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Effect of Some Phenolic Compounds and Beverages on Pepsin
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The effect of some polyphenols (resveratrol, catechin, epigallocatechin-3-gallate, and quercetin) and
beverages (red wine and green tea) on the enzymatic activity of pepsin during the digestion of three
different substrates (pork meat, insoluble azocasein, and denatured hemoglobin) has been
investigated. The tested polyphenols and beverages increase the initial velocity of the reaction, and
the activating effect is concentration dependent. The order of effectiveness of polyphenols in increasing
the initial velocity of the reaction is resveratrol > quercetin > epigallocatechin-3-gallate > catechin.
The kinetic data obtained with soluble denatured hemoglobin show that the K, for the substrate is
not changed, whereas the Vina Of the reaction is increased. Pepsin activity follows a simple Michaelis—
Menten kinetic suggesting that ks is increased by polyphenols. To the authors’ knowledge, the present
study is the first demonstration that some polyphenols and related beverages are able to enhance
the enzymatic activity of pepsin.
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INTRODUCTION such as the dimeric theaflavins (10%) and the more extensively
. . . . oxidized and polymerized thearubigins (50%) (9).

Phenolics are broadly distributed in the plant kingdom and  p|5n¢ hhenolics present in fruits and vegetables and particu-
are the most abundant secondary metabolites found in plantsiyy those in green tea and red wine have received considerable
(1). These phenolic substances or polyphenols include manyention for their antioxidant activity and potential health
classes of compounds including phenolic acids, colored antho-penefits 10, 11). In recent years, various researchers have shown
cyanins, simple flavonoids, and complex flavonoidls Many that polyphenols present in red wine and green tea show a
foodg and food.deri\./atives contain phenolig compoundg, §uch protective effect on brain degenerative procesd€si3) and
as wine, tea, olive oil, cereals, It_agumes, fruits, _and frun_ches antiinflammatory 14), anticarcinogenicls, 16), antiatherogenic
(2). The most abundant phenolic compounds in red wine are (17), and cardioprotective (18) effects.
phenolic acids, flavonoids, and non-flavonoid phenolic com- * The apsorption of polyphenolic compounds in the gastrointes-
pounds. The most common phenolic acids in red wine include g tract as a result of food intake has been found to be low
cinnamic _aC|ds_ (coumaric aC|_d, fe_rullc acid, caffelc_aud,_ and (19); therefore, most of the consumed polyphenols remain in
chlorogenic acid) and benzoic acids-fydroxybenzoic acid,  the gastrointestinal tract, where they may exert some of their
protocatechuic acid, vanillic acid, and gallic acid). Flavonoids biological actions. In particular, this could be true for the
include flavanols (catechin, epicatechin, and their ester forms), stomach because polyphenols concentration could quickly reach
flavonols (quercetin), red and blue anthocyanins, and the high levels directly following the consumption of red wine, tea,
polymeric tannins. The most abundant non-flavonoid phenolic or other fruits and vegetables. Indeed, tannins have several
compound in red wine is resveratr@| @). White wine contains  effects on the digestive tract. In the mouth they can link human
more phenolic acids (mainly cinnamic acids) but fewer fla- salivary proteins, especially proline-rich proteins, and this ability
vonoids and resveratrol with respect to red wirs. (The of tannins is believed to be involved in the astringency sensation
concentration of total phenols ranges from 800 to 4000 mg/L perceived in the buccal cavity when wine is swallow@,(
for red wines and from 200 to 1000 mg/L for white wines (6— 21). It has been demonstrated that red wines decrease the
8). Green tea contains many polyphenols known as catechins formation of hydroperoxides during the digestion of meat by
They are (—)-epigallocatechin-3-gallate (EGCG), (—)-epigal- pepsin in vitro £2). Furthermore, wine and tea antioxidants
locatechin (EGC), {)-epicatechin-3-gallate (ECG)—{-epi- prevent the postprandial rise of lipid hydroperoxides in plasma
catechin, and catechig). In contrast, black tea contains fewer (23, 24). Naturally occurring polyphenols, and in particular
catechins but a larger proportion of other polymeric compounds, condensed tannins, can also inhibit in vitro a number of digestive

enzymes including trypsin, lipase, ancamylase. The inhibition

* Corresponding author (telephone39-0522-522060; fax-39-0522-  Of digestive enzymes may be explained with the ability of
522053; e-mail tagliazucchi.davide@unimore.it). condensed tannins to form insoluble complexes with proteins
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Figure 1. Chemical structures of catechin, epigallocatechin gallate (EGCG), quercetin, and resveratrol.

in the gastrointestinal trac2p). Recently, it has been demon- from Carlo Erba (Milan, Italy). Red wine (Nero d’Avola), green tea,
strated that also simple phenolic compounds and in particular and pork meat were purchased from local supermarkets.

phenolic acids are able to inhibit trypsim;chymotrypsin, and Pepsin Activity Assay.The pepsin from Sigma that we have used
a-amylase activity, after the covalent attachment of the phenolic Was from porcine gastric mucosa with 1500 units/mg of protein. One
compounds to reactive nucleophilic sites in the enzyraes. ( :Jnnei;xlrlegrgg #?Aaﬁjﬁg?eogrgdol?cltspuzrinn;rqg:r?ogtlo%m z.sosﬁés'ggrcat’e (final
The_ ?‘b"'ty of polyphenols to form msolublg complexes with volume= 16 mL; light path= 1 cm) according to the method of Anson
nutrltlc_mal mapromolecules such as protelrls hasl .Iong been(zg). In this method the hemoglobin concentration in the assay was
associated with the observed reduction in nutritive value j g704 corresponding to 25@M considering for hemoglobin a
resulting from their presence in diet. Furthermore, polyphenols molecular mass of 64500 Da. We evaluated the effect of polyphenols
are able to chelate several transition metals such as iron andon pepsin activity utilizing three different substratemrk meat,
copper, decreasing the bioavailability of these metals 28). insoluble azocasein, and denaturated hemoglobin—and the peptides
In our recent work on the traditional choice of wines ac- obtained by the pepsin activity were detected by recording the increase
companying foods we observed a significant positive correlation of absorbance at 280 or 440 nm (insoluble azocasein) and with Bradford
between the phenols content of wines and the iron and proteins(30) and/or Lowry §1) methods. Pepsinogen content was determined
content of the combined foods (6). Plant phenols decrease thePy destroying pepsin at pH 8 and then converting the pepsinogen to
intestinal absorption of iron and have antioxidant activity in pepsin by acidification to pH 23¢). The pepsinogen content of the

. . . pepsin that we have used was 0.7% of total pepsin activity.
the intestinal tract. These positive effects compensate the Simulated Gastric Digestion with Grilled Pork Meat and

antinutritional activity toward proteins digestion. The traditional |,5o1ypje AzocaseinThe grilled pork meat, in the form of small slices,
combination of wines and foods appears to be very favorable yas divided into portions and kept at80 °C pending use in the
because wines poor in phenols are combined with foods poor experiments. One part of this muscle tissue was ground with one part
in iron and proteins to minimize their possible antinutritional of digestive solution for 1 min in a laboratory blender and adjusted to
effects, whereas phenol-rich wines are combined with foods rich pH 2.0 with HCI. When insoluble azocasein was used, 1 mg of insoluble
in iron and proteins to decrease iron absorption and prandial azocasein was introduced in a tube with 3 mL of digestive solution.
peroxidative stress (6). Insolublg azocaseirg(%,,,in 0.1 N NaOH= 34) was washed two
The aim of the present work was to investigate the effect of times with HCI to remove soluble substances if they were present. The
some phenolic compounds (catechin, EGCG, resveratrol, anddlgestlye solution was simulated gastric fIU|(_j (SGF) freshly prepared
- . s according to the U.S. Pharmacopoe&8); Briefly, 3.2 g of pepsin
quercetin,Figure 1? and beverages, which are “C,h in .th'ese and 2.0 g of sodium chloride were dissolved in 7.0 mL of hydrochloric
compounds (red wine and green tea), on proteolytic activity of 4 and sufficient water to make 1000 mL of SGF. SGF was prepared
pepsin during a simulated gastric digestion of meat or of an with or without added polyphenols, beverages, ethanol solution, or
insoluble single protein (insoluble azocasein) and a soluble dimethyl sulfoxide (DMSO) solution. Catechin and EGCG were
protein (hemoglobin). The objective was to increase the dissolved in water to have a final concentration in the assay of 0.05,
knowledge about the complex effects that polyphenols and 0.1, or 0.5 mM. Resveratrol and quercetin were dissolved in DMSO to
beverages rich in phenolic compounds show during the gastrichave a final concentration in the assay of 0.05 or 0.1 mM. The final
digestion. concentration of DMSO in the assay was 5%. The wine was added to
have final polyphenols and ethanol concentrations in the assay of 2.3
MATERIALS AND METHODS mM and 3%, resp_ectively. Freshly prepared green tea infusion was
added to have a final polyphenols concentration in the assay of 0.9
Materials. Pepsin, catechin, resveratrol, quercetin, epigallocatechin mM. Careful measurements and corrections of the final pH of the assay
gallate, insoluble azocasein, denatured hemoglobin, Bradford reagentwere made with concentrated solutions of HCl and NaOH. The test
trichloroacetic acid (TCA), and polyvinylpyrrolidone (PVP-40) were tubes containing the reaction mixture were incubated in a shaking bath
supplied from Sigma (Milan, Italy). All other chemical reagents were at 37°C for 180 min. At different times three test tubes were removed,
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and the reaction was stopped by cooling the test tubes in ice; the tubes 20
were centrifuged at 17500gf 5 °C for 15 min, and the supernatants
were treated with PVP-40 to precipitate the polyphend{y.(Briefly,
to 0.5 mL of supernatant was added 0.5 mL of a solution of PVP-40 16
to have a final concentration ranging from 1 to 10% depending on
whether wine, tea, or single polyphenols were used. After 40 min of
incubation at room temperature, the samples were centrifuged atd. 7500 § 12
for 30 min, the supernatants were collected, and the peptides wereg
detected by recording the increase of absorbance at 280 nm and witht!
Bradford and/or Lowry methods. When insoluble azocasein was used,jtD 08
the absorbance at 440 nm was also recorded.

To test the possible interference of PVP with the different methods
for peptides assay utilized and to test the possibility that PVP 04
precipitated the digested peptides together with polyphenols, a number

18

14

10

06

of control digestions were conducted. 02

Digestion of Hemoglobin. The pepsin activity was assayed by 00+ 4+ 4 T T . )
utilizing denatured hemoglobin as substrate (29). The incubation 0 2 4 8 8 10
mixture, in a final volume of 1.6 mL, contained 30 units of pepsin, 10 % PVP

mM HCI, and variable amounts of denaturated hemoglobin ranging Figyre 2, Effect of different PVP concentrations on polyphenols precipita-
from 1.25 to 15uM corresponding to a range of 86-867.5ug/mL tion: (#) 0.1 mM resveratrol; (M) 1 mM catechin; (4) red wine containing

as final concentration in the test tube. To evaluate the effect of 2.3 mM polyphenols. The polyphenols concentration was measured by
polyphenols on the enzymatic activity, the assay was conducted in the . L
recording the absorbance at 280 nm after precipitation of polyphenols

presence of catechin, resveratrol, or quercetin at different concentrations. ~ X .
After 10 min of incubation at 37C. 0.70 mL of 10% TCA was added  With PVP as described under Materials and Methods. Data are means +

to precipitate hemoglobin. After centrifugation, 1 mL of supernatant SD (n = 10).

was treated with 1 mL of PVP solution. The final PVP concentration

ranged from 1 to 5% PVP depending on the polyphenol utilized. After 0.1 mM resveratrol is completely removed, whereas 5% PVP
centrifugation as described above, formed peptides were determinedis necessary to remove 1 mM catechin almost completely. The
by recording the absorbance at 280 nm and with Bradford and Lowry ghsorbance at 280 nm of red wine is reduced to 30% with 10%
assays. Control samples for pepsin autodigestion (pepsin without pyp_Simijlar tests have been made for different concentrations
SL.‘?]s”ate) and SL_‘bStr:ate stability (re?jctlc;n mIXturef W.tlh srl]JbS"Iate but of resveratrol and catechin as well as for the other polyphenols
without pepsin) in the presence and absence of polyphenols WeTested and for different dilutions of beverages (data not shown).

included. These control reactions were treated exactly as described_l_h thod ch for the det inati £ 1 d tid
above. With all tested compounds, measurements have been carried '€ MEN0d chosen for the determination of formed pepudes

out to make sure that the reaction was linear up to 10 min of incubation. depends on the type of polyphenol and the substrate utilized.
Determination of Total Phenols.Total soluble phenolic compounds ~ IN €ach assay we have utilized the method more suitable and

were determined with FolinCiocalteu reagent according to the method ~ @ppropriate controls.

of Singleton 85), adapted to a microscale. In a 1.5 mL Eppendorftube  We have tested the possible interference of polyphenols and

were added and mixed 794 of distilled water, 10uL of sample PVP with the three assays utilized for peptides determination.

appropriately diluted, and 50L of Folin—Ciocalteu reagent. After Table 1 reports the time course of the pork meat digestion by

exactly 1 min, 15Q:L of 20% aqueous sodium carbonate was added, pepsin followed with three different methods of peptides

the mixture was mixed and allowed to stand at room temperature in Satin ; 0
the dark for 120 min. Detection was achieved at 760 nm. Catechin determination in the presen'g{e/;r\:\(/jitllqnatrf:s v?/ﬁﬁgzgfhgf;dgitli:;\rllp

i 0,
was used as a standard. The measurements were done in triplicate, anand in the presence of 1% . .
results are expressed as the mean value. of 0.1 mM resveratrol after the stopping of the reaction. The

Wine Dealcoholization. Dealcoholized wine was prepared by —amountof the formed peptides at the different times of digestion,
removing ethanol by lyophilization. The resulting residue was dissolved determined with the Lowry and Bradford assays, is similar until
in distilled water and the pH adjusted to the initial value. With this 90 min. At 180 min the Bradford assay underestimates the
method other volatile compounds (for example, acetic acid) are partially formed peptides by~15% respect to the Lowry assay. These
or completely removed. differences, however, are not significant and could be due to

Statistical Analysis. The digestion assay were repeated 10 times. the presence of small peptides that are not detected by the
A maximum of£5% from the averaged values was generally observed, Bradford reagent3g). When the absorbance at 280 was utilized
and the standard_ dgwatlon was calculat(_ed. The averaged yalues andyt each time of digestion, we always measured a higher peptides
:Zgles;andard deviation are documented in the respective figures andc, - a4ion It is possible that the different results obtained with

' the absorbance at 280 nm can be due to the different sensibilities
of the three methods toward the amino acidic composition of
the BSA used as standard. The initial velocity of the pepsin

Because the investigated polyphenols and beverages absorieaction is linear until 30 min of digestion. Similar results have
at 280 nm and react with Folin reagent, they must be removed been obtained with 0.5 mM catechin, 0.1 mM EGCG, and 0.1
from the reaction mixture before the determination of the mM quercetin and with higher PVP concentration until 10%
peptides at 280 nm or with Lowry reagent, or other methods (data not shown).
must be used such as Bradford or biuret. We have evaluated Effect of Single Polyphenols, Green Tea, and Red Wine
three different methods to determine digested peptides: theon Pepsin Activity with Meat. Both alcoholic and dealcohol-
absorbance at 280 nm and the Bradford and Lowry assays. Weized red wines were tested to evaluate pepsin activity in the
removed the polyphenols with PVP before the peptides were presence of red wine polyphenols with or without ethanol. The
determined with the three methods.HRigure 2 we report the final polyphenols concentration in the assay of alcoholic and
absorbance at 280 nm of catechin, resveratrol, and wine with dealcoholized red wine was 2.30 mM. When alcoholic red wine
increasing concentrations of PVP to determine which is the PVP was utilized, the final ethanol concentration was 3%. Green tea
concentration necessary to remove polyphenols. With 1% PVP polyphenols concentration in the assay was 0.9 mM.

RESULTS
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Table 1. Peptide Determination after Pepsin Digestion of Pork Meat?

peptides® (ug/mL)
Abs 280 nm Lowry assay Bradford assay
time PVP + PVP + PVP +
(min) no PVP PVP resveratrol no PVP PVP resveratrol no PVP PVP resveratrol
15 34.1+£47 32.2+35 353+43 235+27 228+21 21.2+23 21.2+31 228+28 23.1+37
30 67.9+8.7 71.6+9.0 72.1+9.0 50.7 + 8.6 479+8.0 535+ 9.6 47455 540+7.1 535+8.1
60 1122+ 14.4 1185+15.3 1044 £115 824+124 78.5+10.1 751111 80.5+82 76.6 £7.6 82.9+9.0
90 147.9+198 159.6 + 18.3 1429+ 152 108.4 £175 111.6 £19.9 107.1+10.9 1105+ 13.1 100.5 + 13.0 109.2 £ 16.0
180 2143+256 204.4+22.4 213.7+234 147.8 £22.0 160.9 £21.0 160.3+24.1 136.7 £ 18.8 1447 £17.2 129.2 £20.0

2 Comparison of three different assays in the absence of PVP, in the presence of 1% PVP, or in the presence of 1% PVP and 0.1 mM resveratrol. © The peptide
concentration was measured by recording the absorbance at 280 nm and by the Lowry and Bradford methods as described under Materials and Methods. At 0 time of
digestion no measurable amount of peptides was observed. Data are expressed as means + SD (n = 10).

Table 2. Effect of Beverages and Polyphenols on Peptic Digestion of 301
Pork Meat
300 4
peptides? («g/mL)
after 15 min after 30 min after 120 min 2504
added compound of digestion of digestion of digestion g
S~
no addition 19.8+3.1 43.6+56 120.3+10.8 g 200+
5% DMSO 109 £ 1.4* 214 +2.9* 73.2+7.5* 8
green tea’ 30.1£3.1* 66.8 + 6.8* 133.5+ 10.6* =
dealcoholized red wine® ~ 424+04*  57.7+08*  1333+11* 2
alcoholic red wine? 245+ 4.4* 240+33 66.0+11.8 &
0.5 mM catechin 243 +25* 54.3 +5.5* 132.8 +4.9* 1004
0.1 mM EGCG 58.2 £ 5.5* 94.4 +11.3* 165.4 + 1.6
0.1 mM resveratrol in 578+£7.8" 1235+8.2" 247.8 +14.4"
5% DMSO %01
0.05 mM quercetin in 64.0 +5.8" 132.0 £10.2» 2126 +13.3"
5% DMSO ot

0 5 30 45 60 75 90 106 120 135 150 1656 180

@The peptide concentration was measured by the Bradford method after
precipitation of polyphenols with 10% PVP for red wine and green tea, 5% PVP
for 0.5 mM catechin, 1% PVP for 0.1 mM resveratrol, 0.05 mM quercetin, 0.1 mM
EGCG as described under Materials and Methods. At O time of digestion no
measurable amount of peptides was observed. Data are expressed as means +
SD (n = 10). * denotes P < 0.05 with respect to no addition. ~ denotes P < 0.05
with respect to 5% DMSO. ? Green tea contained 0.90 mM polyphenols. Red wine

Digestion time (minutes)

Figure 3. Effect of polyphenols on pepsin enzymatic activity in SGF with
pork meat: (#) no addition; (O0) 5% DMSO; (M) 0.5 mM catechin; (@)
0.1 mM EGCG; (x) 0.05 mM quercetin; (a) 0.1 mM resveratrol. The
peptides concentration was measured by the Bradford method after
precipitation of polyphenols with 5% PVP for catechin and 1% PVP for

resveratrol, quercetin, and EGCG as described under Materials and
Methods. Data are means = SD (n = 10).
Green tea and both alcoholic and dealcoholized red wines
are able to enhance the concentration of digested peptidesbecause they are colored. At 440 nm the interference of
measured with Bradford reagent during a 120 min digestion polyphenols is lower than in the ultraviolet region.
(Table 2). When the single polyphenols catechin, EGCG, The concentration of the digested peptides in solution was
resveratrol, and quercetin were tested, a significant increase ofmeasured by recording the absorbance at 440 nm and/or at 280
pepsin activity was also observed (Table 2). Similar results were nm and/or with Lowry assay.
obtained when the peptides were measured with the Lowry assay Because ethanol is a well-known inhibitor of pepsin, we have
(data not shown). All of the polyphenols tested are able to investigated the behavior of pepsin in the digestion assay
increase the initial velocity of the reaction with resveratrol and conducted with insoluble azocasein in the presence of different
quercetin, which are more active with respect to EGCG and concentrations of ethanol. Ethanol shows a concentration-
catechin.Figure 3 reports some examples of the time course dependent inhibition of pepsin. At a concentration of 12%
of peptide formation. In all of the experiments in the absence ethanol, the enzymatic activity of pepsin is greatly decreased
of pepsin no peptides are found during 180 min of digestion (Table 3).
(data not shown). Resveratrol and quercetin are not freely soluble in water, so
Considering that polyphenols and beverages activate pepsinwe needed to dissolve these phenolic compounds in DMSO.
digestion of a complex substrate constituted by the pork meat For this reason, we tested the effect of DMSO on pepsin activity.
suspension, we have carried out a simplified digestion assayLike ethanol, also DMSO at a concentration of 5% (final
with single proteins as substrate utilizing both a suspension of concentration in the assay) shows an inhibitory effect on pepsin
the insoluble protein insoluble azocasein and the soluble activity (Table 3). The inhibitory effect of DMSO is similar to
hemoglobin. that of ethanol. In the absence of pepsin the quantity of peptides
Effect of Polyphenols and Beverages on Pepsin Activity  released from insoluble azocasein during 180 min of incubation
with Insoluble Azocasein.Insoluble azocasein is an insoluble is negligible.
protein that can simulate proteinaceous material in suspension In Table 4is shown the effect of different concentrations of
during digestion and, moreover, the soluble peptides from catechin, EGCG, resveratrol, and quercetin on pepsin activity
digestion are directly determined by a photometric method in SGF with insoluble azocasein as substrate. At 0.1 mM

contained 2.3 mM polyphenols.
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Table 3. Effect of Ethanol and DMSO on Peptic Digestion of Insoluble
Azocasein

peptides? («g/mL)

after 15 min after 30 min after 120 min E

added compound of digestion of digestion of digestion =
no addition 11402 22+02 69+05 =
3% ethanol 05+0.1* 14+0.3* 59+0.1* %
6% ethanol 0.2+0.1* 0.4 £0.1* 4.1+05* a
12% ethanol 0.1£0.1* 0.2+0.2* 0.8+0.3* 3
5% DMSO 0.5 +0.1* 14+0.2¢ 38+0.8* A~

4 The peptide concentration was measured by the Lowry method as described
under Materials and Methods. At 0 time of digestion no measurable amount of
peptides was observed. Data are expressed as means + SD (n = 10). * denotes
P < 0.05 with respect to no addition.

0 T T T T T T T )
0 15 0 45 60 75 N 105 120

Digestion time (minutes)

Table 4. Effect of Polyphenols and Beverages on Peptic Digestion of
Insoluble Azocasein

Figure 4. Effect of catechin on pepsin enzymatic activity in SGF with

peptides* (ug/mL) insoluble azocasein: () no addition; (M) 0.05 mM catechin; (a) 0.1
afer15min  after30min  after 120 min mM catechin; (®) 0.5 mM catechin. The peptides concentration was
added compound ofdigestion _of digestion of digestion measured by the Lowry method after precipitation of polyphenols with
g;ag’(\i/:lsiog éé f 8-%* ii f 8; g-g ’i 8-2* 5% PVP for 0.5 mM catechin and 1% PVP for 0.1 and 0.05 mM catechin
0_6’5 mM catechin 10+02 23405 73412 as described under Materials and Methods. Data are means + SD (n =
0.1 mM catechin 1.7+0.3* 32+0.6* 9.4+0.9% 10).
0.5 mM catechin 19403 41+06* 108+0.8
SZESmTAMEEGGC%G g; : 8%* ﬁ : 8:3* gg : ég: tion of formed peptides during the entire time course of
0.05 mM resveratrol in 1.0+027 20+03" 6.4 +0.5" digestion. As an example we report the time course of peptide
5% DMSO formation in the presence of different concentrations of catechin
0.1 mM resveratrol in 11£017 28+03" 172£20° measured with the Lowry assaigure 4). Similar results were
o.ogmﬁfmetm . 08401 20402n 103090 obtained when the peptides were measured by recording the
506 DMSO absorbance at 440 or 280 nm.
green tea® - 19£05" 39064 bl Green tea acts as an activator of pepsin enzymatic activity,
gﬁ:"’gﬁgﬂ‘g'r'ézdwﬁi,‘,“"”e %; i 8:3* g; i’ 8:575* ;g i 8}1 increasing both the initial velocity of the reaction and the

concentration of digested peptides measured with the Lowry

2The peptide concentration was measured by the Lowry method after
precipitation of polyphenols with 10% PVP for green tea and red wine, 5% PVP
for 0.5 mM catechin, 1% PVP for 0.05 and 0.1 mM catechin, 0.05 and 0.1 mM
EGCG, 0.05 and 0.1 mM resveratrol, and 0.05 mM quercetin as described under
Materials and Methods. At 0 time of digestion no measurable amount of peptides
was observed. Data are expressed as means + SD (n = 10). * denotes P < 0.05

assay (Table 4). Both alcoholic and dealcoholized red wines
were able to activate significantly pepsin in the assay. We
observed a difference between alcoholic and dealcoholized red
wine, but it is not statistically significant. As observed in the
digestion assay conducted with meat, also in the assay conducted
with a simple protein both alcoholic and dealcoholized red wines

with respect to no addition. ~ denotes P < 0.05 with respect to 5% DMSO. © Green

, . X are able to enhance the initial velocity of reaction. Similar
tea contained 0.90 mM polyphenols. Red wine contained 2.3 mM polyphenols.

resultswere obtained when the peptides were measured by

concentration, catechin is an activator of pepsin. The effect is recording the absorbance at 4.40 nm ) .
concentration-dependent because at 0.5 mM concentration, Polyphenols Effect on Pepsin Activity with Hemoglobin.
catechin shows a greater activating effect than at 0.1 mM. The All of the polyphenols tested (catechin, resveratrol, and quer-
effect on pepsin activity observed at 0.05 mM catechin is small cetin) are able to significantly increase the pepsin activity also
and not statistically significant. in the assay with denaturated hemoglofial§le 5) as observed
To test the influence of the galloyl moiety on pepsin activity, N the digestion assay with meat or insoluble azocasein.
we have investigated the effect of EGCG at concentrations of Resveratrol and quercetin are active at lower concentration with
0.05 and 0.1 mM. Our data indicate that EGCG determines a respect to catechin, showing a significant effect of activation
greater activation of pepsin than catechin at the same concentraon pepsin at 0.1 mM concentration. Similar results were obtained
tions. The effect of EGCG on pepsin activity is concentration- When the peptides were measured with Lowry and Bradford
dependent (Table 4). reagentsFigure 5 reports the enzymatic activity as a function
Resveratrol exhibits a positive and concentration-dependentof hemoglobin concentration. In the same figure pepsin activity
effect on pepsin activity. With respect to catechin, resveratrol in the presence of two different concentrations of catechin (0.5
is active at lower concentration, showing a significant effect of and 1 mM) is also shown. Catechin determines an activation of
activation on pepsin at a concentration of 0.05 mllgle 4). pepsin activity in a concentration-dependent manner, increasing
Quercetin, like the other polyphenols tested, shows a signifi- the value of thé/may with respect to the control without changing
cant effect of activation on pepsin activity during insoluble theKy. Resveratrol at 0.1 mM and quercetin at 0.1 mM increase
azocasein digestion. Like resveratrol, the quercetin activation the pepsin activity also, determining the increase of\fhg.
is significant at a concentration of 0.05 mNigble 4). The K, value is not changedF{gure 6). The same results
Catechin, EGCG, resveratrol, and quercetin are able to reported inFigures 5and 6 were obtained when the formed
increase the initial velocity of the reaction as well the concentra- peptides were measured with Lowry or Bradford reagent.
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Table 5. Effect of Some Phenolic Compounds on Pepsin Activity
Assayed with Denatured Hemoglohin

added compound pepsin units?

no addition 58+0.2

5% DMSO 49+0.2%
0.5 mM catechin 6.2+£0.1*
1 mM catechin 7.6 +0.3*
0.1 mM resveratrol in 5% DMSO 73+02"
0.1 mM quercetin in 5% DMSO 6.5+0.1"

2The pepsin activity was measured by recording the absorbance at 280 nm
after precipitation of polyphenols with 5% PVP for 0.5 and 1 mM catechin and 1%
PVP for 0.1 mM resveratrol and 0.1 mM quercetin as described under Materials
and Methods. Denatured hemoglobin was used at 2.5 «M concentration. Data are
expressed as means = SD (n = 10). * denotes P < 0.05 with respect to no addition.
A denotes P < 0.05 with respect to 5% DMSO.
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Figure 5. Effect of catechin on pepsin enzymatic activity. The pepsin
activity was measured at different hemoglobin concentrations as substrate
and by recording the absorbance at 280 nm after precipitation of
polyphenols with 5% PVP as described under Materials and Methods:
(®) no addition; (M) 0.5 mM catechin; (a) 1 mM catechin. Data are
means = SD (n = 10).
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Figure 6. Effect of resveratrol and quercetin on pepsin enzymatic activity.
The pepsin activity was measured at different hemoglobin concentrations
as substrate and by recording the absorbance at 280 nm after precipitation
of polyphenols with 1% PVP as described under Materials and Methods:
(®) 5% DMSO; (m) 0.1 mM resveratrol in 5% DMSO; (a) 0.1 mM
quercetin in 5% DMSO. Data are means £ SD (n = 10).

The tested polyphenols and the beverages increase by 50
300% the initial velocity, and the activating effect is concentra-
tion dependent.

The tested polyphenols (catechin, EGCG, quercetin, and
resveratrol) are well-known for their antioxidant and biological
activities (L0,11). They are also able to inhibit several enzymes
through different mechanisms includingmax decrease of
glutathione reductas8T7), Ky, increase of xanthine oxidaseq),
and the binding at specific sites of the enzyme involved in its
mechanism of action as observed with fatty acid synthase,
ribonucleotide reductase, and matrix metalloproteina3es- (
41). The polyphenols tested, despite their different chemical
structures, show a positive effect on pepsin activity that is
concentration dependent. The activating effect is observed with
the three substrates tested. The results show that their order of
effectiveness in increasing the initial velocity with the three
substrates tested is resveratrofjuercetin> EGCG> catechin.

In the same order they increase tNgax with denatured
hemoglobin as substrate. If, however, we measure the total
amount of the formed peptides after 180 min of digestion, the
following rank order was observed: EGCS resveratrol>

To our knowledge, the present study is the first demonstration quercetin> catechin. This observation suggests that they not

that some polyphenolic compounds contained in beverages suclonly increase the initial velocity but also decrease the inhibition
as wine and tea that are widely utilized during meals are able byproducts that are observed during pepsin digestion, and in
to enhance the enzymatic activity of pepsin. Because the our experimental conditions this is observed after 90 min of
presence of polyphenols gives rise to some problems in thereaction. As shown irFigure 1, catechin and quercetin have
peptide determination, we have used three different assays tothe same diphenylpropane GCe) skeleton, with identical
evaluate the digested peptides. With the three different methodsarrangements of the five hydroxyl groups. However, quercetin
of peptide determination utilized, we always observed an also .contain.s the 2,3-dou.ble bond in the C ring and the 4-oxo
activation of the peptic digestion both by single polyphenols functlon_._Th|s structural dlffgr_ence co_nfers an enhancement of
and by beverages. The activating effect is observed with threethe positive effect on the initial velocity, on théna. and on

very different substrates: pork meat suspension, in which solublethe inhibition byproducts. EGCG dlf_fers from .catechln in the
. . o o presence of a third hydroxyl group in the B ring that goes to
and insoluble proteins are present; insoluble azocasein; and

. . ake a galloyl moiety and for the presence of another galloyl
soluble denatured hemoglobin. The results that we have obtalnecm ga’oy y P ga oy

o X oiety esterified at the 3-OH group in the C ring. The presence
clearly demonstrate that the activation of pepsin by polyphenols o e galloyl moieties confers an enhancement of the positive

is not an artifact due to peptide determination in the presence gffect on the initial velocity that is, however, lower than that

of these compounds or an artifact due to an aspecific effect ohserved with quercetin and a greater effect on the inhibition
depending on surface phenomena or solubility problems becausayproducts. Resveratrol is a stilbene with a different structure
it is present also when a soluble protein such as denaturedwith respect to flavonoids that has two aromatic rings and three
hemoglobin is utilized. hydroxyl groups. Despite this structural difference, resveratrol
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is the most effective in enhancing pepsin activity. The effect of better understanding of the mechanism of activation of pepsin
these phenolic compounds on pepsin activity does not seem toby polyphenols and related beverages.
be related to their antioxidant potential because resveratrol is Whatever is the mechanism of activation of pepsin, our
less effective as a radical scavenger than EGCG, quercetin, orobservation is relevant for protein digestion because it suggests
catechin (10,42, 43). The rank order of effectiveness in a beneficial effect of beverages containing polyphenols on
increasing the initial velocity may be at least partially related gastric digestion.
to the polyphenol solubility because the more water-soluble  Tea s one of the most popular beverages in the world because
compounds (catechin and EGCG) are less active than resveratrobf its attractive flavor and aroma, and it is rich in phenolic
and quercetin. compounds. We have tested the effect of green tea on pepsin
The kinetic data that we have obtained with soluble denatured &ctivity both in the digestion with insoluble azocasein and in
hemoglobin show that thi,, for the substrate is not changed, —the digestion conducted with meat. The results show that green
whereas thé/max of the reaction is increased. Pepsin activity (€@ iS able to enhance the activity of pepsin in both digestion
follows a simple Michaelis—Menten kinetic, suggesting tkat systems gccqrdlng to the results obtained with simple catechl_ns.
is increased by polyphenols. Red wine is a popular beverage commonly consumed with
meals, especially in combination with meals rich in meat. We
have already demonstrated a significant positive relationship
between the iron and protein contents of foods and the
polyphenolic content in accompanying windéy.(Red wines,

At this moment we are not able to establish which is the
mechanism of activation of pepsin by polyphenols. Pepsin is a
member of the family of aspartyl proteases that contain in the

catalytic site two aspartyl residues. Pepsin shows preferencewhich are rich in polyphenols, are preferentially combined with

toward the substrates containing amino acids with large nonpolarfoods that are rich in iron and proteins. This relationship between

side chains, such as phenylalanine or tyrosine. It was suggesteqhe iron content of foods and the polyphenolic content of wines

that pepsin binds to a nonpolar side chain of its substrate byis ver S
. . SR y favorable because polyphenols are very effective in
means of a hydrophobic bond in a so-called hydrophobic binding binding iron and copper, therefore preventing peroxidative stress

site (.44)' Becaqse this bind?ng appears t.o determine the.site Ofduring digestion due to liberation of iron and copper from
peptic hydrolysis in a protein substrate, it must be considered . yains during their hydrolysis. Also, the positive correlation

the first step in the_ mechanlsm_of pepsin ca_talyélé;).( The between the protein content of foods and the polyphenolic

proposed mechanism of pepsin catalysis is based on the.ontent of wines is very favorable because the high content of
consideration that one aspartyl residue in the catalytic site iS ygieins partially compensates for the antinutritional effect of

protonated and the other is unprotonated. There is a generakne tannin component of red wine polyphenols due to the ability

agreement that, in the enzymsubstrate complex, there is @ ot these compounds to bind and precipitate proteins. In this work
concerted abstraction of a proton from water by the aspartate\ye gemonstrated that red wine is able to enhance the activity
ion corresponding to one of the active site aspartyl residues, of pepsin both with meat and with insoluble azocasein despite
transfer of the hydroxyl group of water to the carbonyl carbon the presence of tannins. The activating effect on pepsin due to
of the substrate to form a tetrahedral intermediate, and cleavagghe phenolic components of red wine contributes to compensate
of the C-N bond by transfer of a proton from the other pot only the antinutritional properties of tannins toward proteins

protonated aspartyl residue (45). but also the inhibitory effect of ethanol on pepsin activity.

The kinetic of denatured hemoglobin shows that Kxefor It is interesting to note that both wine and tea are two
substrate is not changed by polyphenols, suggesting that theirbeverages very utilized during meals. Wine is also used in
possible binding to the denatured hemoglobin does not changesoaking and cooking several meat dishes. The activating effect
its affinity for enzyme. The binding to the substrate may change, on peptic digestion may be one reason for their popularity as
however, theks of the reaction, increasing, for example, the beverages and in cooking.
release of the reaction products.
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