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Abstract Obesity is increasing in developing countries.
Population studies show a relationship between affluence
and obesity. Changing food intake patterns with affluence
such as preference for foods with less astringent
polyphenolic compounds and dietary fibers may increase
risk of metabolic dysfunctions due to caloric imbalance.
Animal models of obesity consistently show that grape
seed procyanidins prevent increases in body and abdo-
minal adipose weight gain, plasma cholesterol, liver
weight gain and inflammation in animals on high fat
diets. The mechanisms are not clear because the oral intake
of procyanidins results in pleiotropic interactions with
proteins in the mouth, stomach, small intestine, cecum and
colon that affect the rate of digestion of bioavailability of
macronutrients, sterols, and dietary fiber. Procyanidins also
bind bile acids and reduce intestinal permeability to
inflammatory bacterial cell wall fragment. Procyanidins
are not degraded or metabolized until reaching the lower
gut where they can be metabolized into phenolic acids by
gut bacteria. While they are metabolized by gut bacteria,
they also alter total numbers and distribution of phyla and
species of gut bacteria. Gut bacteria are recognized as
significant contributors to obesity and obesity related
metabolic diseases. The review examines the different
pleiotropic effects of grape seed procyanidins that have a
significant effect on metabolic disease in animal models of
obesity.
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1 Introduction

In recent years research has identified low grade
inflammation accompanying obesity as necessary for the
development of chronic metabolic diseases[1,2]. The low
grade inflammation is a reaction primarily by adipocytes
and macrophages to cell wall fragments of Gram-negative
bacteria (lipopolysaccharides, LPS) passing through the
intestinal wall into the body[3–5]. This form of inflamma-
tion has a dietary connection and diet is related to the
affluence of the individual. The epidemic of obesity is a
serious global public health concern because it is
associated with chronic metabolic diseases[6] diabetes,
cardiovascular disease, stroke and some cancers. These
chronic diseases incur costly treatments to individuals and
government health services, and result in long-term
disabilities in later life that at the least reduce life
satisfaction and more often extended periods of pain
before a shortened life.
At the molecular level, LPS, the initiators of an

inflammation cascade, are the root cause of obesity. The
consumption of the typical diets of affluent Western
countries rather than traditional diets and the decrease in
energy expenditure as countries become more affluent[7]

are accelerating LPS based inflammation. High fat diets
increase the secretion of bile acids necessary for their
digestion but high fat and bile acids change the intestinal
microbiota and increase intestinal permeability to LPS.
Studies have shown that as the population of middle
income increases, obesity increases. In addition to energy
imbalance, higher dietary fat content increases bile acid
secretion into the intestinal lumen that may increase gut
permeability to LPS and alter the gut microbiome[8]. Since
World War II, the USA has had an expanding economy and
is one of the most affluent countries in the world. It also has
one of the highest rates of obesity, currently about 37%.
The per capita income in China was 385, 7942, and
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49992 CNY in 1978, 2000, and 2015, respectively (China
Statistical Yearbook 2016). The rapid economic develop-
ment and affluence in China has increased the rate of
obesity (Fig. 1) from 2.1% in 2000 to 7.4% in 2014.
Diabetes is often a consequence of obesity and in China the
number of diabetics is expected to increase to over 37
million by 2025, the highest of any country in the world
other than India[9]. In contrast, the economy of Japan has
been lackluster in recent decades and obesity in Japan has
remained low, which supports the relationship between
diet, affluence and obesity.
Also, diabetes has a genetic component (Fig. 2). While

the level of obesity in China is relatively low compared to
the USA, the effects of affluence on the genetic back-
ground of the Chinese population is seen in the higher rate
of obesity of Chinese males and females than US males

and females. Other non-caucasian races, such as Hispanics
and Africans, also have greater risk of diabetes. While diet
can express the genetic potential for diabetes the low rate
of diabetes in Japanese females for the past 40 years,
1.5%–3.0%, reinforces the link between diet, obesity and
diabetes.
Preventing obesity or reducing excess weight is

extremely difficult and dietary restriction, drugs and
supplements have not been successful in reducing
individual and population excess weight and obesity
despite decades of research.
Diet has a significant role in the health and disease status

of individuals. High fat diets facilitate inflammation but
some food components such as dietary fiber and
polyphenolics that reach the gut may prevent or moderate
weight gain, abdominal adipose weight, increases in blood

Fig. 1 Percent obesity in US, China and Japan from 1975 to 2014. The percentage of obese persons increased in China. The per capita
income increased from 385 to 49992 CNY between1978 and 2015.

Fig. 2 The percentage of male diabetics in China has almost doubled in the past 20 years. A combination of increasing prosperity and
genetics play major roles. Japanese males, US males and US females, but not Japanese women, have increased rates of diabetes in the
same period[10].
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lipids, fatty liver and inflammation in animal models on
high fat diets. These components are non-nutritive and
mainly indigestible but are metabolized in the lower gut by
bacteria, yeast and other organisms (microbiome). The
intake of dietary fiber and polyphenolic compounds has
been shown to reduce risk factors for diabetes, cardiovas-
cular disease and other chronic diseases by mechanisms
related to fecal excretion of fat, cholesterol, and bile acids,
and reduction of chronic inflammation. Polyphenols occur
with dietary fibers in the outer layers of fruits and
vegetables and in seeds. Intake of vegetables has decreased
in China since 1991[11,12]. Over the past decade research
has focused on chronic low grade inflammation as a result
of interactions between diet and gut microbiome[2,3,5,6]. As
populations become more affluent, dietary fiber, associated
phenolic compounds and polyphenolics are processed
away from plant foods to make them more palatable. For
example, cereal brans are a major source of non-starch
polysaccharide dietary fibers and phenolic, but consumers
prefer the white endosperm and the bran is milled away to
improve consumer acceptance. Fruit and vegetable skins,
and seeds contain high concentrations of polyphenolics.
The focus of this review article is on a subgroup of
polyphenolics: procyanidins, oligomers of catechin and
epicatechin, because there has been a significant amount of
research on this group of plant compounds which may be
a model for understanding nonabsorbable plant phyto-
chemicals.
Procyanidins have pleiotropic effects in the digestive

system. Before reaching the gut, procyanidins interact with
salivary proteins in the mouth and other proteins such as
proteases, lipases, esterases, amylases and many other
digestive enzymes in the stomach and small intestine. As a
result the rate of digestion or the complete digestion of
proteins, carbohydrates, cholesterol esters, bile acid
conjugates, and triglycerides may be affected. Another
pleiotropic effect of procyanidins is their ability to bind
bile acids[13], as well as alter their deconjugation, affecting
their uptake, binding to intestinal farnesoid X receptor
(FXR) and synthesis of tight junction protein. After
reaching the cecum and colon, procyanidins are metabo-
lized into small molecules that are absorbed into the body
and may alter metabolism and inflammatory activity in
intestine, liver, adipose, brain and other organs. Given the
interactions occurring in the mouth and digestive system,
this review focuses on studies of oral intake in animal, and
human studies of obesity and related chronic diseases.

2 Composition and chemistry

Procyanidins in grapes are found mainly in skins and
seeds, but almost all of the physiological and nutritional
effects in animal models and humans have used grape seed
extracts. The most prominent components of grape seed
extracts, the proanthocyanidins (PAs) that include their

oligomers, the procyanidins, have shown to be the most
physiologically active components. PAs are found in
apples, pine bark, cinnamon, aronia berries, cocoa beans,
blueberry and other edible berries, nuts, green tea, and
potato skins as well as in grapes[14]. Plant polyphenol
extracts, mainly PAs, are a mixture of monomers,
(+)-catechin (CAT), ( – )-epicatechin (EPI), and their
procyanidin oligomers, and gallic acid esters[15]. A range
of semiquantitative methods that report total PAs expressed
as gallic acid or (epi)catechin equivalents are typically
used to characterize grape seed PA extracts. While these
analytical methods provide a single number for total
polyphenolics, there is a great deal of ambiguity in the
oligomeric composition of grape seed extracts in published
research[16,17] (Fig. 3).
The oligomeric composition is important because some

studies have shown that there is an optimum size for
highest bioactivity. PA oligomeric composition and
amounts change with harvest date. PAs in grape seeds
are concentrated in the outer layers (outer integument) as
shown by p-dimethylaminocinnamaldehyde, a PA-specific
stain[19]. The amounts and degree of polymerization of
procyanidins decreases rapidly after the grapes start to
ripen (veraison). For example, 2 weeks after reaching
veraison the mass of extracted procyanidins in Canadian
Shiraz berries decreased by about 40%[20,21]. Drying and
condensation of the seed during maturity may also reduce
extractability. The mean degree of polymerization (mDP)
also decreases rapidly during the early stages of veraison.
In the Canadian Shiraz study, mDP decreased from about
mDP 9 to 6 in the first 6 weeks. Analysis of the changes in
mDP by thiolysis and HPLC suggest that rather than
degradation the larger procyanidins may be covalently
attached to larger molecules, such as proteins, or are
oxidized, reducing the overall mDP.
Grape cultivar, environment[22,23] and cultural practices

affect total seed polyphenol content and distribution of
procyanidin oligomers. Generally, the concentration of the
monomers are higher than oligomers as shown in Fig. 4 for
four red and two white grape cultivars[15]. Pinot Noir and
Chardonnay contain the highest amounts of flavanols in
the red and white grape cultivars, respectively. After
winemaking, the concentrations of flavanols in pomace
from red grapes may be lower since the seeds and skins of
red grapes are fermented during winemaking and a
significant amount of polyphenols, particularly the more
soluble monomers, are extracted into the wine. Chardon-
nay seeds are often used as the source of polyphenols in
nutrition studies because of its high content.

3 Pleiotropic interactions in the gut lumen
and bioavailability

Grape PAs, known as tannins in the wine industry, are the
cause of astringency in wine. PAs bind to proteins, and in
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the mouth, they bind to proline rich proteins (PRP) salivary
proteins that are induced by PAs and these PRP appear to
have evolved to bind tannins. Colloidal suspensions are
formed by tannin binding below the critical micelle
concentration of tannin. Proteins bind at specific sites
and form a colloidal suspension, whereas above the critical
micelle concentration, the binding is nonspecific and forms
precipitates[24]. PRP may be secreted by the parotid and
submandibular salivary glands in order to overcome the
unpleasant taste of the seed or fruit, or are induced to spare
digestive enzymes, which facilitates hydrolysis and
absorption of macronutrients (fat, carbohydrates, and
amino acids). Chronic intake of grape seed tannins has
been shown to result in hypertrophy of the parotid and
submandibular glands, suggesting that this is important for
the survival of animals feeding on tannin rich plants[25].
The salivary gland secretes acidic, basic and glycosylated
proteins, and tannins bind preferentially to the acidic
group[26,27]. Pectin and other polysaccharides interfere

with the binding of tannins to salivary proteins[27] and
trypsin[28].
PAs have diverse effects on intestinal enzymes. In the

small intestine ( + )-CAT and (–)-EPI are absorbed[29], but
oligomeric procyanidins are not readily absorbed[30], and
may inhibit digestive enzymes and modulate energy,
cholesterol and bile acid metabolism. In one of the earliest
studies of grape tannins in rats, Glick and Joslyn[31]

showed that grape seed tannins increased excretion of fecal
nitrogen to 24% in rats fed either 5% grape seed tannins or
5% tannic acid, compared to 6% in control rats. Catechin
and gallic acid had no effect on protein excretion. The
amino acid composition of the excreted proteins was
different from dietary casein, and suggested that they were
derived from endogenous enzymes. Possibly the binding
of enzymes by tannins required the secretion of increased
amounts of enzymes. In vitro, the proteolysis of BSA by
pepsin and chymotrypsin decreased with increased tannin
(900–3000 Da), but tannins increased proteolysis by

Fig. 3 Structures of monomers, catechin and epicatechin, and their oligomers (B-Type)[18]
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trypsin[32]. Denaturation of BSA by tannins was suggested
as the mechanism behind the increased trypsin digestion.
Intestinal alkaline phosphatase (iAP) is induced by LPS

and other microbial components and has important anti-
inflammatory functions. Intestinal alkaline phosphatase
detoxifies lipopolysaccharides (LPS) and modulates the
microbiota homeostasis[33–35]. Sucrase activity and iAP in
the mid-jejunum was reduced by about a third and two
thirds, respectively, in rats fed grape tannins for 31 d[36,37].
However, tannin had no effect in the duodenum. In vitro
experiments showed that pancreatic biliary juice reversed
the inhibitory effects of tannins and suggested that the
reabsorption of bile acids further down the intestine
restored tannin binding and inhibition. Dietary iAP
reversed a metabolic syndrome in mice fed high fat
diets[38]. Therefore, inhibition of iAP is paradoxical since
obesity and related chronic metabolic diseases are
associated with LPS-induced inflammation which suggests
that grape PAs in high fat diets inducing higher bile acids
may not inhibit iAP.
Apple procyanidins consist of monomeric and oligo-

meric (epi) catechins similar to grape procyanidins. Apple
procyanidins at 1 g$kg–1 bodyweight, reduced postprandial
triglycerides in humans when ingested with corn oil[39]. In
vitro, the same investigators found that pentamers and
higher oligomers were the most effective inhibitors of
pancreatic lipase, whereas monomers and dimers had little
inhibitory activity. In vitro, grape seed extract has also been
shown to decrease human pancreatic lipase activity in a

dose dependent manner[40]. In vitro cholesterol esterase
activity decreased by 70% with grape seed extract at
50 µg$mL–1 and pancreatic lipase activity decreased by
75% with grape seed extract at 4.75 mg$mL–1[41]. In the
same study, grape seed extract and cholestyramine at
1 mg$mL–1 bound taurocholic acid and glycodeoxycholic
acid, and inhibited the formation of cholesterol micelles.
Plasma triglycerides were also decreased in a dose
response manner in rats in the following 10 h after gavage
with olive oil and grape seed extract.
Prior to the discovery of the importance of gut

microbiome to health, and their ability to metabolize
procyanidins and alter microbiome distribution due to
procyanidin feeding, the negligible or low bioavailability
of procyanidins made it difficult to explain their physio-
logical effects. Bioavailability is typically determined by
measuring the analyte in blood or urine. In 2002, Donovan
et al.[42] showed that catechin, but not procyanidin B3

(catechin-(4α! 8) – catechin) or procyanidin, in grape
seed extracts were measurable in blood or urine.
The measurements were made in rats fed 20 mg of
(+)-catechin, or 200 (GS1) or 400 mg (GS2) of a grape PA
mixture and killed after 3, 9 and 24 h. GS1 contained
20 mg catechin, 14 mg epicatechin, 11 mg procyanidin B1,
7 mg procyanidin B2 and 3 mg procyanidin B3. GS2
contained twice the amounts of GS1. Blood and urine were
analyzed by HPLC using colorimetric detection. Urinary
catechin recovery from the catechin group was 37%, and
43% and 32% from the 200 and 400 mg grape seed extract

Fig. 4 Proanthocyanidin monomers, oligomers, and gallates. The red grapes are generally higher in proanthocyanidins (PAs).
Chardonnay has a higher content of PAs than the other white grape Riesling. After processing into wine, Chardonnay grape seeds often
have higher PA content because white grape seeds are not fermented with the juice and the PAs are not extracted. Alcohol extracts of
Chardonnay seeds are often used in human and animal studies. Catechin and epicatechin are monomers. B1–B4 are dimers and Bx-3-O-g
are dimer gallates. C1 and T2 are trimers.
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groups, respectively. Most, 54%–69%, of the recovered
catechins were the 3′-O-methylcatechin. ( – )-Epicatechin
was also recovered from the grape seed extract groups at
40% and 29% for the 200 and 400 mg dose groups,
respectively. Procyanidins B1, B2 and B3 fed to the GS1
and GS2 groups were not detected in urine. Neither
catechin nor epicatechin or their 3′-O-methylated products
were found in blood from rats fed catechin, procyanidin
B3, GS1 or GS2. These results suggest that metabolism and
absorption of procyanidins is neglible or does not occur. In
the same year, Baba et al.[43] reported the absorption and
urinary excretion of procyanidin B2 (epicatechin-(4β !
8)-epicatechin) in rats by a more sensitive LC-MS.
Procyanidin B2 was found in urine but the amount was
estimated to be 0.34% of the oral dose. Procyanidin B2 was
also found to increase in blood, peaking at 30 min after
ingestion, but the amount relative to oral dose was not
stated.
Although bioavailability of PAs of intact flavonoids by

urine and blood analysis appeared to be negligible, PAs are
metabolized by gut microbes into phenolic acids. In 2013,
Choy et al.[44] showed that lower amounts of PA monomer
and oligomers were extracted from the colon and feces
compared to amounts fed suggesting some remained in the
animal. Rats were fed a semisynthetic diet containing
0.25% grape seed extract (GSE) for 10 d. The GSE
contained 12%, 14%, 19%, 6.4%, and 4.0% monomers,
dimers, trimers, tetramers, and pentamers respectively, and
lower amounts of higher oligomers. The ratio of mono-
mers, dimers, trimers, tetramers and pentamers in the feces
after 10 d of GSE feeding was about 1:2:5:7:5 compared to
1:1:1.6:0.5:0.3 of the GSE ingredient. The results show
that the monomers were absorbed and higher excretion of
trimers and tetramers compared to other oligomers. By
averaging intake and excretion of five rats, an estimate of
mass balance showed that 1.7% of monomers were
excreted. Excretion of dimers and trimers were 3.9% and
6.8%, while tetramers, pentamers and hexamers were 27%,
29% and 15%, respectively. It must be noted that rats are
coprophagic and that the fecal polyphenolic compounds
may be recycled through the rat decreasing the amount of
excreted PAs. In 2014, the same group analyzed the PAs
and PA metabolite content in the feces from female pigs
fed GSE[45]. The pigs were fed a normal diet containing
1% GSE for 6 d and feces were collected daily. Dimers,
trimers, tetramers and pentamers were found at about
100 µg$mL–1. Catechin and epicatechin were about 5 and
8 µg$mL–1. The major metabolites were 4-hydroxyphe-
nylvaleric acid and 3-hydroxybenzoic acid.
The absence of gut bacteria to the anti-obesity effects of

grape seed PAs were shown recently in a mouse study by
Liu et al.[46]. C57BL/6 mice on high fat diets were
administered grape seed polyphenol extract (GSPE,
300 mg$kg–1 bw) by gavage. Grape seed treatment resulted
in lower levels of plasma inflammatory cytokines TNFα
and IL-6, and reduced epididymal fat. There was a

difference in diversity of gut bacteria and the phylum
Proteobacteria increased in mice treated with GSPE.
Treatment with ampicillin and neomycin resulted in similar
bacteria populations in both HF control and HF GSPE
treated groups. Antibiotic treatment also abolished differ-
ences in epididymal adipose weight and plasma inflam-
matory cytokines. Dietary fat composition has a major
effect on microbiota composition. On high fat diets,
Firmicutes predominated in the cecum of rats[47]. On a
control diet the ratio of Firmicutes to Bacteroidetes was
5:3, but the addition of 1.25 mmol$kg–1 diet cholic acid
resulted in predominately (99%) Firmicutes population.
Cholic acid is rapidly converted to deoxycholic acid in the
gut by bacteria. In vitro studies of cecal bacteria showed
that the half maximal inhibitory concentration (IC50) of
deoxycholic acid was lower than cholic acid and more
inhibitory to Bacteroidetes than Firmicutes. The research-
ers suggested that the effect of high fat diets in promoting
Firmicutes is due to the increased secretion of bile acids to
digest the additional fat. PAs may also inhibit bacterial
survival directly. In the presence of a PA trimer,
epicatechin-(4β ! 6)-epicatechin-(2β ! O ! 7, 4β
! 8)-catechin, the growth of Bacillus cereus, a Gram-
positive bacteria, was inhibited[48]. The investigators found
that the over 500 genes related to normal function of the
cell membrane and wall of B. cereus were upregulated and
glucose absorption was impaired compared to controls.

4 Grape proanthocyanidins, obesity and
metabolic dysfunction in animal models and
humans

Many highly effective nutraceuticals, such as curcumin,
resveratrol and grape seed procyanidins, are not readily
absorbed into the body so that mechanisms based on
absorption of the intact molecule and subsequent action in
target organs should be considered carefully. As discussed
previously, grape seed PAs are a mixture of absorbable
monomers and nonabsorbable oligomers. In possibly the
earliest study of grape seed polyphenols in an animal
model of hypercholesterolemia and weight gain, Tebib
et al.[36] showed that oligomeric procyanidins prevented
the physiological characteristics of metabolic diseases
more effectively than a monomeric fraction in rats on high
fat diets[49]. In their study rats were fed a high fat diet (17%
highly saturated fat) supplemented with either 1% of a
monomeric fraction or 1% oligomeric (dimers to tetra-
mers). Although feed intake between control, monomeric
supplemented and oligomeric supplemented did not differ,
weight gain and body fat of the rats fed the monomer and
oligomers were 19% and 53% lower, respectively,
compared to the controls. Total and LDL cholesterol of
the oligomeric fed group were about 65% and 75% lower,
respectively, compared to the controls. Fecal cholesterol
and bile acid excretion were about twice and four times
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higher, respectively, in the oligomer fed rats, compared to
the controls. In 1999, Martin-Carron et al.[50] reported that
rats on a diet supplemented with 15% lard, a grape pomace
fiber and polyphenol product for 4 weeks had reduced
plasma cholesterol, but weight gains did not differ. The
fiber-polyphenol ingredient contained 36.6% condensed
tannins, 1.3% soluble polyphenols and 47.7% insoluble
dietary fiber. The researchers concluded that bile acid
homeostasis, requiring synthesis of bile acid from
cholesterol and movement of cholesterol from blood to
liver, was responsible for the lowering of plasma
cholesterol.
In rats fed low-fat lithogenic diets (1% cholesterol),

plasma and liver cholesterol did not differ after adminis-
tration of 0.1–1.0 g$kg–1 bodyweight GSE compared to the
controls[51]. In this study, weight gain and feed intake
decreased with increasing dose of grape seed in animals
administered GSE on either lithogenic or normal diets,
compared to the controls. Excretion of some bile acids,
particularly lithocholic acid, increased in feces with
increasing GSE dose. Many in vitro studies have been
reported, but these are not reviewed because of their focus
on intestinal lumen and microbiome interactions[52–54].
More recently, the attenuation of obesity induced

inflammation by grape seed PAs were demonstrated by
molecular methods. Décordé et al.[55] determined the
expression of adipocytokines in hamsters on high fat diets
supplemented with Chardonnay grape seed extracts for 12
weeks. The extract was reported to contain 448 mg$g–1

polymeric tannins as leucocyanidin equivalents. Hamsters
on high fat, hypercholesterolemic diets are often preferred
for studies of cholesterol metabolism because they have
identical primary bile acids as humans, low rate of hepatic
cholesterol synthesis in males similar to humans, also a
gallbladder is not present in rats, and rats are deficient in
cholesteryl ester transfer protein[56]. Hamsters on a high fat
diet, had leptin increased by 73% and adiponectin
decreased by 54% compared to those on a low fat diet.
Less weight gain and abdominal body fat were observed in
the GSE fed hamsters supporting the earlier rat study.
Blood glucose was also lower, but insulin levels were
similar to the controls. The plasma adipocytokines, leptin
and adiponectin, determined by Western blotting were
lower and higher, respectively, in GSE fed hamsters and
the controls. Elevated plasma leptin and decreased
adiponectin are characteristics of obesity and type 2
diabetics[57]. Leptin regulates appetite and the innate and
adaptive immune system[58]. Adiponectin increases hepa-
tic fat oxidation and reduces glucose synthesis, and also
regulates the innate and adaptive immune system. In
another study, total and LDL cholesterol was also lowered
in hamsters fed Chardonnay GSE on low (5%) fat diets[59].
Weight gain was not reported.
PA-rich GSE have been used almost exclusively in most

nutritional studies. This is because PAs are the major
bioactive component, they are readily extractable by water

and/or alcohol, and their low concentration in grape seeds,
2%–3%, would otherwise require high amounts of the
whole seeds to be ingested in nutritional studies[15,60–62].
Also, pomace spoils rapidly. Extraction and purification of
the PAs removes microbial contaminants, and the reduced
number of constituents allows for the chemical definition
of the extracts. However, extractable polyphenols are a
minor component compared to the nonextractable resi-
due[17,63] and the residue may contain useful levels of
bioactive PAs.
Several nutritional studies have reported using a dietary

fiber product from grape pomace containing from 15% to
30% nonextractable polyphenols and 1% to 9% extractable
polyphenols[64,65]. In one study, ingredients from red grape
peel (RGP), white grape peel (WGP) or white grape seed
(WGS) were fed to rats on either a low fat (4% soybean oil
by weight) or high fat (15% lard by weight) for 6 weeks[66].
The nonextractable polyphenol content of the RGP, WGP
and WGS were 26.2%, 21.0% and 18.8%, respectively.
The extractable polyphenols for the RGP, WGP and WGS
were 3.8%, 5.0% and 5.4%, respectively. There were no
differences in weight gain, feed intake or feed efficiency
between any treatment with either low fat or high fat diets
except for higher feed intake by the WGS on the high fat
diet. All grape ingredients increased daily dry feces weight,
and decreased protein and fat digestibility. All grape
ingredients also lowered total, high density lipoprotein
(HDL) and low density lipoprotein (LDL) cholesterol in
rats fed the high fat diet. In a subsequent study of in vitro
fermentability of white grape peel and seed, almost all of
the extractable polyphenols were degraded. However, the
same researchers had shown that condensed tannins in
carob are not fermented in vitro, suggesting that they are
not readily metabolized by gut bacteria[67].
Although the use of extracts of grape seeds and skins is

convenient and often necessary to remove microbial
contaminants, the use of whole grape seeds and skins is
attractive because their high dietary fiber content may act
as a prebiotic and impact the microbiome. Freshly
processed wine grape pomace is not easily sourced. The
USDA laboratory in Albany collaborated with a Northern
California winery that had a small plant to process varietal
grape pomace into powdered skins and seeds[67–69].
The seeds from three grape cultivars were fed to

hamsters on high fat diets. The total flavonoid content of
seeds were 12%, 8.6% and 6.3% for Chardonnay, Cabernet
and Syrah, respectively. Total catechins were 1.6%, 0.25%,
and 0.19% for the Chardonnay, Cabernet, and Syrah seeds,
respectively. The high fat diets (20% fat by weight) were
supplemented with either 10% Chardonnay (ChrSd),
Cabernet (CabSd), or Syrah grape seed (SyrSd). The
macronutrient composition of the grape seed diets was
adjusted by decreasing amounts of casein, corn starch,
microcrystalline cellulose for the amounts in the grape
seed. Energy intake was higher in hamsters fed
SyrSd compared to the controls, 3.55 versus 3.14 MJ,
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respectively. Energy intake was not significantly different
for the hamsters fed ChrSd and CabSd, 3.39 and 3.45 MJ,
respectively. Despite the higher energy intake, weight gain
was lowest with ChrdSd, compared to the controls, 23.9
versus 34.7 g. Weight gains with CabSd and SyrSd were
38.8 and 40.5 g, respectively. Plasma VLDL and LDL
cholesterol were markedly lower in ChrSd hamsters, 6.5
and 33.4 mg$dL–1, compared to 23.6 and 75.2 mg$dL–1,
respectively, in the controls (Fig. 5). Adipose and liver
weight were also significantly lower, 23% and 38%,
respectively, in with ChrSd compared to the controls. The
expression of hepatic genes CYP51, CYP7A1 and LDLR
was significantly correlated with changes in plasma total,
VLDL or LDL cholesterol concentrations. Some important
bacterial groups were analyzed in the feces by PCR
methods: Bacteroides fragilis, Lactobacillus spp., Clos-
tridium cluster IV, Enterococcus spp., Bifidobacterium
spp., Enterobacteriaceae and total bacteria. The number of
total bacteria was reduced from log10.7 to log9.7[70].
Lactobacillus spp. were positively correlated with total and
LDL cholesterol and liver weight. B. fragilis and
Bifidobacterium spp. were negatively and positively
correlated, respectively, with liver weight. The phylum
Proteobacteria was positively correlated with VLDL
cholesterol and adipose tissue weight. A link between
intestinal bacteria and hepatic bile acid synthesis was also
found. The expression of intestinal FGF15 was found to
decrease in hamsters fed ChrdSd. The FGF15 product
circulates to the liver where it downregulates hepatic
CYP7A1. The FGF15 product represses CYP7A1 and
decreasing intestinal synthesis would increase liver bile
acid synthesis and reduce plasma cholesterol levels.
FGF15 is itself regulated by intestinal FXR, a nuclear
receptor with bile acids as natural ligands. Bile acid levels
depend on certain species of bacteria that can hydrolyze

conjugated bile acids. Lactobacillus possesses bile salt
hydrolase activity and the lower numbers of Lactobacillus
would decrease deconjugation and increase levels of bile
acids in the lumen. Bile acids are FXR antagonists[71].
While PAs are the most bioactive components of grape
seeds, grape seed powder also contained large amounts of
fermentable dietary fiber which may also change the
composition of the gut microbiota and affect plasma
cholesterol levels.
The number of human studies of grape seed PAs are

limited. In 2011, Feringa et al.[72] published a meta-
analysis of human trials of grape seed extracts on
cardiovascular risk markers. The analysis included studies
indexed by Medline, Cochrane Central Registry of Clinical
Trials, Agricola and Scopus up to 2010. Nine clinical trials
were found to meet their selection criteria. There were no
statistically significant change in total, LDL and HDL
cholesterol, or triglycerides. There was a trend to lower
total and LDL cholesterol and higher HDL cholesterol.
However, there was a small but significant decrease in
systolic blood pressure and heart rate. A more recent meta-
analysis of human clinical trials of the effects of grape seed
extract on blood pressure has been published[73]. The
authors analyzed data from a search of PubMed and
Embase through to November 2015 and found 12 relevant
trials. Four of the trials reported low and high doses, and
were treated separately, thus 16 trials were reported. Dose
ranged from 100 to 2000 mg$d–1 and included 840
subjects. The meta-analysis found that both systolic and
diastolic pressures were lowered significantly[73], support-
ing the earlier Feringa study[72].

5 Conclusions

Obesity related metabolic diseases may be prevented, or
their severity reduced, by the intake of grape PAs and other
plant components high in phytochemicals. The decrease in
the intake of astringent plant phenolic and dietary fibers
when societies become more affluent may be related to
obesity and diabetes increases. While animal studies
consistently show reductions in weight gain, adipose
weight gain, plasma and liver lipids, and liver weight and
lipid content, human studies have not shown similar
effects. PAs interact with the many proteins secreted by the
salivary glands and different areas of the digestive system.
The most bioactive forms appear to be the oligomeric
procyanidins. In the gut, they modify the numbers of total
bacteria and promote some groups at the expense of others.
They are metabolized by gut bacteria to phenolic acids that
are absorbed into the circulation of the host, however, it is
not clear how procyanidins alter host metabolism to reduce
obesity and risk factors for chronic diseases.
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Fig. 5 Effect of powdered grape seeds on Syrian Hamster HDL,
LDL and VDL. Male Syrian hamsters were fed high fat diets
containing 10% of the powdered seeds of Chardonnay (ChrSd),
Cabernet Sauvignon (CabSd), and Syrah (SyrSd) grapes for four
weeks. High density lipoprotein (HDL), low density lipoprotein
(LDL) and very low density lipoprotein (VLDL) cholesterol were
lowered in hamsters fed the ChrSd diets compared to hamsters fed
the Control.
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