glucagon-like peptide-1 production. J. Agric. Food Chem. 2014, 62, 1066–1072. [CrossRef]

67. González-Abuín, N.; Martínez-Micaelo, N.; Blay, M.; Green, B.D.; Pinent, M.; Ardévol, A. Grape-seed procyanidins modulate

cellular membrane potential and nutrient-induced GLP-1 secretion in STC-1 cells. Am. J. Physiol. Cell Physiol. 2014, 306, 485–492.

[CrossRef]

68. Casanova-Martí, À.; González-Abuín, N.; Serrano, J.; Blay, M.T.; Terra, X.; Frost, G.; Pinent, M.; Ardévol, A. Long Term

Exposure to a Grape Seed Proanthocyanidin Extract Enhances L-Cell Differentiation in Intestinal Organoids. Mol. Nutr. Food Res.

2020, 64, 2000303. [CrossRef]

69. Casanova-Martí, À.; Serrano, J.; Blay, M.T.; Terra, X.; Ardévol, A.; Pinent, M. Acute selective bioactivity of grape seed proantho-

cyanidins on enteroendocrine secretions in the gastrointestinal tract. Food Nutr. Res. 2017, 61, 1321347. [CrossRef]

70. Ginés, I.; Gil-Cardoso, K.; Terra, X.; Blay, M.; Pérez-Vendrell, A.M.; Pinent, M.; Ardévol, A. Grape Seed Proanthocyanidins Target

the Enteroendocrine System in Cafeteria-Diet-Fed Rats. Mol. Nutr. Food Res. 2019, 63, 1800912. [CrossRef]

71. Karhunen, L.J.; Juvonen, K.R.; Huotari, A.; Purhonen, A.K.; Herzig, K.H. Effect of protein, fat, carbohydrate and fibre on

gastrointestinal peptide release in humans. Regul. Pept. 2008, 149, 70–78. [CrossRef] [PubMed]

72. Lu, V.B.; Gribble, F.M.; Reimann, F. Nutrient-induced cellular mechanisms of gut hormone secretion. Nutrients 2021, 13, 883.

[CrossRef]

73. Bastings, J.J.A.J.; Venema, K.; Blaak, E.E.; Adam, T.C. Influence of the gut microbiota on satiety signaling. Trends Endocrinol. Metab.

2023, 34, 243–255. [CrossRef] [PubMed]

(C) Crush Dynamics Page 30 of 34

https://doi.org/10.3390/foods10092059
https://doi.org/10.3390/foods11213537
https://doi.org/10.1016/j.jff.2015.10.021
https://doi.org/10.1016/j.jnutbio.2018.02.009
https://www.ncbi.nlm.nih.gov/pubmed/29571008
https://doi.org/10.1186/s12917-014-0196-5
https://www.ncbi.nlm.nih.gov/pubmed/25323005
https://doi.org/10.3390/foods9111575
https://doi.org/10.1371/journal.pone.0154305
https://doi.org/10.1152/ajpendo.00107.2017
https://doi.org/10.3389/fnut.2021.786682
https://doi.org/10.1016/j.nutres.2008.09.001
https://doi.org/10.1007/s00394-016-1209-x
https://doi.org/10.3390/nu8100652
https://doi.org/10.1039/C5FO00892A
https://www.ncbi.nlm.nih.gov/pubmed/26514231
https://doi.org/10.4236/fns.2016.77066
https://doi.org/10.1039/C7FO02028G
https://www.ncbi.nlm.nih.gov/pubmed/29473070
https://doi.org/10.1039/C4FO00447G
https://doi.org/10.1021/jf405239p
https://doi.org/10.1152/ajpcell.00355.2013
https://doi.org/10.1002/mnfr.202000303
https://doi.org/10.1080/16546628.2017.1321347
https://doi.org/10.1002/mnfr.201800912
https://doi.org/10.1016/j.regpep.2007.10.008
https://www.ncbi.nlm.nih.gov/pubmed/18456350
https://doi.org/10.3390/nu13030883
https://doi.org/10.1016/j.tem.2023.02.003
https://www.ncbi.nlm.nih.gov/pubmed/36870872


Antioxidants 2023, 12, 979 22 of 24

74. González-Abuín, N.; Martínez-Micaelo, N.; Blay, M.; Pujadas, G.; Garcia-Vallvé, S.; Pinent, M.; Ardévol, A. Grape seed-derived

procyanidins decrease dipeptidyl-peptidase 4 activity and expression. J. Agric. Food Chem. 2012, 60, 9055–9061. [CrossRef]

75. Serrano, J.; Casanova-Martí, À.; Depoortere, I.; Blay, M.T.; Terra, X.; Pinent, M.; Ardévol, A. Subchronic treatment with grape-seed

phenolics inhibits ghrelin production despite a short-term stimulation of ghrelin secretion produced by bitter-sensing flavanols.

Mol. Nutr. Food Res. 2016, 60, 2554–2564. [CrossRef]

76. Walton, K.D.; Mishkind, D.; Riddle, M.R.; Tabin, C.J.; Gumucio, D.L. Blueprint for an intestinal villus: Species-specific assembly

required. Wiley Interdiscip. Rev. Dev. Biol. 2018, 7, e317. [CrossRef]

77. Boussenna, A.; Goncalves-Mendes, N.; Joubert-Zakeyh, J.; Pereira, B.; Fraisse, D.; Vasson, M.P.; Texier, O.; Felgines, C. Impact of

basal diet on dextran sodium sulphate (DSS)-induced colitis in rats. Eur. J. Nutr. 2015, 54, 1217–1227. [CrossRef]

78. Wang, R.; Yu, H.; Fang, H.; Jin, Y.; Zhao, Y.; Shen, J.; Zhou, C.; Li, R.; Wang, J.; Fu, Y.; et al. Effects of dietary grape pomace on the

intestinal microbiota and growth performance of weaned piglets. Arch. Anim. Nutr. 2020, 74, 296–308. [CrossRef]

79. Wang, Y.H.; Yang, X.L.; Wang, L.; Cui, M.X.; Cai, Y.Q.; Li, X.L.; Wu, Y.J. Effects of proanthocyanidins from grape seed on treatment

of recurrent ulcerative colitis in rats. Can. J. Physiol. Pharmacol. 2010, 88, 888–898. [CrossRef]

80. Gessner, D.K.; Fiesel, A.; Most, E.; Dinges, J.; Wen, G.; Ringseis, R.; Eder, K. Supplementation of a grape seed and grape marc

meal extract decreases activities of the oxidative stress-responsive transcription factors NF-κB and Nrf2 in the duodenal mucosa

of pigs. Acta Vet. Scand. 2013, 55, 18. [CrossRef]

81. Zhang, R.; Li, Q.; Zhang, T.; Qin, X.Z.; Zhang, J.; Zhao, J. Dietary grape pomace mediates jejunum epithelial apoptosis through

antioxidative activity in ram lambs. Ital. J. Anim. Sci. 2019, 18, 1058–1066. [CrossRef]

82. Lu, F.; Li, Y.; Zhou, B.; Guo, Q.; Zhang, Y. Early-life supplementation of grape polyphenol extract promotes polyphenol absorption

and modulates the intestinal microbiota in association with the increase in mRNA expression of the key intestinal barrier genes.

Food Funct. 2021, 12, 602–613. [CrossRef] [PubMed]

83. Pistol, G.C.; Bulgaru, C.V.; Marin, D.E.; Oancea, A.G.; Taranu, I. Dietary grape seed meal bioactive compounds alleviate epithelial

dysfunctions and attenuates inflammation in colon of dss-treated piglets. Foods 2021, 10, 530. [CrossRef]

84. Yang, G.; Wang, H.; Kang, Y.; Zhu, M.J. Grape seed extract improves epithelial structure and suppresses inflammation in ileum of

IL-10-deficient mice. Food Funct. 2014, 5, 2558–2563. [CrossRef]

85. Maurer, L.H.; Cazarin, C.B.B.; Quatrin, A.; Minuzzi, N.M.; Costa, E.L.; Morari, J.; Velloso, L.A.; Leal, R.F.; Rodrigues, E.; Bochi,

V.C.; et al. Grape peel powder promotes intestinal barrier homeostasis in acute TNBS-colitis: A major role for dietary fiber and

fiber-bound polyphenols. Food Res. Int. 2019, 123, 425–439. [CrossRef]

86. Kwon, O.; Han, T.S.; Son, M.Y. Intestinal Morphogenesis in Development, Regeneration, and Disease: The Potential Utility

of Intestinal Organoids for Studying Compartmentalization of the Crypt-Villus Structure. Front. Cell Dev. Biol. 2020, 8, 1192.

[CrossRef]

87. Bernardi, S.; Del Bo, C.; Marino, M.; Gargari, G.; Cherubini, A.; Andrés-Lacueva, C.; Hidalgo-Liberona, N.; Peron, G.; González-

Dominguez, R.; Kroon, P.; et al. Polyphenols and Intestinal Permeability: Rationale and Future Perspectives. J. Agric. Food Chem.

2020, 68, 1816–1829. [CrossRef]

88. Genser, L.; Aguanno, D.; Soula, H.A.; Dong, L.; Trystram, L.; Assmann, K.; Salem, J.E.; Vaillant, J.C.; Oppert, J.M.;

Laugerette, F.; et al. Increased jejunal permeability in human obesity is revealed by a lipid challenge and is linked to inflammation

and type 2 diabetes. J. Pathol. 2018, 246, 217–230. [CrossRef]

89. Gil-Cardoso, K.; Ginés, I.; Pinent, M.; Ardévol, A.; Arola, L.; Blay, M.; Terra, X. Chronic supplementation with dietary proantho-

cyanidins protects from diet-induced intestinal alterations in obese rats. Mol. Nutr. Food Res. 2017, 61, 1601039. [CrossRef]

90. Nallathambi, R.; Poulev, A.; Zuk, J.B.; Raskin, I. Proanthocyanidin-rich grape seed extract reduces inflammation and oxidative

stress and restores tight junction barrier function in caco-2 colon cells. Nutrients 2020, 12, 1623. [CrossRef]

91. Reiche, J.; Huber, O. Post-translational modifications of tight junction transmembrane proteins and their direct effect on barrier

function. Biochim. Biophys. Acta Biomembr. 2020, 1862, 183330. [CrossRef] [PubMed]

92. Hidalgo-Liberona, N.; González-Domínguez, R.; Vegas, E.; Riso, P.; Del Bo, C.; Bernardi, S.; Peron, G.; Guglielmetti, S.; Gargari,

G.; Kroon, P.A.; et al. Increased Intestinal Permeability in Older Subjects Impacts the Beneficial Effects of Dietary Polyphenols by

Modulating Their Bioavailability. J. Agric. Food Chem. 2020, 68, 12476–12484. [CrossRef] [PubMed]

93. Yang, G.; Xue, Y.; Zhang, H.; Du, M.; Zhu, M.J. Favourable effects of grape seed extract on intestinal epithelial differentiation and

barrier function in IL10-deficient mice. Br. J. Nutr. 2015, 114, 15–23. [CrossRef] [PubMed]

94. Cremonini, E.; Mastaloudis, A.; Hester, S.N.; Verstraeten, S.V.; Anderson, M.; Wood, S.M.; Waterhouse, A.L.; Fraga, C.G.; Oteiza,

P.I. Anthocyanins inhibit tumor necrosis alpha-induced loss of Caco-2 cell barrier integrity. Food Funct. 2017, 8, 2915–2923.

[CrossRef]

95. Gil-Cardoso, K.; Ginés, I.; Pinent, M.; Ardévol, A.; Blay, M.; Terra, X. The co-administration of proanthocyanidins and an

obesogenic diet prevents the increase in intestinal permeability and metabolic endotoxemia derived to the diet. J. Nutr. Biochem.

2018, 62, 35–42. [CrossRef]

96. González-Quilen, C.; Grau-Bové, C.; Jorba-Martín, R.; Caro-Tarragó, A.; Pinent, M.; Ardévol, A.; Beltrán-Debón, R.; Terra, X.; Blay,

M.T. Protective properties of grape-seed proanthocyanidins in human ex vivo acute colonic dysfunction induced by dextran

sodium sulfate. Eur. J. Nutr. 2021, 60, 79–88. [CrossRef]

(C) Crush Dynamics Page 31 of 34

https://doi.org/10.1021/jf3010349
https://doi.org/10.1002/mnfr.201600242
https://doi.org/10.1002/wdev.317
https://doi.org/10.1007/s00394-014-0800-2
https://doi.org/10.1080/1745039X.2020.1743607
https://doi.org/10.1139/Y10-071
https://doi.org/10.1186/1751-0147-55-18
https://doi.org/10.1080/1828051X.2019.1615850
https://doi.org/10.1039/D0FO02231D
https://www.ncbi.nlm.nih.gov/pubmed/33346297
https://doi.org/10.3390/foods10030530
https://doi.org/10.1039/C4FO00451E
https://doi.org/10.1016/j.foodres.2019.04.068
https://doi.org/10.3389/fcell.2020.593969
https://doi.org/10.1021/acs.jafc.9b02283
https://doi.org/10.1002/path.5134
https://doi.org/10.1002/mnfr.201601039
https://doi.org/10.3390/nu12061623
https://doi.org/10.1016/j.bbamem.2020.183330
https://www.ncbi.nlm.nih.gov/pubmed/32376223
https://doi.org/10.1021/acs.jafc.0c04976
https://www.ncbi.nlm.nih.gov/pubmed/33084335
https://doi.org/10.1017/S0007114515001415
https://www.ncbi.nlm.nih.gov/pubmed/25990915
https://doi.org/10.1039/C7FO00625J
https://doi.org/10.1016/j.jnutbio.2018.07.012
https://doi.org/10.1007/s00394-020-02222-3


Antioxidants 2023, 12, 979 23 of 24

97. Taladrid, D.; de Llano, D.G.; Zorraquín-Peña, I.; Tamargo, A.; Silva, M.; Molinero, N.; Moreno-Arribas, M.V.; Bartolomé,

B. Gastrointestinal digestion of a grape pomace extract: Impact on intestinal barrier permeability and interaction with gut

microbiome. Nutrients 2021, 13, 2467. [CrossRef]

98. Sheng, K.; Zhang, G.; Sun, M.; He, S.; Kong, X.; Wang, J.; Zhu, F.; Zha, X.; Wang, Y. Grape seed proanthocyanidin extract

ameliorates dextran sulfate sodium-induced colitis through intestinal barrier improvement, oxidative stress reduction, and

inflammatory cytokines and gut microbiota modulation. Food Funct. 2020, 11, 7817–7829. [CrossRef]

99. Lian, P.; Braber, S.; Garssen, J.; Wichers, H.J.; Folkerts, G.; Fink-Gremmels, J.; Varasteh, S. Beyond heat stress: Intestinal integrity

disruption and mechanism-based intervention strategies. Nutrients 2020, 12, 734. [CrossRef]

100. Koudoufio, M.; Feldman, F.; Ahmarani, L.; Delvin, E.; Spahis, S.; Desjardins, Y.; Levy, E. Intestinal protection by proanthocyanidins

involves anti-oxidative and anti-inflammatory actions in association with an improvement of insulin sensitivity, lipid and glucose

homeostasis. Sci. Rep. 2021, 11, 3878. [CrossRef]

101. Shivakoti, R.; Biggs, M.L.; Djoussé, L.; Durda, P.J.; Kizer, J.R.; Psaty, B.; Reiner, A.P.; Tracy, R.P.; Siscovick, D.; Mukamal, K.J. Intake

and Sources of Dietary Fiber, Inflammation, and Cardiovascular Disease in Older US Adults. JAMA Netw. Open 2022, 5, e225012.

[CrossRef] [PubMed]

102. Pistol, G.C.; Marin, D.E.; Rotar, M.C.; Ropota, M.; Taranu, I. Bioactive compounds from dietary whole grape seed meal

improved colonic inflammation via inhibition of MAPKs and NF-kB signaling in pigs with DSS induced colitis. J. Funct. Foods

2020, 66, 103708. [CrossRef]

103. Maurer, L.H.; Cazarin, C.B.B.; Quatrin, A.; Nichelle, S.M.; Minuzzi, N.M.; Teixeira, C.F.; Manica da Cruz, I.B.; Maróstica Júnior,

M.R.; Emanuelli, T. Dietary fiber and fiber-bound polyphenols of grape peel powder promote GSH recycling and prevent

apoptosis in the colon of rats with TNBS-induced colitis. J. Funct. Foods 2020, 64, 103644. [CrossRef]

104. Wang, Y.H.; Ge, B.; Yang, X.L.; Zhai, J.; Yang, L.N.; Wang, X.X.; Liu, X.; Shi, J.C.; Wu, Y.J. Proanthocyanidins from grape seeds

modulates the nuclear factor-kappa B signal transduction pathways in rats with TNBS-induced recurrent ulcerative colitis. Int.

Immunopharmacol. 2011, 11, 1620–1627. [CrossRef] [PubMed]

105. Kafantaris, I.; Stagos, D.; Kotsampasi, B.; Hatzis, A.; Kypriotakis, A.; Gerasopoulos, K.; Makri, S.; Goutzourelas, N.; Mitsagga, C.;

Giavasis, I.; et al. Grape pomace improves performance, antioxidant status, fecal microbiota and meat quality of piglets. Animal

2018, 12, 246–255. [CrossRef]

106. Christian, F.; Smith, E.L.; Carmody, R.J. The regulation of NF-KB Subunits by Phosphorylation. Cells 2016, 5, 12. [CrossRef]

107. Hug, H.; Mohajeri, M.H.; La Fata, G. Toll-Like Receptors: Regulators of the Immune Response in the Human Gut. Nutrients 2018,

10, 203. [CrossRef]

108. Ritchie, L.E.; Taddeo, S.S.; Weeks, B.R.; Carroll, R.J.; Dykes, L.; Rooney, L.W.; Turner, N.D. Impact of Novel Sorghum Bran Diets

on DSS-Induced Colitis. Nutrients 2017, 9, 330. [CrossRef]

109. Saha, R.N.; Jana, M.; Pahan, K. MAPK p38 Regulates Transcriptional Activity of NF-κB in Primary Human Astrocytes via

Acetylation of p65. J. Immunol. 2007, 179, 7101–7109. [CrossRef]

110. Thangaraju, M.; Cresci, G.A.; Liu, K.; Ananth, S.; Gnanaprakasam, J.P.; Browning, D.D.; Mellinger, J.D.; Smith, S.B.; Digby, G.J.;

Lambert, N.A.; et al. GPFM 09A is a G-protein-coupled receptor for the bacterial fermentation product butyrate and functions as

a tumor suppressor in colon. Cancer Res. 2009, 69, 2826–2832. [CrossRef]

111. Sahasrabudhe, N.M.; Beukema, M.; Tian, L.; Troost, B.; Scholte, J.; Bruininx, E.; Bruggeman, G.; van den Berg, M.; Scheurink,

A.; Schols, H.A.; et al. Dietary fiber pectin directly blocks toll-like receptor 2-1 and prevents doxorubicin-induced ileitis. Front.

Immunol. 2018, 9, 383. [CrossRef] [PubMed]

112. Shaeib, F.; Maitra, D.; Banerjee, J.; Abdulhamid, I.; Diamond, M.; Saed, G.; Pennathur, S.; Abu-Soud, H. Melatonin Prevents

Myeloperoxidase Heme Destruction and the Generation of Free Iron Mediated by Self-Generated Hypochlorous Acid. Free Radic.

Biol. Med. 2013, 65, S131. [CrossRef]

113. Hussain, T.; Tan, B.; Yin, Y.; Blachier, F.; Tossou, M.C.B.B.; Rahu, N. Oxidative Stress and Inflammation: What Polyphenols Can

Do for Us? Oxidative Med. Cell. Longev. 2016, 2016, 7432797. [CrossRef] [PubMed]

114. Pisoschi, A.M.; Pop, A. The role of antioxidants in the chemistry of oxidative stress: A review. Eur. J. Med. Chem. 2015, 97, 55–74.

[CrossRef]

115. Rebollo-Hernanz, M.; Kusumah, J.; Bringe, N.A.; Shen, Y.; de Mejia, E.G. Peptide release, radical scavenging capacity, and

antioxidant responses in intestinal cells are determined by soybean variety and gastrointestinal digestion under simulated

conditions. Food Chem. 2023, 405, 134929. [CrossRef]

116. Wardyn, J.D.; Ponsford, A.H.; Sanderson, C.M. Dissecting molecular cross-talk between Nrf2 and NF-κB response pathways.

Biochem. Soc. Trans. 2015, 43, 621–626. [CrossRef]

117. Niture, S.K.; Kaspar, J.W.; Shen, J.; Jaiswal, A.K. Nrf2 signaling and cell survival. Toxicol. Appl. Pharmacol. 2010, 244, 37–42.

[CrossRef]

118. Li, S.; Eguchi, N.; Lau, H.; Ichii, H. The role of the nrf2 signaling in obesity and insulin resistance. Int. J. Mol. Sci. 2020, 21, 6973.

[CrossRef]

119. Brody, H. The gut microbiome. Nature 2020, 577, S5. [CrossRef]

120. Pascale, A.; Marchesi, N.; Govoni, S.; Coppola, A.; Gazzaruso, C. The role of gut microbiota in obesity, diabetes mellitus, and

effect of metformin: New insights into old diseases. Curr. Opin. Pharmacol. 2019, 49, 1–5. [CrossRef]

(C) Crush Dynamics Page 32 of 34

https://doi.org/10.3390/nu13072467
https://doi.org/10.1039/D0FO01418D
https://doi.org/10.3390/nu12030734
https://doi.org/10.1038/s41598-020-80587-5
https://doi.org/10.1001/jamanetworkopen.2022.5012
https://www.ncbi.nlm.nih.gov/pubmed/35357453
https://doi.org/10.1016/j.jff.2019.103708
https://doi.org/10.1016/j.jff.2019.103644
https://doi.org/10.1016/j.intimp.2011.05.024
https://www.ncbi.nlm.nih.gov/pubmed/21642017
https://doi.org/10.1017/S1751731117001604
https://doi.org/10.3390/cells5010012
https://doi.org/10.3390/nu10020203
https://doi.org/10.3390/nu9040330
https://doi.org/10.4049/jimmunol.179.10.7101
https://doi.org/10.1158/0008-5472.CAN-08-4466
https://doi.org/10.3389/fimmu.2018.00383
https://www.ncbi.nlm.nih.gov/pubmed/29545800
https://doi.org/10.1016/j.freeradbiomed.2013.10.726
https://doi.org/10.1155/2016/7432797
https://www.ncbi.nlm.nih.gov/pubmed/27738491
https://doi.org/10.1016/j.ejmech.2015.04.040
https://doi.org/10.1016/j.foodchem.2022.134929
https://doi.org/10.1042/BST20150014
https://doi.org/10.1016/j.taap.2009.06.009
https://doi.org/10.3390/ijms21186973
https://doi.org/10.1038/d41586-020-00194-2
https://doi.org/10.1016/j.coph.2019.03.011


Antioxidants 2023, 12, 979 24 of 24

121. Dominianni, C.; Sinha, R.; Goedert, J.J.; Pei, Z.; Yang, L.; Hayes, R.B.; Ahn, J. Sex, body mass index, and dietary fiber intake

influence the human gut microbiome. PLoS ONE 2015, 10, e0124599. [CrossRef] [PubMed]

122. Dueñas, M.; Muñoz-González, I.; Cueva, C.; Jiménez-Girón, A.; Sánchez-Patán, F.; Santos-Buelga, C.; Moreno-Arribas, M.V.;

Bartolomé, B. A survey of modulation of gut microbiota by dietary polyphenols. BioMed Res. Int. 2015, 2015, 850902. [CrossRef]

[PubMed]

123. Gil-Sánchez, I.; Cueva, C.; Sanz-Buenhombre, M.; Guadarrama, A.; Moreno-Arribas, M.V.; Bartolomé, B. Dynamic gastrointestinal

digestion of grape pomace extracts: Bioaccessible phenolic metabolites and impact on human gut microbiota. J. Food Compos.

Anal. 2018, 68, 41–52. [CrossRef]

124. Cardona, F.; Andrés-Lacueva, C.; Tulipani, S.; Tinahones, F.J.; Queipo-Ortuño, M.I. Benefits of polyphenols on gut microbiota and

implications in human health. J. Nutr. Biochem. 2013, 24, 1415–1422. [CrossRef] [PubMed]

125. Koh, A.; De Vadder, F.; Kovatcheva-Datchary, P.; Bäckhed, F. From Dietary Fiber to Host Physiology: Short-Chain Fatty Acids as

Key Bacterial Metabolites. Cell 2016, 165, 1332–1345. [CrossRef]

126. Viveros, A.; Chamorro, S.; Pizarro, M.; Arija, I.; Centeno, C.; Brenes, A. Effects of dietary polyphenol-rich grape products on

intestinal microflora and gut morphology in broiler chicks. Poult. Sci. 2011, 90, 566–578. [CrossRef]

127. Erinle, T.J.; Oladokun, S.; MacIsaac, J.; Rathgeber, B.; Adewole, D. Dietary grape pomace—Effects on growth performance,

intestinal health, blood parameters, and breast muscle myopathies of broiler chickens. Poult. Sci. 2022, 101, 101519. [CrossRef]

128. Chacar, S.; Tarighi, M.; Fares, N.; Faivre, J.F.; Louka, N.; Maroun, R.G. Identification of phenolic compounds-rich grape pomace

extracts urine metabolites and correlation with gut microbiota modulation. Antioxidants 2018, 7, 75. [CrossRef]

129. Chacar, S.; Itani, T.; Hajal, J.; Saliba, Y.; Louka, N.; Faivre, J.F.; Maroun, R.; Fares, N. The Impact of Long-Term Intake of Phenolic

Compounds-Rich Grape Pomace on Rat Gut Microbiota. J. Food Sci. 2018, 83, 246–251. [CrossRef]

130. Lu, F.; Liu, F.; Zhou, Q.; Hu, X.; Zhang, Y. Effects of grape pomace and seed polyphenol extracts on the recovery of gut microbiota

after antibiotic treatment in high-fat diet-fed mice. Food Sci. Nutr. 2019, 7, 2897–2906. [CrossRef]

131. Kafantaris, I.; Kotsampasi, B.; Christodoulou, V.; Kokka, E.; Kouka, P.; Terzopoulou, Z.; Gerasopoulos, K.; Stagos, D.; Mitsagga,

C.; Giavasis, I.; et al. Grape pomace improves antioxidant capacity and faecal microflora of lambs. J. Anim. Physiol. Anim. Nutr.

2017, 101, e108–e121. [CrossRef] [PubMed]

132. Ramos-Romero, S.; Martínez-Maqueda, D.; Hereu, M.; Amézqueta, S.; Torres, J.L.; Pérez-Jiménez, J. Modifications of gut

microbiota after grape pomace supplementation in subjects at cardiometabolic risk: A randomized cross-over controlled clinical

trial. Foods 2020, 9, 1279. [CrossRef]

133. Ramos-Romero, S.; Léniz, A.; Martínez-Maqueda, D.; Amézqueta, S.; Fernández-Quintela, A.; Hereu, M.; Torres, J.L.; Portillo,

M.P.; Pérez-Jiménez, J. Inter-Individual Variability in Insulin Response after Grape Pomace Supplementation in Subjects at High

Cardiometabolic Risk: Role of Microbiota and miRNA. Mol. Nutr. Food Res. 2021, 65, 2000113. [CrossRef]

134. Annunziata, G.; Ciampaglia, R.; Maisto, M.; D’avino, M.; Caruso, D.; Tenore, G.C.; Novellino, E. Taurisolo®, a grape pomace

polyphenol nutraceutical reducing the levels of serum biomarkers associated with atherosclerosis. Front. Cardiovasc. Med.

2021, 8, 732. [CrossRef]

135. Zhu, Y.; Li, Q.; Jiang, H. Gut microbiota in atherosclerosis: Focus on trimethylamine N-oxide. APMIS 2020, 128, 353–366.

[CrossRef] [PubMed]

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.

(C) Crush Dynamics Page 33 of 34

https://doi.org/10.1371/journal.pone.0124599
https://www.ncbi.nlm.nih.gov/pubmed/25874569
https://doi.org/10.1155/2015/850902
https://www.ncbi.nlm.nih.gov/pubmed/25793210
https://doi.org/10.1016/j.jfca.2017.05.005
https://doi.org/10.1016/j.jnutbio.2013.05.001
https://www.ncbi.nlm.nih.gov/pubmed/23849454
https://doi.org/10.1016/j.cell.2016.05.041
https://doi.org/10.3382/ps.2010-00889
https://doi.org/10.1016/j.psj.2021.101519
https://doi.org/10.3390/antiox7060075
https://doi.org/10.1111/1750-3841.14006
https://doi.org/10.1002/fsn3.1141
https://doi.org/10.1111/jpn.12569
https://www.ncbi.nlm.nih.gov/pubmed/27753147
https://doi.org/10.3390/foods9091279
https://doi.org/10.1002/mnfr.202000113
https://doi.org/10.3389/fcvm.2021.697272
https://doi.org/10.1111/apm.13038
https://www.ncbi.nlm.nih.gov/pubmed/32108960


 Harnessing Polyphenols for metabolic health  

Other references 
1. Esther M. González-Gil, et al, Associations between degree of food processing and all-

cause and cause-specific mortality: a multicentre prospective cohort analysis in 9 

European countries, The Lancet Regional Health – Europe 2025;50: 101208. 

https://doi.org/10.1016/j.lanepe.2024.10120  

2. González-Abuín N., et al. (2014). Grape-seed procyanidins modulate cellular 

membrane potential and nutrient-induced GLP-1 secretion. Am J Physiol Cell Physiol, 

306, C485-C492.  

https://doi.org/10.1152/ajpcell.00355.2013 

3. Casanova-Martí À., et al. (2017). Acute selective bioactivity of grape seed 

proanthocyanidins on enteroendocrine secretions. Food Nutr Res, 61, 1321347. 

https://doi.org/10.1080/16546628.2017.1321347 

4. Kato M., et al. (2015). The anthocyanin delphinidin 3-rutinoside stimulates glucagon-

like peptide-1 secretion. PLoS One, 10, e0126157. 

https://doi.org/10.1371/journal.pone.0126157 

 

This introduction is written by the CDI Advanced Technology Lab. It may 

contain future-looking statements on CDI developments. 

 It does not provide medical advice. Always talk to your doctor before 

changing your diet.  

 

(C) Crush Dynamics Page 34 of 34

https://doi.org/10.1016/j.lanepe.2024.10120
https://doi.org/10.1152/ajpcell.00355.2013
https://doi.org/10.1080/16546628.2017.1321347
https://doi.org/10.1371/journal.pone.0126157

