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ABSTRACT: In this study, 22 phenolic compounds were investigated to inhibit the angiotensin-converting enzyme (ACE). Tannic
acid showed the highest activity (ICs, = 230 #M). The ICq, values obtained for phenolic acids and flavonoids ranged between 0.41
and 9.3 mM. QSAR analysis confirmed that the numbers of hydroxyl groups on the benzene ring play an important role for activity of
phenolic compounds and that substitution of hydroxyl groups by methoxy groups decreased activity. Docking studies indicated that
phenolic acids and flavonoids inhibit ACE via interaction with the zinc ion and this interaction is stabilized by other interactions with
amino acids in the active site. Other compounds, such as resveratrol and pyrogallol, may inhibit ACE via interactions with amino acids
at the active site, thereby blocking the catalytic activity of ACE. These structure—function relationships are useful for designing new
ACE inhibitors and potential blood-pressure-lowering compounds based on phenolic compounds.
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B INTRODUCTION

Hypertension or high blood pressure is a rising health concern
since it is a major risk factor for cardiovascular disease and related
complications, such as kidney damage and heart attack." Globally,
about one-quarter of the adult population suffers from hyper-
tension. This percentage is likely to increase unless significant
improvements are made in the prevention and treatment of hyper-
tension.” Hypertension medication includes the use of drugs of
which inhibitors of the angiotensin-converting enzyme (ACE) are
considered as one of the most important classes.” ACE catalyzes
the conversion of the precursor angiotensin I into angiotensin II, a
peptide responsible for triggering vasoconstrictive effects,* and it
degrades bradykinin, which is a potent vasodilator.” Therefore,
inhibition of ACE has become a promising way for regulation and
treatment of high blood pressure. Although several synthetic ACE
inhibitors, such as lisinopril, captopril, and enalapril, are widely
used for successful treatment of hypertension, the chronic use of
these synthetic inhibitors may be associated with many undesirable
side effects, such as persistent cough, postural hypotension, renal
failure, and angioedema.é’7 Extensive research has been carried
out to look for ACE inhibitors from natural products as the latter
might have better drug profiles and fewer side effects. Natural
substances targeting ACE inhibition, such as peptides®® and
triterpenes,'® have been described in the literature. Recent studies
also demonstrated phenolic compounds isolated from different
plants as effective ACE inhibitors in vitro."'™"> Although these
compounds have a poor solubility and subsequent restriction in
bioavailability, different experiments with spontaneous hypertensive
rats confirmed that phenolic compounds, such as quercetin,** ferulic
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acid,"® and tannic acid,' gave a blood-pressure-lowering effect in
vivo. These confirming data form a basis for our study with phenolic
compounds and also underline the interest to investigate the
structural differences in terms of ACE inhibition and thereby blood-
pressure-reducing potency, especially because only a few studies
have been done to address the relationship between the activity
of phenolic compounds and their structures. Recently, Guerrero
et al."” reported on the key structural elements of flavonoids that
contribute to their ACE inhibitory activity.

The objectives of this study were first to evaluate the ACE
inhibitory activity of a wide range of 22 phenolic compounds
belonging to different classes and subclasses (Figure 1). Second,
results were used to identify possible mechanisms of action based
on structure—activity relationships and molecular docking. We
believe that these new insights about the structure—function
relationships may be useful for designing new ACE inhibitors
based on phenolic compounds.

B MATERIALS AND METHODS

Products. ACE from rabbit lung, hippuryl-histidyl-leucine (HHL),
o-phthaldialdehyde (OPA), HC, BSA, tannic acid, gallic acid, benzoic acid,
p-hydroxybenzoic acid, syringic acid, vanillic acid, ellagic acid, protocatechuic
acid, catechol, pyrogallol, caffeic acid, ferulic acid, p-coumaric acid, trans-
cinnamic acid, quercetin, rutin, kaempferol, resveratrol, trans-stilbene,
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Figure 1. Structure of the 22 phenolic compounds tested in this study.
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apigenin, epicatechin, phloretin, and ninhydrin were purchased from
Sigma-Aldrich (Bornem, Belgium; St. Louis, MO). Lisinopril was
provided by Merck & Co. (Rahway, NJ, USA). Sodium tetraborate
(Na,B,0,-10H,0) was purchased from Acros Organics (Geel,
Belgium), while NaOH and NaCl were from Chem Lab (Lichtervelde,
Belgium).

In Vitro ACE Inhibitory Activity Assay. For the selection of
22 phenolic compounds, the ACE inhibitory activity was measured using
the colorimetric method previously described'® with slight modifica-
tions. In brief, the ACE-catalyzed reaction was performed in cuvettes
containing 100 pL of sample solution, 100 yL of ACE solution, and
100 L of HHL solution. The phenolic compounds were dissolved in
100% ethanol, and different concentrations were tested with a maximum
of 10% ethanol in the final reaction volume. Tannic acid was dissolved in
water. Appropriate control and blank reactions were performed con-
currently. The reaction mixtures were incubated for 2 h at 37 °C, and the
reaction was stopped by adding 2 mL of o-phthaldialdehyde reagent.
After incubation for 20 min at 25 °C, the absorbance was measured
at 390 nm.

The concentrations of the phenolic compounds (mM) were plotted
versus the corresponding ACE inhibitory activity values (%), and
the dose—response curves were obtained by the nonlinear sigmoid
regression with Prism v4 (GraphPad Prism, La Jolla, CA). The ICy,
value, expressing the concentration of the phenolic compound inhibiting
50% of ACE activity, together with the corresponding 95% confidence
interval and the R of the curve fitting were determined as previously
described."” However, 50% inhibition was not always reached due to a
lower solubility of some phenolic compounds at high concentrations. In
that case, IC, values were extrapolated from the linear regression plot of
the percentage of ACE inhibition versus the concentrations used.”’

Molecular Docking and Quantitative Structure—Activity
Relationship Analysis. Molecular docking of the phenolic com-
pounds 1—7,9—15, 17, 19, 21, and 22 into testicular ACE (tACE) was
performed with Discovery Studio (DS) 2.5 (Accelrys, San Diego, CA)

using a CHARMm-based protocol, CDOCKER. The crystal structure
of tACE (1UZF) was obtained from the Protein Databank, and the
ligands (phenolic compounds) were sourced from PubChem. The
receptor protein and the ligands were subjected to protein and ligand
preparations to simulate the conditions used in the in vitro analysis
(pH 8.3) using the Prepare Protein and Prepare Ligand protocols. The
best conformation based on docking score and literature reports were
used in subsequent analyses. In an attempt to establish a linear relation-
ship between the ICj, values and docking scores, the generated dock-
ing poses were ranked by each of the four individual scores (shape,
hydrogen bound, protein desolvation, and ligand desolvation). The sum
of the normalized scoring functions generated the FRED Chemgauss4
score, using the OEDocking suite for OSX (ver. 3.0.1) (OpenEye, Santa
Fe, NM).

Multiple linear regression (MLR) analysis of the tested phenolic
compounds was used to determine the molecular properties influencing
the ACE inhibitory activity of the test phenolic compounds. However,
only the structure—activity relationship of phenolic acids was analyzed
due to the limited number of flavonoids tested in this study because of
their low solubility. Molecular descriptors consisting of 2D molecular
properties and functional group counts were obtained from DS and E-
Dragon 1.1.> MLR was performed using SPSS 20 (IBM, Armonk, NY).

B RESULTS

Selection of Solvent to Dissolve Phenolic Compounds.
Since many phenolic compounds are poorly soluble in water,
a suitable organic solvent to dissolve the phenolic compounds
was needed. With the use of 10% methanol and 10% DMSO in
the enzyme solution, there was an inhibition of the ACE enzyme
activity by 25% and 16%, respectively. In contrast, no loss of ACE
enzyme activity was recorded with 10% ethanol in the reaction
mixture. Therefore, the phenolic compounds were dissolved in 100%
ethanol and their effect on ACE inhibition was tested with an
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Table 1. Percent Inhibition of ACE Activity at Different Concentrations Together with Calculated IC;, Values Obtained for Tannic

Acid, Phenolic Acids, Catechol, and Pyrogallol”

class subclass compound

tannins tannins tannic acid

phenolic acids hydroxybenzoic acids benzoic acid
p-hydroxybenzoic acid
protocatechuic acid
gallic acid

vanillic acid

syringic acid

ellagic acid
hydroxycinnamic acids ~ trans-cinnamic acid
ferulic acid
p-coumaric acid
caffeic acid

catechol

pyrogallol

other polyphenols  other polyphenols

% inhibition
(conc., mM))
88 + 2 (0.90)
1+4(0.85)
3+9(0.75)
9 +1(0.80)
26 + 2 (0.80)
9 + 7 (1.50)
4+ 3 (1.50)
32 + 1 (1.00)
10 + 4 (1.50)
18 +2 (0.85)
19 + 1 (1.00)
34 +2(093)
18 + 1 (1.50)
47 + 5 (1.20)

% inhibition
(conc., mM)
97 + 1 (1.9)
90 + 4 (13.6)
94 +2 (12.0)
91 + 2 (10.8)
84 + 1 (10.0)
85+ 3 (11.8)
54 + 4 (10.0)
ND
ND
ND
ND
ND
64 + 3 (12.0)
90 + 4 (10.0)

ICy value
(mM)
0.23
6.20
RN
5.07
3.70
8.00
9.30
2.00%*
8.50%*
4.40%*
2.80*
2.10%
7.70
112

95% CI (mM)

0.08—0.69
5.78—6.66
5.65—6.26
2.70-9.24
1.86—7.29
7.60—9.23
8.35—-10.42

5.96—9.90
0.76—1.64

R?
0.79
0.99
0.99
0.97
0.93
0.98
0.98
0.78
0.54
0.82
0.76
0.56
0.98
0.98

“Data are expressed as means + SD based on three biological replicates. “*” indicates that ICy, values were extrapolated from the linear regression
plot of the percentage of ACE inhibition versus the concentrations used. ND: not determined due to poor solubility of the sample at a concentration

in the range of 10—14 mM.

Table 2. Effect of Different Flavonoids and Stilbenes on ACE Activity

class subclass phenolic compounds % of ACE inhibition at 0.75 mM* ICy, value (mM)® 95% CI (mM) R?

flavonoids flavonols quercetin 37a+21 0.415 0.18—0.97 0.96

kaempferol 29b+ 44 0.512 0.19-1.40 0.94

flavanones rutin 21c+37 0.472 0.14-1.55 0.85

flavones apigenin 13d+33 0.667* 0.88

flavanols epicatechin 19c+28 1.381% 0.82

dihydrochalcones phloretin 8d+34 1.110 0.71-1.70 0.98

stilbenes stilbenes resveratrol 15+13 0.970 0.70—1.33 0.99
trans-stilbene no activity no activity

“The values are expressed as means + SD based on three biological replicates. Means with different superscripts are significantly different at P values
< 0.05 using one-way ANOVA. bActivity to inhibit ACE is expressed as the concentration of phenolic compound (mM) to inhibit 50% of ACE
enzyme activity; the ICs, value is calculated from the sigmoid curve in Prism and is given together with the 95% confidence interval. The goodness of

curve fitting is given with the R value. “*”

indicates that the ICs, values were extrapolated.

amount of 10% ethanol present in the final reaction mixtures. Tannic
acid, having a higher water solubility, was dissolved in water.

ACE Inhibitory Activity by Tannic Acid, Different
Phenolic Acids, Pyrogallol, and Catechol. Before testing
the phenolic compounds, we evaluated the ACE inhibitory
activity of different concentrations of the synthetic ACE inhibitor
lisinopril that were prepared in water. After sigmoid curve fitting,
the ICs, of lisinopril was 1.00 nM (95% confidence interval =
0.85—1.26 nM; R* = 0.99), confirming the reliability of the ACE
inhibitory bioassay."

Table 1 demonstrates the ACE inhibitory effects by tannic
acid, phenolic acids, pyrogallol, and catechol. It was clear that,
among the 22 different phenolic compounds tested, tannic acid,
1, was the most active with the lowest ICg, value (230 uM).
Both subgroups of phenolic acids, i.e., hydroxybenzoic acids
(compounds 2—8) and hydroxycinnamic acid (compounds
9—12), showed ACE inhibition in a range from 2.1 to 9.3 mM.
Among all hydroxybenzoic acids, only ellagic and gallic acid
showed some ACE inhibition at a concentration between 0.75
and 1.5 mM, whereas the other hydroxybenzoic acids at this
concentration range did not affect the ACE activity. However, at
a concentration in the range of 10—14 mM, all hydroxybenzoic
acids, except syringic acid, resulted in >84% ACE inhibi-
tion. Among the hydroxycinnamic acids, caffeic acid caused
the highest ACE inhibition at a concentration in the range of

11834

0.85—-1.5 mM. As the hydroxycinnamic acids have a poor
solubility at high concentrations, even in a 10% ethanol solution,
a concentration in the range of 10—14 mM could not be tested.
Furthermore, catechol and pyrogallol, 13 and 14, were also
tested. While these compounds both showed a concentration-
dependent ACE inhibition, the ICs, value obtained for pyrogallol
was 7-fold lower than that of catechol.

ACE Inhibitory Activity of Flavonoids and Stilbenes. Six
flavonoids representing four subclasses (flavonol, flavanol,
flavones, and dihydrochalcone) (compounds 15—20) and two
stilbenes (compounds 21 and 22), were tested. As presented
in Table 2, all tested flavonoids showed ACE inhibitory activity
with IC, values ranging between 0.415 and 1.381 mM. At a con-
centration of 0.075 mM, quercetin and kaempferol showed the
highest activity. Rutin and epicatechin appeared to have an inter-
mediate ACE inhibitory activity, whereas the lowest ACE
inhibitory activity was observed with apigenin and phloretin.

Regarding stilbenes, resveratrol showed a concentration-depend-
ent ACE inhibition, giving an ICy; value of 0.970 mM (Table 2).
trans-Stilbene did not show any activity at the concentrations tested
(0.05-0.1 mM).

Quantitative Structure Activity Relationship for Phe-
nolic Acids. The best multiple linear regression (MLR) analysis
equation obtained for the log IC;, values of the phenolic acids
(Compounds 2—7 and 9—12) is as follows

dx.doi.org/10.1021/jf404641v | J. Agric. Food Chem. 2013, 61, 11832—11839
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log IC,, = 4.618(+0.54) — 4.042(%0.54) Alog P
+ 0.07(£0.01)vol — 1.63(+0.21)HBA
with n = 10, F = 18.83, p = 0.002, R* = 0.904

where Alog P is a measure of hydrophobicity based on the
octanol—water partition coefficient, vol is the calculated 3D
volume of each molecule, and HBA is the number of hydrogen-
bond acceptors. A high correlation (R* = 0.950) between observed
and predicted ICs, values (from MLR analysis equation) of the
phenolic acids was obtained. It should be noticed that tannic acid
and ellagic acid were not included in the analysis since they have a
different and more polymerized structure compared to the other
phenolic acids.

Molecular Docking Experiments. Here, tACE was used
since it is the only available structure and it is highly identical to
the C terminal half of the somatic ACE that has been shown to be
sufficient for blood pressure regulation.**

In addition, the ligand—protein interaction was evaluated
on the basis of the Chemgauss4 score. As shown in Figure 2, a

-4

y =0.5638x — 11.882
R2=0.755

-6 -

Calculated binding energy
(FRED Chemgauss4 score)
=

0 2 4 6 8 10
Inhibitory activity with cell-free ACE (ICsq, mM)

Figure 2. Linear correlation between docking scores and ICs, values,
with R? = 0.755, for 17 phenolic compounds (compounds 2—7, 10—13,
and 15—21). The ligand—protein interaction was evaluated based on the
calculated binding energy as the FRED Chemgauss4 score, and the
calculated ICs, values represent the concentration of phenolic
compound inhibiting 50% of free ACE enzyme activity as calculated
in this study (from Tables 1 and 2).

significant linear correlation exists between this docking score
and the ICg, values with R* = 0.75S. Typically, the three most
active compounds in the ACE cell-free assay, namely, quercetin,
rutin, and kaempferol, were also ranked in the top based on the
Chemgauss4 score.

Phenolic Acids, Catechol, and Pyrogallol. Table 3
represents the intermolecular interactions between ACE binding
site residues and predicted poses for most of the tested phenolic
compounds (compounds 2—7,9—15, 17, 19 and 21—22). It can
be seen that all phenolic acids formed charge—charge interac-
tions with the zinc ion in the active site of ACE. Additionally,
different types of molecular interactions with the amino acids in
the active site were found for all phenolic compounds tested.
Figure 3A—D shows the docking results from the predicted
poses for gallic, protochatechuic, caffeic, and syringic acids at the
ACE binding site. From these results, it could be clearly observed
that gallic, protochatechuic, and caffeic acids are able to make

interaction with the zinc ion in the active site via their carboxylate
group. On the other hand, syringic acid interacts with the zinc ion
via its hydroxyl group. Caffeic acid interacts with its acrylic acid
group with amino acid residues at both the S2” and S1 binding
sites, whereas, for protocathechuic acid, the carboxylate group
only interacts with the S2" binding site. It should also be noticed
that tannic acid could not fit into the active site of ACE.

Concerning pyrogallol and catechol, neither of these
compounds interacted with the zinc in the active site. However,
these compounds formed interactions with amino acids in the
active site of ACE (Table 3).

Flavonoids and Stilbenes. As shown in Table 3, quercetin,
rutin, and epicatechin formed molecular interactions with the
ACE binding site residues. The quercetin molecule docks into
ACE, interacting with the zinc via the 3-hydroxyl group in the
C-ring (Figure 3E). Epicatechin is able to form an interaction
with the zinc ion via the A-ring hydroxyl on position 7 (Figure 3F).
On the other hand, rutin did not show any interaction with the zinc
in the active center of ACE.

With regard to stilbenes, resveratrol did not show interac-
tion with the zinc metal, but it establishes some interactions
via its hydroxyl groups with amino acids in the active site of ACE
(Figure 3G). In contrast, with the exception of z-stacking, no
interactions were observed between trans-stilbene and both zinc
and amino acids in the active site of ACE (Figure 3H).

B DISCUSSION

The importance of phenolic compounds and their extracts on
ACE inhibition has gained more and more interest during the last
10 years. Several studies demonstrated that phenolic compounds
isolated from different plants and some pure flavonoids can
inhibit ACE activity and reduce blood pressure. Indeed, blood-
pressure-lowering effects in vivo with spontaneous hypertensive
rats have been confirmed for quercetin,14 ferulic acid,"> and
tannic acid.'® These data in vivo form a strong basis for our study
with phenolic compounds and also underline the interest to
investigate the structural differences in terms of ACE inhibition
and thereby blood pressure-reducing potency, especially because
only a few studies have been done so far. We, therefore, gave
attention in this paper to pure phenolic compounds with regards
to their potency to inhibit ACE activity. The ACE inhibitory
properties of 22 pure phenolic compounds representing different
classes and subclasses were evaluated. Together with the obtained
results, structure—activity relationship analysis and molecular
docking were used for a better understanding of how these
phenolic compounds interact with the ACE enzyme. To discuss
and analyze the results obtained, the phenolic compounds as
included in this study were categorized into three groups.

The first group includes tannic acid that was proposed to
inhibit ACE. Considering all the results reported in this study,
tannic acid exhibited the highest ACE inhibitory activity. Tannic
acid is available in high quantities and is well-known to bind
and/or precipitate proteins.23_27 Indeed, some studies showed
that the high ACE inhibitory activity found for gallotannin®® and
procyanidin hexamer >* was reduced by 86% and 65% after
addition of BSA and albumin, respectively. To a similar extent,
our earlier unpublished data confirmed that tannic acid can cause
88 + 2% precipitation of BSA protein at a concentration of
3.5 mM, which is >10 times higher than the calculated ICy, value
(0.23 mM) for inhibition of ACE. Also, it should be mentioned
that the precipitation of BSA by tannic acid was only seen at very
high concentrations and that precipitation with the ACE protein
has never been confirmed in our own experiments testing ACE

dx.doi.org/10.1021/jf404641v | J. Agric. Food Chem. 2013, 61, 11832—11839
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Table 3. Intermolecular Interactions between ACE Inhibitors and the ACE Binding Site®

the active site

S1 S2’ other
ligands zinc TyrS23 Ala354 Glu384 His353 LysS11 GIn281 HisS13 Asp453 TyrS20 Glu411 Asp415 Lys454
2 C H Pi, C
3 C Pi, C C H
4 C Pi, C C H H
S C H C C C
6 C H H,C C H H C
7 C Pi, C C
9 C Pi C
10 C Pi H C
11 C Pi H C
12 C H Pi C
13 H H H H
14 H H Pi H
15 C Pi C,H C H C
17 H H Pi, H H
19 C C, Pi C H H H
21 H H H H H
22 Pi
lisinopril C H H,C HC H C C

“C, charge—charge interactions; H, hydrogen bonding; Pi, 7 (stacking) interaction.

inhibition. Additionally, our docking experiments demonstrated
that tannic acid did not fit into the active site of ACE due to its
too large polymer size. However, it has been reported for
phlorotannin, belonging together with tannic acid to the group of
tannins, that the hexameric phenol, dieckol, also inhibited the
activity of ACE and this by binding on the outside of the ACE
molecule. ° As such, although we cannot explain the exact
mechanism(s) of ACE inhibition by tannic acid, this compound
showed a high activity, which is in line with the blood-pressure-
lowering activity found for tannic acid in spontaneously
hypertensive rats.'®

The second group includes phenolic acids and flavonoids, such
as quercetin, that are expected to inhibit ACE activity via interac-
tion with the zinc ion in the active site. All the tested phenolic
acids exhibited ACE inhibition with IC, values ranging between
2 and 9.3 mM. Our structure—activity relationship analysis
helped us to understand the key structural elements influencing
ACE inhibitory activity of the phenolic acids. It was observed
that the hydroxybenzoic acids, differing only in the numbers of
hydroxyl groups on the benzene ring, showed a significant
increase in ACE inhibitory activity with increasing numbers
of hydroxyl groups. A similar observation was seen with the
hydroxycinnamic acids. Indeed, previous studies reported the
significance of hydroxyl groups on phenolic compounds for zinc
metalloproteinase inhibition.*”** In addition, the 2-fold lower
ICs value of caffeic acid compared to that of protocatechuic acid
and the similar observation seen when comparing ferulic acid
with vanillic acid confirm the importance of the acrylic group
for ACE inhibition.>® Another functional group that seems to
influence the ACE inhibitory activity of phenolic acids is a
methoxy group. Methylation of 3- and S-hydroxyl groups of gallic
acid to generate syringic acid caused a 3-fold decrease in ACE
inhibitory activity. A similar reduction in ACE inhibitory activity
was observed when comparing caffeic acid and ferulic acid.
The reduced ACE inhibitory activity seen in the presence of a
methoxy group might be explained by the steric hindrance caused

11836

by this structure, which might hamper the binding to the active
site of ACE.

To determine the molecular properties that influence the ACE
inhibitory activity of the phenolic acids under consideration,
MLR analysis was done using molecular descriptors. It was clear
that the presence of certain functional groups, such as hydroxyl,
carboxyl, and acrylic acid groups, which can act as hydrogen-
bond acceptors or donors, seems to increase the potency to
inhibit ACE. On the other hand, the presence of methoxy groups
negatively influences its ACE inhibitory activity. For instance,
syringic acid, which is the least active phenolic acid, contains two
methoxy groups, which makes the number of hydrogen-bond
acceptors low. In contrast, gallic acid, possessing five hydrogen-
bond acceptor groups, showed a higher activity. This suggests
that the overall contribution, rather than the presence or absence
of certain functional groups (hydroxyl, carboxyl, etc), influences
the potential of phenolic acids to inhibit ACE activity. Fur-
thermore, our docking studies revealed that most of the phenolic
acids included in this study formed charge—charge interactions
with the zinc ion in the active site of ACE via the oxygen atom in
the carboxylate moiety. Additionally, these compounds made
different molecular interactions with the amino acids at the active
site of ACE, which gives rise to a stable complex between
the phenolic acid molecule and ACE. This interaction with the
zinc ion, stabilized by other interactions with amino acids in the
active site, may have caused the ACE inhibitory activity seen
by phenolic acids. It is well-known that the synthetic inhibitor
lisinopril complexes the zinc via its carboxylic moiety and, sub-
sequently, different interactions with key amino acids in the
active center are established to stabilize this complex.”*
Therefore, it can be suggested that the phenolic acids inhibit
ACE activity in a manner similar to that of lisinopril.

With regard to the flavonoids included in this study, these
compounds all inhibited ACE, but with different potencies. It is
known that flavonoids have a wide range of structures differing in
substitution patterns to the A-, B-, and C-ring34 which might
influence their bioactivity. However, it was not possible to test a

dx.doi.org/10.1021/jf404641v | J. Agric. Food Chem. 2013, 61, 11832—11839
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Figure 3. Docking of (A) gallic acid, (B) protocatechuic acid, (C) caffeic acid, (D) syringic acid, (E) quercetin, (F) epicatechin, (G) resveratrol, and (H)
trans-stilbene in the binding cavity of ACE, showing interactions with zinc and amino acids in the active site. The ligands in the cavity are shown in yellow
and the zinc ion in blue. Green dashed lines are used to show hydrogen bonds, while the full green ones represent charge—charge interaction. Orange
stacks were used to show the 7-stacking. Chemical structures were drawn not to scale.

wider range of flavonoids for ACE inhibitory activity due to the in this project. Recently, a study reported on the importance of
poor water solubility of flavonoids. As a consequence, a larger the catechol group on the B-ring in flavonoids for ACE inhibi-
structure—activity relationship analysis could not be established tion."” In agreement, we believe that this might explain the higher
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activity seen with quercetin compared to kaempferol and apigenin
in which the catechol group is lacking. With respect to the
flavonol quercetin, the flavanol epicatechin exerted a significantly
lower activity at 0.075 mM and a 3-fold increase in ICs, value.
Epicatechin lacks the keto group in C4 and the C2—C3 double
bond, causing the flavonoid skeleton to lose its planar structure
and, subsequently, changing the molecular electronic distribution.
Previous studies reported that the planar structure of flavonoids®®
and cyanidins'? is an important factor for ACE inhibition. Docking
results of both quercetin and epicatechin showed that the absence
of the keto group and the C2—C3 double bond shifts the zinc
binding site to the 7-OH moiety. Tsutsumi et al*® reported on
the importance of the hydroxyl group on position 7 in the structure
of flavonoids for inhibiting ACE enzyme activity. However,
according to studies pertaining to metal chelation of phenolic
compounds in solution, zinc and other metal ions have a stronger
binding affinity to the 3-hydroxy-keto group, which is absent
in epicatechin.>”*® This may justify the higher activity seen for
quercetin than for epicatechin.

The third group includes other flavonoids (rutin), stilbenes
(resveratrol), and the other phenolic compounds (catechol and
pyrogallol) that may inhibit ACE activity via only interactions
with amino acids in the active site. ACE is a zinc metal-
lopeptidase, in which the zinc ion at the active site is essential for
ACE catalysis. Thus, the interaction with zinc in the active site of
ACE is considered an important mechanism in ACE inhibition.
However, on the basis of a quantum mechanical and molecular
mechanical study, the interaction with the zinc ion does not seem
to be the only mechanism, since it has been shown that ACE may
cleave a substrate without interaction between the substrate and
zinc.*® The third group of our phenolic compounds did inhibit
ACE activity but did not show any interaction with the zinc in the
active site. Therefore, we believe that the ACE inhibitory activity
seen by this group may be due to the interactions established via
hydrogen bonds between the hydroxyl groups and amino acids in
the active site that block the catalytic activity of ACE enzyme.

Finally, the results in this study need to be placed in a larger
perspective. To exert an ACE inhibitory effect in vivo, phenolic
compounds have to be transported through the intestinal wall to
reach the bloodstream. The ICs, values for phenolic compounds
in this study are higher than the concentrations reported in blood
plasma.** Nevertheless, in previous studies, several phenolic
compounds were shown to have antihypertensive effects in
vivo.'*™'¢ To explain these ACE inhibitory activities in vivo, we
agree with the statement of Actis-Goretta et al."' that a local
enrichment of phenolic compounds near the membrane surface in
the vascular endothelial cells is possible since ACE is a membrane-
bound enzyme. As such, repeated exposure to phenolic compounds
coming from plant-based diets*"** might result in an accumulation
near the endothelial lining with concentrations higher than those
circulating in the blood, hereby enhancing the interaction with
ACE. Additionally, the existence of ACE activity in the intestinal
mucosa was demonstrated in some studies.**~* This might suggest
that, in the case of high concentrations of phenolic compounds
present in the gastrointestinal tract, enzyme inhibition at the
intestinal level may occur.

In conclusion, the present data indicate that phenolic compounds
inhibit ACE activity in vitro and that the activity against ACE and
the mode of action depend on the class (subclass) and the struc-
ture of the phenolic compound. We believe that these structure—
function relationships can be useful for designing new ACE
inhibitors based on phenolic compounds. Further strategies, such as
encapsulation and chemical modification to increase the solubility

and bioavailability, and, subsequently, formulate biologically active
phenolic compounds that reach the target site, need to be evaluated.
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© Supporting Information

Figure 1 represents the sigmoid dose response curve of ACE
inhibition by lisinopril. In Figure 2, the linear regression
correlation between the observed and the predicted IC, value
for 10 different phenolic acids (compounds 2—7 and 9—12) is
demonstrated. Docking of lisinopril in the binding cavity of ACE
is shown in Figure 3. This material is available free of charge via
the Internet at http://pubs.acs.org.
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