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Abstract

The (n-3) PUFAs 20:5 (n-3) (EPA) and 22:6 (n-3) (DHA) are thought to benefit human health. The presence of prooxidant

compounds in foods, however, renders them susceptible to oxidation during both storage and digestion. The development

of oxidation products during digestion and the potential effects on intestinal PUFA uptake are incompletely understood.

In the present studies, we examined: 1) the development and bioaccessibility of lipid oxidation products in the gas-

trointestinal lumen during active digestion of fatty fish using the in vitro digestive tract TNO Intestinal Model-1 (TIM-1); 2)

the mucosal cell uptake and metabolism of oxidized compared with unoxidized PUFAs using Caco-2 intestinal cells; and 3)

the potential to limit the development of oxidation products in the intestine by incorporating antioxidant polyphenols in

food. We found that during digestion, the development of oxidation products occurs in the stomach compartment, and

increased amounts of oxidation products became bioaccessible in the jejunal and ileal compartments. Inclusion of a

polyphenol-rich grape seed extract (GSE) during the digestion decreased the amounts of oxidation products in the stomach

compartment and intestinal dialysates (P < 0.05). In Caco-2 intestinal cells, the uptake of oxidized (n-3) PUFAs was ~10%

of the uptake of unoxidized PUFAs (P < 0.05) and addition of GSE or epigallocatechin gallate protected against the

development of oxidation products, resulting in increased uptake of PUFAs (P < 0.05). These results suggest that addition

of polyphenols during active digestion can limit the development of (n-3) PUFA oxidation products in the small intestine lumen

and thereby promote intestinal uptake of the beneficial, unoxidized, (n-3) PUFAs. J. Nutr. 143: 295–301, 2013.

Introduction

The (n-3) PUFAs, especially EPA and DHA, have potential
benefits for human health (1). However, the presence of com-
pounds such as heme pigments and various trace metals in PUFA-
rich foods, particularly fish muscle, leads to a high susceptibility
to the development of lipid oxidation products, which are thought
to be deleterious to human health. Malondialdehyde has geno-
toxic properties, inducing DNA damage and mutations (2), and
lipid hydroperoxides may promote cell apoptosis (3). In rats,
consumption of food with oxidized lipids was shown to increase
the concentrations of lipid hydroperoxides in blood (4) and
malondialdehyde in serum (5). Oxidized lipid intake has also
been suggested to contribute to the development of tumors and
atherosclerosis (6,7).

Lipid hydroperoxides resulting from oxidation of fatty acids
(FAs)6 have been suggested to be formed during digestion. The
stomach serves as a temporary storage site for newly ingested
food and it is possible that the stomach can increase the
susceptibility of (n-3) PUFAs to oxidation, thus yielding higher
concentrations of peroxides than those present in the ingested
food (8,9). Several studies have observed lipid oxidation using
simple in vitro systems with conditions similar to those found in
the stomach, where PUFAs may interact with prooxidant com-
pounds present in the food (10). Further, the acid pH of the
stomach may increase the prooxidant activity of hemoproteins
(8), and saliva secreted from the parotid gland could play a dual
role in oxidation in the stomach, increasing lipid peroxidation
via the pseudoperoxidase activity of lactoperoxidase but also re-
ducing lipid peroxidation via thiocyanate and nitrate activity (11).

Fish muscle contains prooxidants, such as hemoproteins and
low-molecular weight iron (12). Hemoglobin in fish has been
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shown to be more active in promoting oxidation under acidic
conditions, where the release of heme groups by gastric proteo-
lytic activity could act as a catalyst of lipid oxidation as well (13).
At present, likely owing to the complexity of ingestion of (n-3)
PUFA-rich foods with other foods containing variable pro- and
antioxidant compounds, the molecular species of hydroperox-
ides formed during digestion are not well defined (9). Moreover,
there is likely overlap between the oxidation products formed
during digestion and those formed during food storage; e.g., in
fish, the lipoxygenases, hemoproteins, and PUFA substrates are
present, albeit at different ambient conditions, in food storage
and during digestion. It is also important to note that although
food that develops high amounts of oxidation products during
storage may be discarded due to poor odor, common storage
conditions may lead to the development of ‘‘incipient rancid’’
odors that can be masked by food flavors (14,15). Moreover, the
further development of oxidation products within the gastroin-
testinal tract would not be detected.

The use of antioxidants is a common strategy to avoid lipid
oxidation. Several studies have shown the inhibition of lipid
oxidation in the stomach by wine polyphenols (10,11,16), which
appear to arrive intact to the small intestine, because they are
resistant to gastric acid hydrolysis (17). The catechins, partic-
ularly epigallocatechin gallate (EGCG), are not readily ab-
sorbed, thereby resulting in high catechin concentrations in the
intestinal lumen (18,19). Thus, antioxidant compounds may act
by preventing the formation of lipid oxidation products during
digestion and therefore inhibit their damaging effects. No
previous studies to our knowledge have examined the gastroin-
testinal development of lipid oxidation products in PUFA-rich
food by using a complete model of the stomach and upper small
intestine such as the TNO Intestinal Model-1 (TIM-1) system.

To further understand the development and assimilation of
oxidized FAs during gastrointestinal processing, in the present
study we examined: 1) the development of lipid oxidation pro-
ducts in the gastrointestinal lumen during active digestion of fatty
fish muscle; 2) the bioaccessibility, mucosal cell uptake, and
mucosal cell metabolism of oxidized compared with unoxidized
PUFAs; and 3) the potential to limit the development of oxidation
products at the level of the intestine by incorporating antioxidant
polyphenols in food. In particular, a previously characterized
grape seed extract (GSE) (20) was examined using the TIM-1model
of the human upper gastrointestinal tract and the Caco-2 human
intestinal cell line.

Materials and Methods

Chemicals. a-Amylase, pepsin, bile, BSA (essentially FA free), DMEM,

trypsin, lipoxidase from glycine max (soybean), EGCG, EDTA, and

Triton-X100 were obtained from Sigma-Aldrich. Pancreatic juice from
porcine pancreas (Pancreax V powder) was obtained from Paines and

Byrne. Rhizopus lipase (150,000 units/mg) was obtained from Amano

Enzyme. Cell culture media and reagents were obtained from GIBCO
(Invitrogen). Unlabeled palmitic acid (PA) and DHA were from Nu

Check-Prep. Labeled PA and DHA were from NEN. Sodium taurocho-

late was fromCalbiochem and organic solvents were obtained from Fisher

Scientific.

Grape proanthocyanidins. A grape fraction rich in oligomeric catechins

(proanthocyanidins) was prepared by fractionation of grape pomace as

previously detailed in Torres et al. (21). A set of fractions differing in
sizes of monomers and oligomers was obtained and each was charac-

terized for mean molecular weight, mean polymerization degree, and

percentage of galloylation (presence of esters with galloyl moieties) by

depolymerization with cysteamine (22). An individual fraction having a

polymerization degree of 2.4 units and galloylation percentage of 25%

was selected for these experiments, because it showed the highest anti-

oxidant effectiveness (12). The polyphenol concentration of this fraction,
determined using the Folin Ciocalteau method (23), was 0.7176 0.001 mg

catechin/mg extract. The major components, expressed in molar percent-

age, were catechin (29.6%), epicatechin (29.1%), EGCG (23.4%), and

procyanidin B2 (7.38%) (20,21).

Cell culture. To model the uptake of dietary (n-3) PUFAs across the
apical (AP) plasma membrane of the enterocyte, we used a Caco-2 human

intestinal cell model grown in culture dishes, with compounds added to

the media bathing the cells. As we previously reported, many indexes of

Caco-2 cell differentiation, including tight junction formation, sucrose-
isomaltase activity, etc., are equivalent for cells grown on plastic and

cells grown on filters; for cells grown on plastic, tight junction formation

is observed by the presence of domes (24, 25). Caco-2 cell cultures at
passage 36–50 were grown using identical conditions to those previously

described (26). For experiments, 4 3 104 cells were seeded per well in

6-well plates and used between 14 and 18 d postconfluence.

Preparation of radiolabeled FA uptake media. 16:0 PA or 22:6 (n-3)

DHA at a final concentration of 30 mmol/L and 45.8 ppm antioxidants

were dried under N2. EGCG at 45.8 ppm is equivalent to 100 mmol/L;

45.8 ppm GSE provides 47 mmol/L catechin, 46 mmol/L epicatechin,
23 mmol/L EGCG, and 6 mmol/L of procyanidin B2. Labeled FAwas 5%

of the total and the specific activities were 54 mCi/mmol. Dried lipids

were then dissolved in ethanol (0.5% volume of the final volume of the

solution) and subsequently dispersed in 10 mmol/L taurocholate (27, 28)
in PBS (137 mmol/L NaCl, 2.7 mmol/L KCl, 1.5 mmol/L KH2PO4,

8 mmol/LNaHPO4, pH 7.4) and incubated for 1 h at 37�Cwith shaking,

as previously described (29).

FA uptake assay. Net uptake of FA from a taurocholate-FA mixture

was analyzed as previously described (30). At 2 and 6 h of incubation,

cells were washed and collected as described (26). Aliquots were removed
and solubilized in scintillation cocktail. FA uptake was determined from

the specific activity of the incubation medium. Protein was determined

by the method of Lowry et al. (31).

Metabolism of FAs in Caco-2 cells. Total cells lipids were extracted

from the sonicated cell preparations using the method of Bligh and Dyer

(32). The incorporation of radiolabeled PA and DHA into lipid metab-

olites was analyzed using TLC separation as previously described (24).
The radioactivity in each lipid class was measured using a Storm 840

phosphorimager (Amersham Biosciences). The partitioning of radio-

labeled lipid into individual lipid species (e.g., TG, phospholipid,
cholesterol ester, etc.) is expressed as a percentage of total label incorpo-

rated (25).

Measurement of conjugated dienes. Conjugated dienes (CDs) were
measured in the lipid extracts and DHA solutions to follow the

development of lipid oxidation (33). Results are expressed as millimoles

linoleic acid hydroperoxides per gram of fat in order to normalize the

amounts of lipid oxidation using the same units, as described by Kim and
Labella (33).

Oxidation of DHA. A stock solution of labeled and unlabeled DHA (5

and 95%, respectively) was prepared in absolute ethanol and diluted in

PBS. DHA (22:6; 50 mmol/L) was oxidized with soybean lipoxidase (30–

120 U/100 nmol of FA, 3 h at 37�C) to produce oxidized DHA. The
formation of CDs was spectrophotometrically monitored using PBS as

the reference. Under these conditions, conversion of the DHA into

oxidized lipid was observed as an increase in absorbance at 234 nm
(34). Conversion was reached (63.5 6 6.3%), expressed as mmol/L of

hydroperoxide of linoleic acid. Lipid extraction (32) was used to

separate the FAs from the lipoxidase. The use of lipoxygenase is

physiologically relevant, because lipoxygenases are present in fish muscle
and are an important catalyst of oxidation during storage at low

temperatures; they act on fish, producing a range of hydroperoxides

derived from DHA and other PUFAs (35).
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Chilled minced mullet. Fish were purchased in a local market, deboned,

eviscerated, and white muscle with no skin was separated. The muscle

was chopped with a blender to obtain ground fish muscle. The GSE
was added as a powder to obtain 200 ppm in the fish muscle, unless

otherwise indicated. A total of 200 ppm GSE provides 204 mmol/L

catechin, 200 mmol/L epicatechin, 102 mmol/L EGCG, and 26 mmol/L

procyanidin B2. Control samples were prepared identically but with no
addition of antioxidants.

Lipid extraction. Lipids were extracted from the fish muscle, stomach

samples, and small intestinal dialysates (32). Lipid content was gravi-
metrically determined and expressed on a wet weight basis (36).

TNO in vitro model. The multicompartmental, dynamic, computer-

controlled system developed for TNONutrition and Food Research was
described in detail by Minekus et al. (37). The TIM-1 model comprises 4

compartments that represent the stomach, duodenum, jejunum, and

ileum, and the pH, temperature, peristaltic mixing and transit, salivary,

gastric, biliary, and pancreatic secretions are simulated according to
physiological data to reflect gastrointestinal conditions of human adults

after the intake of a semisolid meal (38). The half-time of stomach

emptying was 70 min. Samples were collected each 30 min during 2.5 h
from the stomach compartment and at 1-h intervals for 5 h from the

dialysates of the jejunal and ileal compartments, which represent the

bioaccessible digested products. For the experiments, 100 g minced

muscle was mixed with artificial saliva that contained 9600 units
amylase, 30 mL citrate buffer (pH 5.5), and 100 mL electrolyte solution

(5 g/L NaCl, 0.6 g/L of KCl, and 0.3 g/L CaCl2). Mili Q water was added

up to a final volume of 300 mL. This mixture was introduced into the

compartment that represents the stomach and the digestion was begun.
All samples were stored at –20�C until analysis.

Statistical analysis. The data were analyzed by 1-way ANOVA and a
Scheffé post hoc test was employed to compare different means. Statistical

analyses were performed using Statistica 6.0 (StatSoft). Data are reported

as mean 6 SD, with P # 0.05 considered significant.

Results

PUFA digestion and bioaccessibility of lipid oxidation

byproducts in intestinal dialysates. Prior to TIM-1 digestion,
aliquots of each sample type were taken to determine total fat
and CD concentrations. The percentage of fat obtained in mullet
muscle was 6.78 6 0.32%. The percent of (n-3) PUFA of this
species ranges between 8 and 17%, with DHA and EPA as the
main (n-3) PUFAs (39). The CD concentrations in fish stored for
3 d at 4�CwithoutGSE (17.86 2.2mmol linoleic hydroperoxides/g
fat) were greater than those in the fresh mullet (11.8 6 1.3 mmol
linoleic hydroperoxides/g fat) (P < 0.05), whereas the concentration
in fish stored in the presence of GSE (12.2 6 1.0 mmol linoleic
hydroperoxides/g fat) did not differ from that in fresh mullet.
These results indicate that fish muscle undergoes lipid oxidation
during refrigerated storage and that the addition of GSE effectively
inhibited the onset of the lipid degradation reactions.

It is important to note that the amount of hydroperoxides
that we found in the fish muscle samples following 3 d of re-
frigerated 4�C storage (11.86 1.3 mmol linoleic hydroperoxide/g
fat) is equivalent to a level of off-flavors classified as ‘‘incipient
rancid’’ (14,15). Such subthreshold rancidity is commonly present
in many commercial, frozen fish products as well as in fatty food
products stored for long periods of time or at insufficiently low
temperatures (13). These incipient rancid off-flavors, derived
from the presence of hydroperoxides, can be masked by the use
of flavorings or by the normal odor of food ingredients; thus, the
fish samples used in the current study present a reasonable
approximation of what might be consumed in a meal.

The kinetics of fish muscle lipid oxidation were followed in
the TIM-1 stomach luminal compartment and in the jejunal and
ileal dialysates, which represent the bioaccessible products of
digestion (40). Figure 1 shows that CD concentrations, indica-
tive of primary lipid oxidation degradation products, increased
in the fresh fish and in the fish stored for 3 d at 4�C, both without
antioxidant added, during digestion in the stomach, whereas the
concentration of primary lipid oxidation products in samples
stored with GSE was significantly lower than in fresh fish at all
sampling times (P < 0.05). These results indicate that the fish
muscle undergoes lipid oxidation during refrigerated storage
and that the addition of GSE to the fish effectively inhibited the
onset of lipid oxidation reactions. It is noteworthy that the
increase in hydroperoxide during digestion was essentially
parallel for the 2 fish samples digested in the absence of GSE,
despite their different initial hydroperoxide concentrations. In
the jejunal (Fig. 2A) and ileal (Fig. 2B) dialysates, the concen-
tration of CD from fish stored without GSE was significantly
higher than that of the other 2 groups. Fresh fish and fish stored
with GSE did not differ, despite the higher amounts of lipid
oxidation products found in the stomach compartment with the
fresh fish. Experiments using 1000 ppm of GSE (which provides
1.02 mmol/L catechin, 1.00 mmol/L epicatechin, 0.51 mmol/L
EGCG, and 0.13 mmol/L procyanidin B2) showed that the
concentration of lipid hydroperoxides in the jejunal and ileal
dialysates was lower than in fresh, unstored mullet at 3, 4, and 5
h (data not shown), indicating that higher antioxidant concen-
trations are also able to inhibit oxidation in jejunal and ileal
compartments as well as in the stomach.

Assimilation and metabolism of FAs by Caco-2 cells. We
measured the uptake of DHA or PA in the presence or absence of
polyphenolic antioxidants (GSE and EGCG) using conditions
that mimic the physiological presentation of FAs in the intestinal
lumen (24, 41). Figure 3A shows that after 2 h, there were no
effects of either GSE or EGCG on the DHA uptake. However,
after 6 h of DHA incubation, DHA uptake increased almost
50% by co-incubation with EGCG and almost 2-fold by
co-incubation with GSE. Although similar results were obtained
for 16:0 uptake, the effects were considerably less: only ;25%
for EGCG and 15% for GSE (Fig. 3B).

The possibility that the FA became oxidized, at least in part
during Caco-2 cell incubation in samples with no addition of
polyphenol, was tested using DHA. Under identical incubation
conditions to those used with the cells, there was an increase

FIGURE 1 Concentrations of CD hydroperoxides in fresh fish and

fish stored for 3 d at 4�C in the absence (-) or presence (+) of GSE over

time in the TIM-1 stomach compartment. Results are mean6 SD, n = 3.

*Different from fresh fish at that time, P , 0.05. CD, conjugated diene;

GSE, grape seed extract; TIM-1, TNO Intestinal Model-1.
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(P < 0.05) in the concentrations of lipid hydroperoxides,
measured as CD, in samples of DHA incubated in the absence
of polyphenols (Fig. 4). In contrast, no increase in oxidation
products was detected in the medium when DHAwas incubated
in the presence of GSE extract. Thus, DHA oxidation occurs
during the Caco-2 incubation period and this can be success-
fully inhibited by GSE.

We then compared the uptake of oxidized DHA with
unoxidized DHA in the Caco-2 cell model. Remarkably, as
shown in Figure 5, the amount of oxidized DHA taken up by the
cells was considerably lower than the uptake of unoxidized DHA.

The metabolic fate of FAs added to Caco-2 cells was also
analyzed to determine whether the presence of the antioxidants
might modify the partitioning of DHA or PA into the different
lipid classes. No significant differences were found in the
percentage of any metabolite for either FA with either of the
antioxidants (Supplemental Tables 1 and 2). Thus, although
differences in the absolute amounts of FA taken up into Caco-2
cells were found, the subsequent metabolic fate of the FAs was
not affected.

Discussion

Although it is generally thought that PUFA intake confers health
benefits, the ingestion of increased amounts of oxidizable
substrates, such as long-chain (n-3) PUFAs, has been related to
increased production of several markers of lipid peroxidation
(43,44). Increased amounts of oxidizable substrate could lead to
increased utilization of endogenous defense antioxidants and
consequently an in vivo oxidative stress as well (44). Accord-
ingly, there has been concern that marine (n-3) PUFAs may
increase lipid peroxidation, causing a consumption of endoge-
nous antioxidants and provoking an oxidative unbalance. On

the other hand, others have not found an increase, or have even
reported a decrease, in lipid oxidation markers, like isopros-
tanes, after dietary fish oil interventions (45). Additionally, fish
oil supplementation has been suggested to protect against
oxidative stress-induced DNA damage (46). Thus, although
the results in vivo are somewhat inconclusive, it is certainly
agreed that long-chain PUFAs present in fish muscle and fish oils
are highly susceptible to oxidation. The present results with GSE
or EGCG would suggest that these exogenous antioxidants
would in fact mitigate against increased oxidative markers that
might occur in their absence subsequent to (n-3) PUFA ingestion.

FIGURE 2 Concentrations of CD hydroperoxides in fresh fish and

fish stored for 3 d at 4�C in the absence (-) or presence (+) of GSE over

time in the TIM-1 jejunal (A) and ileal (B) dialysates. Results are mean 6
SD, n = 3. *Different from fish stored without antioxidant, P , 0.05.

CD, conjugated diene; GSE, grape seed extract; TIM-1, TNO Intestinal

Model-1.

FIGURE 3 Net uptake of FAs in Caco-2 cells incubated with DHA (A)

or PA (B) alone (30 mmol/L) or with antioxidants for 2 or 6 h (100 mmol/

L EGCG or 45.8 ppm GSE that contained 47 mmol/L catechin, 46 mmol/

L epicatechin, 23 mmol/L EGCG, and 6 mmol/L of procyanidin B2).

Results are mean 6 SD, n = 3. *Different from FA alone at that time,

P , 0.05. EGCG, epigallocatechin gallate; FA, fatty acid; GSE, grape

seed extract; PA, palmitic acid.

FIGURE 4 Formation of CD hydroperoxides in the incubation

medium of Caco-2 Cells with DHA (30 mmol/L) and GSE (45.8 ppm

that contained 47 mmol/L catechin, 46 mmol/L epicatechin, 23 mmol/L

EGCG, and 6 mmol/L procyanidin B2) for 2 or 6 h. Results are mean 6
SD, n = 3. *Different from DHA+GSE at that time, P , 0.05. CD,

conjugated diene; EGCG, epigallocatechin gallate; GSE, grape seed

extract.
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We first examined the bioaccesibility of lipid oxidation
by-products from minced mullet muscle systems under different
initial conditions. The initial concentrations of CD in the minced
fish muscle systems were measured to obtain their oxidative
status. The stability of many fish species has been tested during
various refrigerated (20) and frozen (47) storage periods. The
observed inhibition of lipid oxidation using the GSE in minced
mullet during chilled storage is in agreement with results found
in liposomes and mackerel muscle (20,48).

Studies that have mimicked stomach conditions in vitro to
examine the evolution of lipid oxidation (10, 49) have demon-
strated the development of lipid oxidation catalyzed by proox-
idant compounds such as hemoproteins and iron present in fish
muscle. Kanner et al. (16) suggested that the stomach may act as
a bioreactor and accelerate the generation of lipid hydroperox-
ides and cooxidation of dietary constituents due to the physi-
ological temperature and the presence of large amounts of
endogenous catalysts, such as iron ions and hemeproteins (50).
Furthermore, acid pH increases the prooxidant activity of hemo-
proteins (8). Preexisting lipid hydroperoxides also may catalyze
further lipid oxidation. The decomposition of these primary
oxidation products generates new free radicals that may catalyze
the production of new lipid hydroperoxides (51). Partially oxidized
food undergoes further oxidation under simulated stomach
conditions, yielding deleterious compounds such as hydroper-
oxides (9,16,52).

In contrast to storage in the absence of polyphenols, the
minced fish system stored in the presence of GSE did not show
any increment of lipid hydroperoxides in the stomach compart-
ment. The same GSE extract has shown high effectiveness
against the development of lipid oxidation catalyzed by endog-
enous prooxidants, like hemoglobin (20,48), in fish muscle.
Similarly, red wine polyphenols had an antioxidant effect on
heated red muscle tissue homogenate in simulated in vitro gastric
conditions (11,16). Importantly, the amounts of polyphenolic
antioxidants used in this work have been found in foods such
as fruits and vegetables, which may be consumed with the fish
(53), underscoring the fact that physiologic, rather than phar-
macologic, doses of antioxidant compounds are effective. Addi-
tionally, although these studies used raw fish, it has been reported
that the temperatures typically used in cooking do not substantially
affect polyphenol content (54).

The differences in the concentration of CD in the stomach
compartment between fresh fish muscle and fish stored with GSE
were not found in the small intestinal dialysates. Due to the high
amount of fat (6.78 6 0.32%) and the antioxidant protection
obtained during the storage period and in the stomach with

prooxidant conditions, it is possible that the GSE polyphenols
were completely consumed. Indeed, when GSE was used at higher
amounts, we did observe lower CD concentrations not only in
the stomach but also in the duodenal and jejuna dialysates,
suggesting that higher amounts of plant polyphenols can be
protective during the entire digestive and absorptive process.

When grown in culture, Caco-2 cells spontaneously develop
many functions characteristics of mature villus cells of the small
intestinal epithelium (55), including formation of a polarized
monolayer of columnar epithelium with intercellular tight junc-
tions (56), an AP membrane with a brush border of organized
microvilli, and the secretion of lipoprotein particles (41, 57).
Thus, Caco-2 cells are considered a reasonable model with
which to approximate dietary lipid assimilation by intestinal
enterocytes (26).

When we directly compared the uptake of nonoxidized and
oxidized DHA in Caco-2 cells, a markedly greater uptake of the
native FAwas observed. This is in contrast with a previous study
by Penumetcha, et al. (6), who reported no differences in Caco-2
cell uptake of native and oxidized linoleic acid. The reason for
the discordant findings are not clear; however, the studies used
different PUFA species and different uptake media, with no FA
carrier used in the prior study (6) and bile salt micelles used in
the present study to simulate the native luminal milieu (24).
Co-incubation of DHA with either GSE or EGCG resulted in a
large increase in net uptake relative to incubation without plant
polyphenols. Based on the differential uptake of oxidized and
unoxidized DHA, we hypothesize that the higher DHA uptake
in cells incubated with GSE or EGCG can be attributed at least
in part to their direct inhibition of oxidative degradation of the
(n-3) PUFAs. Interestingly, however, we also found that co-
incubation of the SFA palmitate with the plant polyphenols
increased uptake. This suggests that the GSE and EGCG may
be exerting an indirect effect on FA uptake in addition to their
direct protection of PUFA against oxidative damage.

The redox status of the enterocyte plays a key role in the
control of intestinal growth and function (58). Thus, the presence
of the antioxidants may help to preserve the endogenous redox
balance of Caco-2 cells, promoting greater uptake of all FAs,
including SFA. Indeed, oleic acid hydroperoxides have been
shown to cause Caco-2 cell membrane damage (59) and lipid
hydroperoxides have been demonstrated to induce apoptosis in
Caco-2 cells, indicative of dysregulated homeostasis of the
intestinal epithelium (60). The presence of lipid hydroperoxides
has also been found to impair mucosal detoxification pathways
and cause enterocyte dysfunction. When the concentration of
lipid hydroperoxides is higher than the detoxification capacity of
intestinal cells, increased FA excretion in feces may occur (61)
due to mucosal cell injury (62). Further, oxidative degradation
produced by increased oxidative stress can provoke loss of
membrane integrity, dysregulation of membrane transport
mechanisms, and changes in permeability. The differential uptake
of long-chain FAs across the AP and basolateral membranes of
Caco-2 cells could be related to differences in plasma membrane
fluidity, because the AP membrane of the enterocyte has lower
fluidity than basolateral membranes (59). Both EGCG alone and
the GSE used in this work have been shown to decrease the
fluidity of model membranes (20,63). This increase of mem-
brane lipid order decreases the penetration of free radicals into
the membrane hydrocarbon chain interior and also inhibits the
propagation of lipid radicals within the membrane. Addition-
ally, oxidative stress has been reported to cause alterations in
protein structure, including cross-linking, amino acid side-chain
modifications, and protein fragmentation (64). Thus, it is possible

FIGURE 5 Net uptake of DHA and oxidized DHA by Caco-2 cells

incubated with 30 mmol/L FA for 2 or 6 h. Results are mean 6 SD, n =

3. *Different from oxidized DHA, P , 0.05. FA, fatty acid.
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that as a consequence of the protection of the enterocyte plasma
membrane attributed to the presence of GSE or EGCG, both the
passive diffusion of FFAs through the lipid bilayer as well as
protein-mediated FA transport are maintained.

Polyphenols may alter intracellular lipid processing and
packaging into lipoproteins. Several studies have reported that
plant polyphenols were associated with decreased cholesterol
esterification, inhibition of diacylglycerol acyltransferase, and
decreased microsomal TG transfer protein activity, all of which
could lead to decreases in postprandial lipemia (65, 66). In the
present studies, we found no differences in intracellular FA
metabolism in EGCG or GSE-treated Caco-2 cells, suggesting
that enzymatic conversion of the labeled lipids was not saturated
so as to change the metabolic fate of the FAs. It is possible that
greater amounts of polyphenols may lead to decreased TG and
cholesterol ester synthesis and decreased lipoprotein formation.

In summary, we show using a detailed in vitro model of the
stomach and small intestine that PUFA-rich fish undergoes
oxidation within the lumen of the stomach and that more lipid
hydroperoxides become available for uptake in the proximal
small intestine. The addition of GSE during storage and active
digestion limits the development of lipid oxidation products in
fatty fish. We further show that in Caco-2 cells, enterocyte up-
take of oxidized DHA is markedly diminished relative to the
uptake of unoxidized PUFA. The addition of GSE or EGCG
alone leads to greater FA uptake into the Caco-2 enterocyte model.
This increased uptake is likely related both to a direct effect of
the polyphenols in preventing oxidation of PUFA and an indirect
effect of maintaining the redox status and homeostasis of the
intestinal epithelium and the integrity of the plasma membrane.
Studies are underway to determine whether the markedly
decreased uptake of oxidized FAs is secondary to alterations in
diffusion- or protein-mediated PUFA transport (26) or both.
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65. Löest HB, Noh SK, Koo SI. Green tea extract inhibits the lymphatic
absorption of cholesterol and alpha-tocopherol in ovariectomized rats.
J Nutr. 2002;132:1282–8.

66. Borradaile NM, de Dreu LE, Barrett PHR, Behrsin CD, Huff MW.
Hepatocyte apoB-containing lipoprotein secretion is decreased by the
grapefruit flavonoid, naringenin, via inhibition of MTP-mediated micro-
somal triglyceride accumulation. Biochemistry. 2003;42:1283–91.

Polyphenols and intestinal assimilation of PUFAs 301


