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Effect of phlorotannins isolated from Ecklonia cava on angiotensin I-converting
enzyme (ACE) inhibitory activity
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Abstract

Inhibition of angiotensin I-converting enzyme (ACE) activity is the most common mechanism underlying the lowering of blood pressure. In the
present study, five organic extracts of a marine brown seaweed Ecklonia cava were prepared by using ethanol, ethyl acetate, chloroform, hexane,
and diethyl ether as solvents, which were then tested for their potential ACE inhibitory activities. Ethanol extract showed the strongest ACE inhibitory
activity with an ICsy value of 0.96 mg/ml. Five kinds of phlorotannins, phloroglucinol, triphlorethol-A, eckol, dieckol, and eckstolonol, were isolated
from ethanol extract of E. cava, which exhibited potential ACE inhibition. Dieckol was the most potent ACE inhibitor and was found to be a
non-competitive inhibitor against ACE according to Lineweaver-Burk plots. Dieckol had an inducible effect on the production of NO in EAhy926
cells without having cytotoxic effect. The results of this study indicate that E. cava could be a potential source of phlorotannins with ACE inhibitory

activity for utilization in production of functional foods.
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Introduction

Hypertension is one of the major risk factors for the
development of cardiovascular diseases, including stroke, and
may also play a role in the development of vascular cognitive
impairment and vascular dementia [1,2]. Angiotensin I-converting
enzyme (EC 3.4.15.1; ACE), which plays an important role in
the rennin-angiotensin system, is a carboxyl-terminal dipeptidyl
exopeptidase that catalyzes the conversion of angiotensin I to
angiotensin II [3-6]. Specifically, ACE converts an inactive form
of angiotensin I, a decapeptide, to the potent vasoconstrictor
angiotensin II, an octapeptide. In addition, since ACE is a
multifunctional enzyme, it also catalyzes the degradation of
bradykinin, which is a known vasodilator [4,7]. Therefore,
inhibition of ACE activity leads to a decrease in the concentration
of angiotensin II and increases the level of bradykinin, resulting
in reduced blood pressure [8].

The discovery of captopril as a potent inhibitor of ACE has
led to the recent development of many series of novel structures
with similar biological activity [9]. To date, a wide variety of
ACE inhibitors from various land and marine food sources have
been reported, including from milk [10], cheese [11], egg white
[12], canola [13], peanut [14], rapeseed [15], antler [16], fish
muscle [17], seaweeds [18], and tuna [2].

Many academic, scientific, and regulatory organizations are

considering ways to establish a scientific basis to support and
further validate claims of functional components or foods containing
them. Consumer interest in the relationship between diet and
health has increased the demand for information about functional
foods. More recently, the food industry, agricultural community,
and now consumers have all shown growing interest in the field
of functional foods [19,20].

Marine organisms are a rich source of structurally novel and
biologically active metabolites [21]. Secondary or primary
metabolites produced by these organisms may potentially be
bioactive compounds of interest in the food and neutraceutical
industries. The worldwide demand is growing for seaweeds as
useful resource for food ingredients and processed foods [22,23].
Therefore, algae are a very interesting natural source of new
compounds with biological activities that could be used as
functional ingredients. E. cava, a kind of brown alga (Lamina-
riaceae) that is found abundantly in the subtidal regions of Jeju
Island, Korea, and Japan [24]. It is plentifully produced in Jeju
Island, Korea for commercial purposes. This brown seaweed is
popular in Korea and Japan as a food ingredient and supplement
for animal feed and fertilizers [25]. In addition, an increasing
number of scientific papers published over last few years have
identified various biological activities and possible industrial
applications of the brown seaweed E. cava.

Polyphenols have emerged as one major category of natural
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products important to human health. Increasing scientific evidence
shows that polyphenols are good antioxidants, are effective in
preventing cardiovascular and inflammatory diseases, and can
also be used as chemo-preventative agents for cancer [26].
Phlorotannins (brown-algal polyphenols), a subgroup of tannins,
are the least studied group of tannins and are found only in brown
algae. They are produced entirely by polymerization of phlorog-
lucinol [27,28]. Moreover, brown seaweeds have been recognized
as potential sources of these compounds [29]. It is expected that
the high content of phlorotannins present in Ecklonia species is
responsible for various bioactivities [24,25]. Little attention has
been given to either the qualitative or quantitative effects of
phlorotannins on hypertension. ACE inhibitory activity of
phlorotannins from E. cava and their kinetics have not been
reported so far. Therefore, the purpose of the present study was
to examine the ACE inhibitory activity of phlorotannins from
the brown seaweed E. cava.

Materials and Methods

Materials

The brown seaweed E. cava was collected along the cost of
Jeju Island, South Korea. Salt, epiphytes, and sand were removed
from the samples using tap water. Then, the E. cava samples
were carefully rinsed in fresh water and stored at -20°C. The
frozen samples were lyophilized and homogenized with a grinder
prior to extraction. ACE, Hippuryl-L-hystydyl-L-leusine (HHL),
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bromide
(MTT), and Dulbecco’s modified eagle medium (DMEM) were
obtained from Sigma Chemicals Co. (St. Louis, MO, USA). All
the other chemicals used in this study were of analytical grade.

Preparation of organic extracts

Marine brown alga, E. cava, was extracted separately using
five organic solvents. Organic solvents used were ethanol,
hexane, ethyl acetate, chloroform, and diethyl ether. One gram
of E. cava powder was mixed with 100 ml of each organic solvent
separately and kept in a shaking incubator (120 rpm) for 24 h
at room temperature. Then, the extracts were filtered and
evaporated under vacuum at 40°C in order to obtain dry extracts.

Determination of total phenolic content

Total phenolic content (TPC) was determined according to the
protocol described by Chandler and Dodds [30]. One milliliter
of sample was mixed in a test tube containing 1 ml of 95%
ethanol, 5 ml of distilled water, and 0.5 ml of 50% Folin-
Ciocalteu reagent. The mixture was allowed to react for 5 min,
after which 1 ml of 5% Na,CO; was mixed thoroughly and placed
in the dark for 1 h. Absorbance was measured at 725 nm using

a UV-VIS spectrometer (Opron 3000 Hansan Tech. Co Ltd.,
Korea). A gallic acid standard curve was obtained for calibration
of TPC.

Isolation of phlorotannin compounds from E. cava

Isolation of phlorotannins was carried out according to the
method described by Heo et al. [29]. Dried E. cava powder (500
g) was extracted three times with 80% methanol, followed by
filtration. The filtrate was evaporated at 40C to obtain the
methanol extract. After that, the extract was suspended in distilled
water and partitioned with ethyl acetate. The ethyl acetate
fraction was mixed with celite. The mixed celite was dried and
packed into a glass column, and eluted in the order of hexane,
methylene chloride, diethyl ether, and methanol. The diethyl ether
fraction was further purified by sephadex LH-20 column
chromatography using a stepwise gradient chloroform/methanol
(2/1—/0/1) solvents system. The phlorotannins were purified by
high performance liquid chromatography (HPLC) using a Waters
HPLC system equipped with a Waters 996 photodiode array
detector and C18 column (J’sphere ODS-H80, 150 x 20 mm, 4
um; YMC Co) chromatography by stepwise elution with a
methanol-water gradient (UV range: 230 nm, flow rate: 0.8
ml/min). Finally, the purified compounds were identified by
comparing their 'H and ”C NMR data to the literature report.

Determination of ACE inhibitory activity

ACE inhibitory activity was determined according to the
methods of Cushman and Cheung [31] with slight modifications.
For each assay, 50 pl of sample solution with 50 pl of ACE
solution (25 mu/ml) were pre-incubated at 37°C for 10 min, after
which the mixture was subsequently incubated with 100 pl of
substrate (25 mM Hipuril-His-Leu in 50 mM sodium borate
buffer containing 500 mM NaCl at pH 8.3) at the same
temperature for 60 min. The reaction was terminated by adding
250 pl of 1 M HCI. After that, the resulting hippuric acid was
extracted with 500 pl of ethyl acetate. After centrifugation at
4,000 rpm for 10 min, 200 pl of the supernatant was transferred
into a glass tube and dried in a dry oven at 80°C for 1 h. The
residue was dissolved in 1 ml of distilled water, and the absorbance
was measured at 228 nm using an UV-specrtophotometer (Biochrom
Ltd., Cambridge, CB4, OFJ, England). The extent of inhibition
was calculated as follows.

% inhibition = [(Ac-As)/Ac-Ab)] x 100

Ac - Absorbance of control solution

As - Absorbance of sample solution

Ab - Absorbance of blank solution

The ICso value was defined as the concentration of inhibitor
required to inhibit 50% of ACE inhibitory activity.
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Determination of ACE inhibition pattern

To determine the ACE inhibitory pattern of the ACE inhibitor,
different concentrations of dieckol (in 0.1% DMSO) were added
to each reaction mixture according to the method of Bush er
al. [32], with slight modifications. ACE quantity was maintained
at a constant level, and the ACE inhibitory activities of the
compound and substrate (HHL) were measured at various
concentrations. As a control, 0.1% DMSO was used. The ACE
inhibitory pattern was determined using Lineweaver-Burk plots.

Cell culture

The endothelial cell line EAhy926 from the inner lining of
human blood vessels, was cultured in DMEM containing 10%
heat-inactivated calf serum, streptomycin (100 pg/ml), and
penicillin (100 unit/ml) at 37°C in an incubator, under humidified
atmosphere containing 5% CO..

Determination of Nitric oxide (NO) production

Nitric oxide is a regulator of blood pressure. Nitric oxide causes
the smooth muscle cells surrounding blood vessels to relax,
thereby decreasing the blood pressure. Therefore, in the present
study we investigated the effect of dieckol on the production
of NO in the EAhy926 cell line. Cells (1.5 x 10° cells/well) in
24-well plates were pre-incubated with different concentrations
of dieckol (in 0.1% DMSO) for 24 h, and the nitrite accumulation
in the supernatant was assessed by Griess reaction [33]. Each
50 pl of culture supernatant was mixed with an equal volume
of Griess reagent [0.1% N-(1-naphthyl)-ethylenediamine, 1%
sulfanilamide in 5% phosphoric acid] and incubated at room
temperature for 10 min. The absorbance at 550 nm was measured
by a microplate absorbance reader, and a series of known
concentrations of sodium nitrite was used as a standard. As
control 0.1% DMSO was used.

Determination of cell viability

Cell viability was estimated using MTT assay according to
the method described by Mosmann [34]. EAhy926 cells were
seeded in a 96-well plate at a concentration of 1.0 x 10° cells/ml.
After 16 h of incubation at 37°C, the cells were treated with
10 pl of the compound (in 0.1% DMSO) at different conc-
entrations and incubated at 37°C under a humidified atmosphere
for 24 h. After that, MTT stock solution (50 pl; 2 mg/ml) was
added to each of the wells to a total reaction volume of 200
pl. After 4 h of incubation, the plates were centrifuged for 5
min at 800 rpm and the supernatant aspirated. The formazan
crystals in each well were dissolved in 150 pl of DMSO, and
the absorbance was measured using an enzyme linked immune
sorbent assay (ELISA) reader (Sunrise; Tecan Co. Ltd., Australia)
at 540 nm. Relative cell viability was evaluated in accordance
with the quantity of MTT converted to insoluble formazan salt.

As a control, 0.1% DMSO was used. The optical density of the
formazan generated in the control cells was considered to
represent 100% viability. The data are expressed as mean
percentages of the viable cells versus the respective control.

Statistical analysis

All the data were expressed as mean =+ standard deviation (SD)
of three determinations. Statistical comparison was performed via
one-way analysis of variance (ANOVA) followed by Duncan's
multiple range test (DMRT). P-values of less than 0.05 (P <0.05)
were considered as significant.

Results

TPC of the organic extracts

In the present study, the TPC showed significant differences
(P <0.05) among the five different extracts, ranging from 4.80
to 33.49% (Fig. 1). Drastically high TPC was obtained from the
ethanol extract of E. cava. In addition, the value was almost
3.5-fold higher than the 2™ highest TPC obtained from the ethyl
acetate extract. The results indicate a considerable variation in
extraction efficiencies among the different solvents used. Further,
when considering the TPC, ethanol was found to be the most
efficient extractable solvent among the used organic solvents.

ACE inhibitory activity of organic extracts of E. cava

In the present study, the five organic extracts of E. cava were
tested for their potential ACE inhibitory activities. Inhibitory
activities were varied according to the extractants used (Table
1). Ethanol extract showed the highest ACE inhibitory activity
compared to the other four extracts. In contrast, ethanol extract
exhibited the strongest ACE inhibitory activity with the lowest
ICso value of 0.96 mg/ml (P <0.05). As we mentioned above,
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Fig. 1. Total phenolic content (TPC) of different organic extracts from the brown
seaweed E. cava. Values are mean + SD of three determinations, Values with
different alphabets are significantly different at £<0,05 as analyzed by Duncan's
multiple range test (DMRT),
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Table 1. ACE inhibitory activities (ICso) of organic solvent extracts of Ecklonia
cava

Extract ICs0" value (mg/mL)
EtOH 0.96 £0.00
Ethyl acetate 1.21+0.02
Chloroform 1.31+£0.00
Diethyl ether 1.19+0.02
Hexane 1.30+£0.02

Y1Cs value was defined as the concentration of inhibitor required to inhibit 50%
of ACE inhibitory activity.

ICs0 value of the commercial synthetic ACE inhibitor captopril 0.06 + 0.71 ug/ml.

Values are mean + SD of three determinations,

the highest TPC was also obtained from the ethanol extract.
Furthermore, all the other organic extracts exhibited weak
inhibitory activities against ACE.

ACE inhibitory activity of phlorotannins isolated from the ethanol
extract of E. cava

Since ethanol extract of E. cava contained ACE inhibitory
compounds, it was subjected to HPLC in order to detect the
potential ACE inhibitors (Fig. 2-a). We were able to identify
five peaks (A-E) with potential ACE inhibitory activity. As Fig.
2-c shows, all five fractions showed potential ACE inhibitory
activity, with fraction D exhibiting the strongest ACE inhibitory
activity among them (P <0.05). However, according to the
results, considerable variation was observed in ACE inhibitory
activities among the fractions. Therefore, ethanol extract containing
the potential ACE inhibitory compounds was subjected to HPLC.
As a result, five different phlorotannins, phloroglucinol, triphlorethol-
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Table 2. ACE inhibitory activities (ICso) of phlorotannin compounds

Compound ICs0" value (mM)
Phloroglucinol 2.57+£0.09
Triphlorethol-A 2.01+0.36
Eckol 2.27+0.08
Dieckol 1.47 £0.04
Eckstolonol 2.95+0.28

" |Csp value was defined as the concentration of inhibitor required to inhibit 50%
of the ACE inhibitory activity.

ICso value of the commercial synthetic ACE inhibitor captopril 0.025 + 090 uM.,

Values are mean + SD of three determinations,

A, eckol, dieckol, and eckstolonol, were purified and had different
chemical structures and molecular weights (Fig. 3). According
to the results of the present study, dieckol was the strongest
inhibitor and ICso value of dieckol is 2-fold lower than that of
eckstolonol, which is the weakest inhibitor among the five
phlorotannins (Table 2).

ACE inhibition pattern of phlorotannin compounds

The ACE inhibition pattern of dieckol from E. cava was
investigated using Lineweaver-Burk plots. The inhibition mode
of dieckol was found to be as a non-competitive inhibitor against
ACE (Fig. 4).

Effect of dieckol on nitric oxide production and cell viability

In the present study, the effect of dieckol on NO levels was
determined in the EAhy926 cell line. Dieckol had an inducible
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Fig. 2. HPLC chromatogram for ethanol extracts of E. cava. A Hypersi-Goold Cis column (100 mm x 2.1 mm, 19 um) was used, Separation was performed with a
gradient from 10-100% in 40 min at a flow rate of 0.2 ml/min, Elution was monitored at 230 nm (a). Standard chromatogram for dieckol isolated from £, cava (o). Fractions
showing ACE inhibitory activity were designated as A-E, and the sample concentration was 0,125 mg/ml (c). Values are mean + SD of three determinations, Values with
different alphabets are significantly different at £< 0,05 as analyzed by Duncan's multiple range test (DMRT),
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Fig. 3. The structures of phlorotannins isolated from E. cava. (a) phloroglucinal, (b) eckol, (c) triphlorethol-A, (d) dieckol, and (e) eckstolonol
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Fig. 4. Lineweaver-Burk plots of ACE inhibitory activity in the presence of
dieckol. Values are mean + SD of three determinations,
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Fig. 5. Effect of dieckol on NO levels in EAhy926 cells. Values are mean + SD
of three determinations, Values with different alphabets are significantly different at
P<0,05 as analyzed by Duncan's multiple range test (DMRT),
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Fig. 6. Effect of dieckol on cell cytotoxicity in EAhy926 cells. The viability of cells
upon dieckol treatment was determined by MTT assay. Values are mean + SD of
three determinations, Values with different alphabets are significantly different at ~
<0.05 as analyzed by Duncan's multiple range test (DMRT).

effect on the production of NO at concentrations higher than
0.27 mM (Fig. 5) (P<0.05). The cells showed a higher than
95% survival rate at all of the concentrations used, and the results
indicate that dieckol had no cytotoxic effect on EAhy926 cells

(Fig. 6).
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Discussion

Polyphenols are secondary metabolites very widely distributed
in plants [35]. It is well known that solvents with different
polarities can extract different classes of compounds [36].
Extractable polyphenols can be extracted from plants by using
solvents such as water, methanol ethanol, acetone, ether, or their
mixtures. Naturally occurring polyphenols are known to have
numerous biological activities [37]. Further, various extractants
can be used to release soluble pholyphenols from plant materials.
According to previous experiments, it was also reported that
water extract of E. cava has considerable ACE inhibitory activity
(around 36%) at a concentration of 1 mg/ml [18]. Based on the
results of the current study, we found that ethanol extract of E.
cava enhanced ACE inhibition and was superior compared to
water extract. It could have been that ethanol increased the TPC
by inhibiting interactions between tannins and proteins during
extraction [38] or even by breaking hydrogen bonds between
tannin-protein complexes [39].

It is well established that brown algae contain polyphenolic
compounds. Polyphenols have become the focus of intense
research due to their perceived beneficial effects on health
[40,41]. Phlorotannins are systematically grouped according to
the bond type between the phloroglucinol units (diphenyl ethers
or biphenyls) as well as the presence of additional hydroxyl
groups [42]. They are secondary metabolites with a wide range
of molecular sizes and an astringent taste, and they are able to
bind to metal ions and precipitate proteins [43]. Based on the
increasing evidence of the importance of phlorotannins, this is
the first study to demonstrate ACE inhibitory activity of
phlorotannins of E. cava.

Marine algae produce a great variety of secondary metabolites
possessing different skeletal types and biological activities
[44,45]. Accordingly, E. cava contains a variety of compounds,
including carotenoids, fucoidans, and phlorotannins, showing
different biological activities [29,41]. Furthermore, Ahn ez al.
[46] reported that phenolic secondary metabolites from E. cava
have many biological activities. ACE is a carboxyl-terminal
dipeptidyl exopeptidase that catalyzes the conversion of angiotesin
I to angiotensin II in the rennin angiotensin system [47]. Since
all enzymes are proteins, inhibition of ACE may be closely
associated with the protein-binding abilities of phlorotannins,
which are characteristic of all tannins. Furthermore, it has been
well described that tannins have the ability to form strong
complexes with proteins, either reversibly by hydrogen bonding
through peptide or amide linkages or irreversibly by covalent
condensations [48]. Therefore, we can suggest that the inhibition
was due to the reduced efficiency of ACE after binding with
phlorotannins from E. cava.

Kang et al. [49] also reported that phlorotannins components,
which are mainly oligomeric polyphenols composed of phloroglucinol
units, are responsible for the biological activities of Ecklonia.
They identified phlorotannins such as eckol (a closed-chain

trimer of phloroglucinol), 6, 6-bieckol (a hexamer), dieckol (a
hexamer), and phlorofucofuroeckol (a pentamer) in Ecklonia
species. Eckol, eckstolonol, and triphlorethol-A are trimers while
dieckol is a hexamer of phlorolucinol units. We already
mentioned that the ACE inhibitory activity of E. cava may be
due to the protein-binding abilities of phlorotannin compounds.
In contrast, this protein-binding ability mainly depends on the
structure of the protein as well as the length and structure of
the phlorotannin [50]. Furthermore, the structure of phlorotannin
compounds plays a vital role in the formation of the tannin-
protein complex. Stern er al. [51] also reported that tannins
interact strongly with proteins; in addition, they investigated the
factors affecting the precipitation of proteins by phlorotannins
from three species of marine brown algae. Therefore, the ACE
inhibitory activity varies according to the compound used.
Furthermore, Shibata e al. [52] reported that the molecular size
of phlorotannins is important for strong interaction with enzyme
molecules, and they have found that pentamers or hexamers of
phloroglucinols act as better inhibitors. In the present study,
dieckol, which is a hexamer, showed the strongest inhibitory
activity against ACE.

The observed nature of the kinetic interaction of the compound
suggests that it can combine with the ACE molecule but not
with the active site, thus inhibiting the activity of ACE.
Phlorotannins are found to form covalent bonds with proteins;
further, the protein precipitation ability of phlorotannins varies
in a pH-dependent and concentration dependant manner [51].
These kinetic results also give a clear view of the ACE inhibitory
activity of phlorotannins in the present study. Shibata et al. [52]
reported that glycosidases from the viscera of the turban shell
Turbo cornutus are inhibited by dieckol isolated from brown
algae, which led them to suggest that dieckol acts as a non-
competitive inhibitor of the enzyme. In addition, Tsai et al. [53]
reported that captopril, the most widely used antihypertensive
drug at present, shows competitive inhibition with the substrate
for binding to the active site of the enzyme. However, this is
the first time the mode of ACE inhibition by phlorotannins has
been reported.

Nitric oxide is an important messenger molecule involved in
many physiological and pathological processes within the
mammalian body with both beneficial and detrimental effects
[54]. The inner lining of the blood vessels uses nitric oxide to
signal the surrounding smooth muscle to relax, thus resulting
in vasodilation and increased blood flow. Nitric oxide is
considered to be an antianginal drug as it causes vasodilation,
which can help with ischemic pain known as angina by
decreasing the cardiac workload. In the rennin angiotensin
system, ACE inactivates the vasodilator bradykinin. ACE also
cleaves the dipeptide portion of angiotensin I from its C-terminus
to produce the potent vasopressor angiotensin II [6]. Recent
evidence suggests that nitrates may be beneficial for treatment
of angina due to reduced myocardial oxygen consumption both
by decreasing preload and after load and by direct vasodilation
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of coronary vessels [55]. The effect of dieckol on cell viability
was measured via MTT assay, which is a test of metabolic
competence predicated upon the assessment of mitochondrial
performance. Further, it is a colorimetric assay dependent on the
conversion of yellow tetrazolium bromide to its purple formazan
derivative by mitochondrial succinate dehydrogenase in viable
cells [34].

In conclusion, E. cava is a very interesting resource due to
the presence of unique phlorotannin derivatives with special
bioactivities, including ACE inhibitory activity. Ethanol enhances
the extraction of phlorotannins, especially dieckol, from the
brown seaweed E. cava. In contrast, in this study, phloroglucinol
derivative dieckol exhibited the strongest activity against ACE.
Based on the results of this study, we can suggest that the brown
seaweed E. cava could be used for the development of promising
and potential functional food products. Moreover, it is expected
that these findings will contribute to basic research and potential
applications of phlorotannins in relevant fields.
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