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Abstract. In this study, a marine microalga Spirulina sp.-
derived protein was hydrolyzed using gastrointestinal enzymes 
to produce an angiotensin I (Ang I)-converting enzyme (ACE) 
inhibitory peptide. Following consecutive purification, the 
potent ACE inhibitory peptide was composed of 7 amino acids, 
Thr-Met‑Glu‑Pro‑Gly‑Lys-Pro (molecular weight, 759 Da). 
Analysis using the Lineweaver-Burk plot and molecular 
modeling suggested that the purified peptide acted as a mixed 
non-competitive inhibitor of ACE. The inhibitory effects of 

the peptide against the cellular production of vascular dysfunc-
tion-related factors induced by Ang II were also investigated. 
In human endothelial cells, the Ang II-induced production of 
nitric oxide and reactive oxygen species was inhibited, and 
the expression of inducible nitric oxide synthase (iNOS) and 
endothelin-1 (ET-1) was downregulated when the cells were 
cultured with the purified peptide. Moreover, the peptide 
blocked the activation of p38 mitogen‑activated protein kinase. 
These results indicated that this Spirulina sp.-derived peptide 
warrants further investigation as a potential pharmacological 
inhibitor of ACE and vascular dysfunction.

Introduction

Hypertension is a condition of major concern for health 
care that markedly increases the risk of death from stroke, 
myocardial infarction, arteriosclerosis, cerebral hemorrhage 
and other vascular diseases (1). The renin-angiotensin system 
is an endogenic regulator of blood pressure, water electrolyte 
homeostasis and cell growth balance  (2). In particular, it 
plays a key role in the pathology of hypertension (3). In the 
renin‑angiotensin system, angiotensin I (Ang I)-converting 
enzyme  (ACE) hydrolyzes the inactive decapeptide Ang  I 
by cleaving a dipeptide from the C-terminus to produce the 
potent vasoconstrictor Ang II, which is responsible for incr
easing arterial pressure (4,5). Therefore, the modulation of the 
renin‑angiotensin system has become a promising approach for 
controlling blood pressure in the treatmente of cardiovascular 
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disorders, for example by using ACE inhibitors as therapeutic 
agents.

Many synthetic ACE inhibitors have been used extensively 
in the treatment of hypertension and cardiovascular disorders; 
these inhibitors include the drugs captopril, enalapril, alace
pril and lisinopril (6,7). However, they have been reported to 
have some side-effects, including coughing, a disrupted sense 
of taste, azotemia, angioedema and skin rashes (7). Therefore, 
ACE inhibitors from natural sources are currently being cons
idered as alternative therapeutic agents for controlling blood 
pressure (2-4,6,7).

Ang II has pleiotropic acute and chronic effects on vascular 
smooth muscle and plays an important role in cardiovas-
cular diseases, including hypertension, atherosclerosis and 
heart failure (8,9). In this regard, it has been suggested that 
Ang II induces the production of other vascular dysfunction-
related factors, such as free radicals [nitric oxide (NO) and 
reactive oxygen species (ROS)] and vasoconstrictors [endo-
thelin-1 (ET-1) and vasopressin]  (10-12). These factors can 
promote cellular oxidative stress and induce vascular endothelial 
dysfunction, hypertension and atherosclerosis (11). Therefore, 
research into ACE inhibitors has focused on decreasing the 
production of Ang II to control the systemic balance between 
the potent vasoactive regulators, ET-1 and free radicals.

Microalgae contain various valuable natural compounds, 
such as pigments, β-carotenes, polysaccharides and peptides 
that have uses in the pharmaceutical, cosmetic and nutraceu-
tical industries (13,14). Therefore, microalgae are potentially 
an excellent source of natural compounds that may be used as 
ingredients for preparing functional foods and nutraceuticals. 
Although microalgae possess >50% protein in their biomass, 
they are usually used as animal feed (6). However, microalgal 
proteins can be converted into value-added products with 
improved functional properties by enzymatic hydrolysis. As a 
result, researchers are interested in obtaining effective bioac-
tive peptides from marine microalgae (13,15-17).

Among the microalgae, Spirulina is a blue-green alga 
appertaining to the Oscillatoraceae family. It is grown in 
marine and freshwater environments and is referred to as a 
‘superfood’ which has several biological activities, such as 
antioxidant, anti-diabetic, cholesterol-controlling and insulin 
resistance effects (18). Although, Suetsuna and Chen reported 
thye anti-hypertensive effect of Spirulina (16), no study to date 
has shown an inhibitory effect of Spirulina on Ang II-induced 
endothelial dysfunction, at least to the best of our knowledge.

The principal objective of the present study was to purify and 
identify an ACE inhibitory peptide from Spirulina sp., and to 
determine the mechanisms underlying the effects of the purified 
peptide on ACE and on the production of vascular dysfunction-
related factors by Ang II-stimulated human endothelial cells.

Materials and methods

Materials. ACE  (from rabbit lung), N-Hippuryl-His-Leu 
tetrahydrate (HHL), Griess reagent, 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), gastrointestinal 
enzymes (pepsin, α-chymotrypsin and trypsin) and Ang II 
were all purchased from Sigma‑Aldrich  (St.  Louis, MO, 
USA). Specific antibodies against inducible nitric oxide 
synthase  (iNOS; sc-7271), GAPDH (sc-25778), p-p38 

(sc-7973), p38 (sc-7149), p-c-Jun N-terminal kinase  (JNK; 
sc-6254), JNK (sc-7345), p-extracellular signal-regulated 
kinase (ERK; sc-7383), ERK (sc-292838) and ET-1 (sc-21625) 
were all purchased from Santa  Cruz Biotechnology,  Inc. 
(Santa Cruz, CA, USA), and 2',7'-dichlorodihydrofluorescein 
diacetate  (DCFH-DA) and Hoechst  33342 were obtained 
from Invitrogen Life Technologies  (Carlsbad, CA, USA). 
The HiPrep™ 16/10 DEAE FF anion exchange column was 
purchased from GE Healthcare (Buckinghamshire, UK). The 
other chemicals and reagents were of analytical grade.

Preparation of enzymatic hydrolysate of marine microalga, 
Spirulina sp. The enzymatic hydrolysis of the marine micro-
alga, Spirulina  sp., was performed using gastrointestinal 
enzymes, as previously described  (19). A total of 100  ml 
of 4% (w/v) Spirulina sp. solution was brought to pH 2.2 in 
gastric digestion using HCl or NaOH under rigorous mixing. 
Pepsin (EC 3.4.23.1) was added at the enzyme to substrate 
ratio of 1/100  (w/w), followed by incubation at 37˚C on 
a shaker for 2 h. The pH was set to 6.5 to obtain the condi-
tions of small intestinal digestion. Trypsin (EC 3.4.21.4) and 
α-chymotrypsin  (EC  3.4.21.1) were both supplemented at 
an enzyme to substrate ratio of 1/100 (w/w), then incubated 
at 37˚C for 2.5 h. The hydrolysate was then boiled for 10 min at 
100˚C to inactivate the enzyme reaction. The collected sample 
was clarified by centrifugation (10,000 x g for 15 min at 4˚C) 
for removal of the residue. The hydrolysate was passed through 
ultrafiltration (UF) membranes [molecular weight (MW) cut-off 
of 5, 10 and 100 kDa] using Millipore's UF system (Millipore, 
Bedford, MA, USA). The gastrointestinal hydrolysate was 
subjected to molecular weight fractionation to obtain the 
peptide with a molecular weight of <5 kDa (5 kDa or smaller), 
5-10 kDa (between 5 and 10 kDa), 10-100 kDa (between 10 
and 100 kDa) and >100 kDa (100 kDa and larger). All recov-
ered fractions were lyophilized and store -80̊C until use.

Purification of ACE inhibitory peptide. The highest ACE inhibi-
tory fraction was loaded onto an HiPrep DEAE FF ion‑exchange 
column using fast protein liquid chromatography (FPLC ÄKTA; 
Amersham Biosciences, Uppsala, Sweden). The column was 
equilibrated in 20  mM sodium phosphate buffer  (pH  7.0) 
previously, and eluted with a linear gradient of NaCl (0-2 M) 
at a flow rate of 2 ml/min. Elution peaks were monitored at 
280 nm. The fractions were further purified on a PrimeSphere 
ODS C18 column permeation reversed-phase high-performance 
liquid chromatography (RP-HPLC) with a linear gradient of 
acetonitrile (0-35% in 35 min) containing 0.1% trifluoroacetic 
acid (TFA) at a flow rate of 0.8 ml/min. Finally, the fraction with 
the ACE inhibitory activity was collected and lyophilized; this 
was followed by identification of the amino acid sequence.

Determination of molecular weight and amino acid sequence. 
An accurate molecular mass and amino acid sequence of 
the purified peptide was determined using a quadrupole 
time‑of‑flight mass spectroscopy (Micromass, Altrincham, 
UK) coupled with an electrospray ionization (ESI) source. The 
purified peptide was separately infused into the electrospray 
source after being dissolved in methanol/water (1:1, v/v), and 
the molecular mass was determined by the doubly charged 
[M+2H]2+ state in the mass spectrum. Following molecular 
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mass determination, the peptide was automatically selected 
for fragmentation, and sequence information was obtained by 
tandem MS analysis.

Measurement of ACE inhibitory activity. The ACE inhibi-
tory activity assay was performed according to the method 
of Cushman and Cheung (20) with slight modifications. For 
each assay, 50 µl of the hydrolysate solution with 50 µl of ACE 
solution (25 mU/ml) was pre-incubated at 37˚C for 30 min, 
and then incubated with 100 µl of substrate (25 mM HHL in 
50 mM sodium borate buffer at pH 8.3) at 37˚C for 60 min. The 
reaction was terminated by the addition of 250 µl of 1 N HCl. 
Hippuric acid was extracted with 500  µl of ethyl acetate. 
Subsequently, a 200 µl aliquot of the extract was removed by 
evaporation in a dry oven at 80˚C. The residue was dissolved in 
1 ml distilled water and its UV spectra density was measured 
at 228 nm using a microplate reader (PowerWave XS2; BioTek 
Instruments, Inc., Winooski, VT, USA).

Determination of ACE inhibition pattern. Various concentra-
tions of ACE inhibitory peptide were added to each reaction 
mixture, as previously described by Bush et al (21). The enzyme 
activity was measured with various concentrations of the 
substrate. The ACE inhibitory pattern in the presence of the 
inhibitor was obtained by the Lineweaver-Burk plots.

Molecular modeling. In order to find the binding site of the 
purified peptide and to understand the mixed non-compet-
itive inhibition mechanism further, a three-stage molecular 
modeling was carried out by Monte Carlo (MC) and molecular 
dynamics  (MD) simulations. The simulation system was 
composed of ACE, Ang II and the purified peptide. The crystal 
structure of ACE in complex with Ang II (PDB ID, 4APH) was 
used to set up the system. Ang II is the principal end-product 
of the enzyme function. Since the purified peptide is a mixed 
non-competitive inhibitor, Ang II was kept in the docking simu-
lation system to avoid overlapping between the binding site of 
the purified peptide and the binding site of the substrate. Ang II 
shares the binding site with Ang I, the substrate of the enzyme.

In the first stage, docking of the purified peptide around the 
ACE complex was performed, and the resulting model structures 
were then clustered based on the location and the orientation of 
the peptide relative to the ACE complex. In four clusters, we 
selected the structure with the lowest score of each cluster to run 
the second stage of docking for further sampling. In the final 
stage, MD simulation was carried out using the structure with 
the lowest score of the models generated in the second stage in 
order to relax the structure further with explicit water molecules.

Docking simulations. The binding site of the purified 
peptide on the ACE complex was searched by docking simula-
tions using the FlexPepDock protocol in the Rosetta program, 
which is designed for modeling complexes between a flexible 
peptide and a globular protein (22). Using the MC with minimi-
zation approach in the main part of FlexPepDock protocol (22), 
backbone torsion angles and rigid body orientations of the 
peptide were optimized relative to the protein. In the first stage 
of docking, 555 simulations were performed with different 
initial positions and orientations of the peptide around the ACE 
protein to cover the inside and the outside of the cleft of two sub 
domains. The lowest energy scores of each docking resulting 

111,000 model structures simulation on the outside of the cleft 
were higher than those on the inside of the cleft. Based on the 
location and the orientation of the purified peptide inside the 
cleft, resulting docking structures were categorized into four 
clusters. The structure with the lowest score of each cluster was 
selected, and the second stage of the docking simulations was 
carried out with these four initial conformations of the peptide. 
Using the 4 models with the lowest score of each cluster as 
initial structures, the second stage of docking simulations were 
carried out to sample 8,000 models further.

MD simulation. The structure of the complex of ACE, 
Ang II and the purified peptide with the lowest score of the 
second stage of docking simulations was selected to run MD 
simulation. The complex system was solvated in a truncated 
octahedral box with 23,410 TIP3P water molecules (23) and 
0.1 M NaCl ions. All MD simulations were carried out using 
NAMD software (24) with CHARMM force field (25) under 
the periodic boundary condition. After removing bad contacts 
with 1,000 steps of energy minimization, the MD simulation 
began by gradually heating up the system from 10 to 310 K for 
60 psec under the constant volume condition. Afterward, all 
simulation was switched to constant temperature and pressure 
conditions  (NPT). The simulation system was equilibrated 
for 200 psec. All Cα atoms in the steps of energy minimiza-
tion, heating and equilibration were restrained with harmonic 
constant 1 kcal/mol•A2, and the following MD simulation was 
continued without any restraint. All bonds involving hydrogen 
atoms were constrained, allowing an integration time step of 
2 fsec, and the average pressure and temperature were main-
tained at 1 bar and 310 K. The non‑bonded interactions (Van der 
Waals and electrostatic interactions) were smoothly truncated 
from 10 to 12 Å cut-off, and the particle‑mesh Ewald method 
was used to treat long-range electrostatic interactions  (26). 
The simulation system was stabilized at 36.57 nsec, and the 
total length of MD simulation was 123.83 nsec. The trajectory 
from 36.57 to 123.83 nsec, the end of the simulation time, was 
analyzed in the study.

Cell culture analysis of the purified peptide
Cell culture and cell viability. Human umbilical vein endothelial 
cells (EA.hy926) were kindly provided by Professor S.K. Kim 
from Pukyong National University, Busan, Korea. The cells 
were cultured in Dulbecco's modified Eagle's medium (DMEM) 
supplemented with 10%  fetal bovine serum  (FBS), peni-
cillin  (100 U/ml) and streptomycin  (100 µg/ml) at 37˚C in 
5% CO2 humidified air environment.

Cytotoxic assessment by MTT assay. Cell viability was 
determined by MTT reduction assay. The EA.hy926 cells were 
plated on 96-well plates, which were pre-incubated and subse-
quently treated with Ang II (1 µM) coupled with aliquots of 
the purified peptide (62.5, 125 and 250 µM) at 37˚C for 24 h. 
MTT stock solution was then added to each well. Following 
incubation for 4 h, the plates were centrifuged (800 x g, 5 min), 
and the supernatants were aspirated. The formazan crystals in 
each well were dissolved in DMSO, and the absorbance was 
measured using a microplate reader (PowerWave XS2; BioTek 
Instruments, Inc.) at 540 nm.

Determination of NO and ROS levels. NO levels in the cult
ure supernatants were determined by measuring nitrite, which 
is a major stable product of NO, using Griess reagent. Following 
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the pre-incubation of the EA.hy926 cells with the purified 
peptide and Ang II for 24 h, the quantity of nitrite which had 
accumulated in the culture medium was measured as an indi-
cator of NO production. Briefly, a 100 µl of cell culture medium 
was mixed with 100 µl of Griess reagent (1% sulfanilamide and 
0.1% naphthylenthylenediamine dihydrocholoride in 2.5% phos-
phoric acid), the mixture was incubated at room temperature for 
10 min, and the absorbance at 540 nm was measured using a 
microplate reader. Fresh culture medium was used as a blank in 
every experiment.

The intracellular generation of ROS was then detected 
by oxidation of the cell permeable f luorescence dye 
5-(and-6)-carboxy‑2',7'‑dichlorofluorescein diacetate (carboxy-
DCFH-DA) to the fluorescent DCF by Ang II. The EA.hy926 cells 
were seeded on 24-well plate. After 24  h, the cells were 
pre-treated with various concentrations of the purified peptide. 
After 30 min, Ang II was added at a concentration of 1 µM, 
and the cells were thyen incubated for an additional 30 min 
at 37̊C under a humidified atmosphere. Finally, 40 µM carboxy-
DCFH-DA was introduced to the cells, and carboxy-DCFH-DA 
and DAPI was imaged using a fluorescence microscope (Axio 
Observer A1; Zeiss, Jena, Germany).

Western blot analysis. The cells were lysed in lysis buffer 
(20 mM Tris, 5 mM EDTA, 10 mM Na4P2O7, 100 mM NaF, 
2  mM  Na3VO4, 1%  NP-40, 10  mg/ml aprotinin, 10  mg/ml 
leupeptin and 1 mM PMSF) for 60 min and then centrifuged 
at 12,000 rpm and 4˚C for 15 min. The protein concentrations 
were determined using the BCA™ protein assay kit. The lysate 
containing 40 µg of protein was subjected to electrophoresis on a 
sodium dodecyl sulfate (SDS)-polyacrylamide gel, and the gel was 
transferred onto nitrocellulose membranes. The membranes were 
blocked with 5% non-fat dry milk in TBS-T (25 mM Tris-HCl, 
137 mM NaCl, 2.65 mM KCl and 0.05% Tween-20, pH 7.4) for 
2 h. The primary antibodies were used at a 1:1,000 dilution. 
The membranes were incubated with the primary antibodies 
at 4̊C overnight, washed with TBS-T and then incubated with 
the secondary antibodies (G21040 and G21234; Invitrogen Life 
Technologies) at 1:3,000 dilutions. The signals were developed 
using an ECL western blotting detection kit and quantified using 
an LAS3200® luminescent image analyzer and protein expres-
sion was quantified by Multi Gauge V3.0 software (Fujifilm Life 
Science, Tokyo, Japan).

Statistical analysis. All quantitative data are presented as 
the means ± standard deviation (SD) with least 3 individual 
experiments that were conducted using fresh reagents. Signi
ficant differences between the groups were determined using 
the unpaired Student's t-test. The differences were considered 
statistically significant at P<0.05.

Results

Fractionation of Spirulina sp. protein hydrolysate to produce 
an ACE inhibitory peptide. Spirulina was hydrolyzed using 
gastrointestinal enzymes that increase the absorption of active 
peptides, including pepsin, α-chymotrypsin and trypsin, under 
simulated physiological conditions. The obtained hydroly-
sate was tested for its potential to inhibit ACE. In the ACE 
inhibitory assay  (Table  I), the hydrolysate IC50  value was 

exhibited by the gastrointestinal hydrolysate of Spirulina sp. 
at 0.98 mg/ml. The hydrolysate was fractionated using an 
ultrafiltration membrane system into 4 individual fractions 
with MWs of <5, 5-10, 10-100 and >100 kDa, respectively, and 
the resultant fractions were also analyzed for their abilities to 
inhibit ACE. Among all the MW groups, the <5 kDa frac-
tion exhibited the highest ACE inhibitory activity and had an 
IC50 value of 0.66 mg/ml (Table I). Therefore, we selected the 
<5 kDa fraction for further purification of an ACE inhibitory 
peptide.

Purification of ACE inhibitory peptide. An ACE inhibitory 
peptide was purified from the marine Spirulina sp. by using 
chromatographic methods, combining FPLC on a HiPrep™ 
DEAE FF 16/10 anion-exchange column  (GE Healthcare). 
As shown in Fig. 1A, there were 4 major absorbance peaks 
at 280 nm and 5  fractions associated with the peaks were 
pooled and lyophilized for ACE inhibitory activity. Among 
the fractions, fraction Fr5 exhibited the strongest ACE inhibi-
tory activity and had an IC50 value of 0.3 mg/ml (Fig. 1B). 
The active fraction was further separated by RP-HPLC on 
a PrimeSphere™  ODS column (Phenomenex, Torrance, 
CA, USA) with a linear gradient of acetotitrile  (0-35% for 
35 min) containing 0.1% TFA. The elusion profiles of the 

Table I. ACE inhibitory activity of molecular weight fractions 
from gastrointestinal hydrolysate of Spirulina sp.

Fraction	 IC50 value (mg/ml)a

Unfractionatedb	 0.98±0.02
>100 kDac	 1.06±0.03
10-100 kDa	 0.96±0.02
5-10 kDa	 0.97±0.01
<5 kDa	 0.66±0.03

The values of IC50 were determined by at triplicate individual experi-
ments. aThe concentration of an inhibitor required to inhibit 50% of ACE 
activity. bGastrointestinal hydrolysate. cUF membrane (molecular weight 
cut-off 5, 10 and 100 kDa) was used. ACE, angiotensin  I-converting 
enzyme.

Table II. Purification of ACE inhibitory peptide of gastrointes-
tinal hydrolysate from Spirulina sp.

Purification step	 IC50 value (mg/ml)a	 Purification fold

Gastrointestinal	 0.98±0.02	 1
hydrolysate
Ultrafiltration	 0.66±0.03	 1.48
(<5 kDa)
FPLCb	 0.30±0.01	 2.97
RP-HPLCc	 0.10±0.02	 9.80

The values of IC50 were determined by at triplicate individual experi-
ments. aThe concentration of an inhibitor required to inhibit 50% of ACE 
activity. bFast protein liquid chromatography. cReversed‑phase high-
performance liquid chromatography. ACE, angiotensin  I-converting 
enzyme.
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peaks are shown in Fig. 2A. The peaks were separated into 
4  peaks  (Fr5-I  to  Fr5-IV) and each peak was pooled for 
ACE inhibitory activity. The Fr5-IV  peak exhibited the 
most potent ACE inhibitory activity, with an IC50 value of 
0.1 mg/ml (Fig. 2B). The typical results investigated during the 
purification processes are summarized in Table II. The ACE 
inhibitory peptide was purified 10.2-fold from the enzymatic 
hydrolysate using a 3‑step purification procedure.

The molecular mass of the purified ACE inhibitory peptide 
was determined to be 759 Da by quadrupole time-of-flight mass 
spectroscopy coupled to an electrospray ionization source. Its 
full amino acid sequence was determined to be Thr-Met-Glu-
Pro-Gly-Lys-Pro (Fig. 3).

ACE inhibition pattern and molecular modeling of the purified 
ACE inhibitory peptide. The ACE inhibition pattern of the 

Figure 1. (A) Fast protein liquid chromatography (FPLC) of tryptic hydrolysate loaded (2 ml) onto a HiPrep™ 16/10 DEAE FF anion-exchange column. 
(B) ACE inhibitory activity of each fraction from FPLC.

Figure 2. (A) Reversed-phase high-performance liquid chromatography (RP-HPLC) chromatogram of the potent angiotensin I (Ang I)-converting enzyme (ACE) 
inhibitory activity fraction isolated from fast protein liquid chromatography (FPLC). (B) ACE inhibitory activity of each fraction from RP-HPLC.

Figure 3. Identification of the molecular mass and amino acid sequence of the angiotensin I (Ang I)-converting enzyme (ACE) inhibition peptide using 
quadrupole time‑of‑flight mass spectroscopy with an electrospray ionization (ESI) source.
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purified peptide was investigated by Lineweaver‑Burk plots 
and was found to show a mixed non-competitive inhibition 
pattern (Fig. 4). Moreover, based on molecular modeling, we 
were able to determine a mixed non-competitive inhibition 
mechanism of ACE by the purified peptide (Fig. 5). The ACE 
binding site of the purified peptide was predicted by 3-stage 
molecular modeling. The peptide bound in the N-terminal side 
of the cleft formed by two sub-domains of ACE and next to 

the binding site of Ang II (Fig. 5A and B). The binding of the 
purified peptide was stabilized by hydrogen bond interactions 
with ACE and Ang II. We investigated the presence of hydrogen 
bonds by performing MD simulations using a distance of 3.4 Å 
and a rotation angle of 30 .̊ On average, during MD simulation, 
the purified peptide formed 5.76±1.50 and 2.58±0.83 pairs of 
hydrogen bonds with ACE and Ang II, respectively, at the same 
time (data expressed as the means ± SD). The most frequently 

Figure 5. The binding site of the purified peptide in the cleft of ACE. ACE is represented by ribbons, and zinc atom in active site is represented by a gray sphere. 
Ang II and the purified peptide are represented by thick sticks, and amino acids of ACE involved in hydrogen bonds are represented by thin sticks. (A) Carbon, 
nitrogen, oxygen, sulfur and hydrogen atoms are colored by cyan, blue, red, yellow and white, respectively. Carbon atoms of the purified peptide are colored by 
green. N and C indicate the N- and C-terminus of the enzyme, respectively. The snapshot is taken at 121.6 nsec. (B) Mixed non-competitive inhibition mechanism 
of ACE by the purified peptide. The broken lines indicate hydrogen bonds (I, inhibitor, or the purified peptide; ACE, angiotensin I-converting enzyme; Ang I, 
angiotensin I, or substrate; Ang II, angiotensin II, or product; ESI, enzyme-substrate-inhibitor complex; EPI, enzyme-product-inhibitor complex, dead-end 
complex). (C) Ratio of the presence of hydrogen bond pairs during the simulation time.

Figure 4. Lineweaver-Burk plots for determination of inhibitory mode of purified peptide on angiotensin I (Ang I)-converting enzyme (ACE). ACE inhibitory activity 
was determined in the presence or absence of purified peptide as described in the text using N-Hippuryl-His-Leu tetrahydrate (HHL) as the enzyme substrate.
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formed pairs of hydrogen bonds during the MD simulation 
are listed in Fig. 5C. In addition to hydrogen bonds, binding 
of the peptide was stabilized by van der Waals interactions. 
The MD simulation results revealed that Pro4 of the purified 
peptide was bound in the hydrophobic pocket formed by 
Ile204, Ala208 and Trp220 of ACE. This result indicates 
that the purified peptide can combine with ACE to produce a 
dead-end complex, regardless of whether a substrate molecule 
is bound or not. Thus, the purified peptide must be bound to 
an alternative site of the enzyme. Taken together, the results 
suggest that the peptide acts as an ACE inhibitor by forming 
enzyme-substrate-inhibitor and enzyme-inhibitor complexes 
to suppress the catalytic activity of ACE.

Cytotoxicity of the purified peptide and its inhibitory effect on 
NO and intracellular ROS generation. The cytotoxic effect 
of the purified peptide in EA.hy926 cells was assessed by 
MTT assay at multiple purified peptide concentrations (62.5, 
125 and 250 µM). No significant toxic effects were observed 
in the cells, which were treated with concentrations of up to 
250 µM of the purified peptide in the presence or absence of 
Ang II (Fig. 6A). Thus, based on this result, an NO production 
assay was performed at the peptide concentration of 250 µM.

In order to determine whether the purified peptide inhibited 
the generation of Ang  II-induced NO and intracellular 
ROS, which play central roles in endothelial dysfunction, 
the EA.hy926  cells were stimulated with Ang  II in the 
absence or presence of the purified peptide. Ang II treatment 
alone markedly induced NO generation by the treated cells 
compared with the untreated cells. The purified peptide 
significantly inhibited NO generation by the Ang II-stimulated 
EA.hy926 cells (Fig. 6B). Subsequently, in order to confirm 
the inhibition of Ang  II-induced oxidative stress in the 
EA.hy926 cells treated with the purified peptide, intracellular 
ROS generation was evaluated by monitoring DCFH-DA 
fluorescence  (Fig.  7). The fluorescence intensity in the 
EA.hy926 cells increased markedly following exposure to 
Ang II compared with that in the untreated cells. Pre-treatment 
with the purified peptide inhibited the induction of increased 
fluorescence intensity induced by Ang II.

Effects of the purified peptide on endothelial dysfunction-
related factors and the activation of mitogen-activated 
protein kinases (MAPKs) in Ang II-stimulated EA.hy926 cells. 
To examine the ability of the purified peptide to inhibit 
Ang II-mediated endothelial dysfunction, its effects on the 
expression of iNOS and ET-1 were determined in the presence of 
Ang II. In response to Ang II, the expression of iNOS and ET-1 
was markedly increased, and the purified peptide inhibited 
the iNOS and  ET-1 expression levels in a dose-dependent 
manner (Fig. 8). To elucidate the mechanisms of action of the 
purified peptide, we examined its effects on the phosphorylation 
of MAPKs in Ang II-stimulated endothelial cells. The levels of 
phosphorylated ERK, JNK and p38 MAPK were elevated in 
the EA.hy926 cells following treatment with Ang II alone. The 
purified peptide attenuated the Ang II-induced phosphoryla-
tion of p38 MAPK, but did not affect the phosphorylation of 
ERK and JNK (Fig. 9). These results suggested that the peptide 
inhibited the expression of iNOS and ET-1 by reducing the 
phosphorylation of p38 MAPK.

Discussion

Spirulina is one of the edible microalgae and contains a high 
amount of protein. It also contains all of the essential amino 
acids, which makes it a complete protein source (17). Thus, 
Spirulina is considered a useful material from which bioac-
tive peptides can be obtained. Potent bioactive peptides have 
attracted attention in research that aims to promote human 
health and reduce disease risk (17). Bioactive peptides have 
previously been produced via the enzymatic hydrolysis of 
various bioresources that contain a high protein concentra-
tion (17,27). Simulated gastrointestinal digestion can be used 
as a production process for potent bioactive peptides, with the 
advantage that the obtained peptides will resist physiological 
digestion after oral intake  (28). As previously reported, 
digestion by gastrointestinal proteases provides more potent 
bioactive peptides compared with those obtained using other 
types of enzyme digestions (29). Recently, a number of studies 
have found that specific bioactive peptides obtained from 
gastrointestinal hydrolysates have anti-hypertensive  (30), 

Figure 6. (A) Effect of peptide on cell viability and (B) nitric oxide (NO) production in angiotensin II (Ang II)-stimulated Ea.hy926 cells. The cells were pre-
treated for 1 h with various concentrations (62.5, 125 and 250 µM) of the purified peptide. Ang II (1 µM) was then added, and the cells were incubated for 24 h. 
The cytotoxicity was determined by MTT assay. *p<0.05 indiciate significant differences compared with the Ang II-stimulated group.
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Figure  8. Inhibitory effect of the purified peptide on angiotensin  II 
(Ang II)‑induced inducible nitric oxide synthase (iNOS) and endothelin-1 (ET-1) 
in EA.hy926 endothelial cells. EA.hy926 cells were stimulated with Ang II for 
24 h in the presence of the purified peptide (62.5, 125 and 250 µM). The values 
are expressed as the means ± standard deviation of triplicate experiments. 
*p<0.05 indiciate significant differences compared with the Ang II-stimulated 
group.

Figure 9. Inhibitory effect of the purified peptide on the protein level of 
mitogen activated protein kinases (MAPKs) in EA.hy926 endothelial cells. 
EA.hy926 cells were stimulated with angiotensin II (Ang II) for 30 min in 
the presence of the purified peptide (62.5, 125 and 250 µM). The expression 
levels of MAPKs were determined by western blot analysis. The values are 
expressed as the means ± standard deviation of triplicate experiments. *p<0.05 
indiciate significant differences compared with the Ang II-stimulated group.

Figure 7. Inhibitory effects of peptide on angiotensin II (Ang II)-induced reactive oxygen species (ROS) generation in EA.hy926 cells. Cells were pre-treated 
with various concentrations of the purified peptide (62.5, 125 and 250 µM) for 30 min, and then treated with Ang II for 30 min. The intracellular ROS generated 
was detected by 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA) assay. The values are expressed as the means ± standard deviation of triplicate experi-
ments. *p<0.05 indiciate significant differences compared with the Ang II-stimulated group.
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antioxidative (19), anticancer (31) and anti-inflammatory (32) 
effects. In the present study, we isolated an ACE inhibitory 
peptide from a gastrointestinal digest of Spirulina sp. protein, 
and the peptide was then investigated for its potential inhibi-
tory effect on endothelial dysfunction in a human umbilical 
vein cell line.

Compared to a previous study, the ACE inhibitory 
activity of gastrointestinal hydrolysate from Spirulina  sp. 
was more effective than that of gastrointestinal hydrolysate 
from silkworm pupa protein (33). Moreover, gastrointestinal 
hydrolysate of silkworm pupa protein was fractionated 
into 3  fractions  (>10, 5-10 and <5 kDa) by UF according 
to molecular weights and the <5  kDa fraction exhibited 
strongest ACE inhibitory activity and similar with our 
results (33). Following purification, an ACE inhibitory peptide 
composed of 7  amino acids was obtained. According to 
previous findings, the inhibitory efficiency of ACE inhibitory 
peptides is highly influenced by their molecular weight and 
structure (6). Generally, ACE inhibitors contain structurally 
and functionally homologous features, such as dipeptidyl 
carboxypeptidase activity and zinc coordination geometry. 
Among ACE inhibitory peptides, the most potent and specific 
peptide inhibitors have similar structures, and ACE activity 
is strongly affected by the C-terminal tripeptide sequence of 
the substrate. The main substrates of peptide composition, 
such as Trp, Tyr, Phe, Pro  and a hydrophobic amino acid 
at the C-terminal were found to be effective for ACE 
inhibitory activity due to the interaction among 3 sub-sites: 
S1 (antepenultimate), S'1 (penultimate) and S'2 (ultimate), the 
active ACE site. In this study, the ACE inhibitory peptide 
obtained from a Spirulina sp. protein hydrolysate contained 
a Pro residue within its C-terminal tripeptide sequence, which 
may contribute to its ACE inhibitory activity. In addition, 
kinetic analysis by Lineweaver-Burk plots revealed that the 
purified peptide acts as a mixed non-competitive inhibitor. 
Moreover, based on molecular modeling, we were able to 
determine a mixed non-competitive inhibition mechanism of 
ACE by the purified peptide. This inhibition pattern type was 
similar to hard clam (34) and Styela plicata (35). Since the 
purified peptide does not share its binding site with Ang II, 
it does not compete for binding with the substrate. The 
peptide, however, binds in the cleft of the enzyme and next 
to the binding site of the substrate. The bound peptide may 
inhibit the conformational changes required to release Ang II, 
the end product, by forming about 6 hydrogen bonds with 
the enzyme. In addition, the purified peptide forms hydrogen 

bonds with Ang II and holds it in the active site of the enzyme. 
Therefore, the peptide, enzyme, and Ang II form a dead-end 
complex, making it difficult for Ang II to leave the enzyme. 
Indeed, in this scenario, Ang II, the end product of catalysis 
by ACE, becomes a competitive inhibitor. Thus, the active 
site is occupied and another substrate cannot bind for the next 
enzymatic action.

In  addition, the purified peptide also inhibited the 
Ang  II-induced production of NO and intracellular ROS. 
Moreover, changes in cell morphology correlated with intra-
cellular ROS production were recovered by treatment with 
the purified peptide. Ang II has been widely considered to 
be a systemic regulator of blood pressure (36). Moreover, it is 
known to be a strong vasoconstriction factor and a regulator of 
cardiac function (37). The excessive generation of intracellular 
ROS has been implicated in the pathogenesis of many cardio-
vascular diseases, including atherosclerosis, hypertension, 
heart failure and the associated endothelial dysfunction (38). 
According to a previous study, Ang II induces NO produc-
tion via the expression of iNOS in the vascular smooth muscle 
cell  (39). In addition, it does not affect the expression of 
endothelial nitric oxide synthase (eNOS) (40). Increased NO 
production via the expression of iNOS has been observed to 
trigger apoptotic and necrotic cell death in the neighboring 
tissue, for instance in atherosclerosis  (41). ET-1 is another 
known vasoconstriction factor that, similar to Ang II, can 
induce endothelial dysfunction (42). Our results demonstrated 
that the purified ACE inhibitory peptide reduced the expression 
of iNOS and ET-1 in the Ang II-stimulated EA.hy926 cells.

MAPKs, including ERK, JNK and p38 kinase have been 
proposed to be activated in response to Ang II stimulation. 
According to previous studies, signaling by MAPKs promotes 
iNOS and ET-1 expression in Ang II-stimulated endothelial 
cells (43,44). In addition, the activation of MAPKs promotes 
the production of endothelial dysfunction-related factors in 
Ang II-stimulated endothelial cells (8). Thus, the inhibition of 
MAPK phosphorylation is a key mechanism. In the present 
study, we examined the effects of the purified ACE inhibitory 
peptide on the activation of MAPKs and found that the puri-
fied peptide attenuated the Ang II-induced phosphorylation of 
p38 MAPK.

In  conclusion, we evaluated the effects of the ACE 
inhibitory peptide purified from a hydrolysate produced by the 
gastrointestinal digestion obtained from Spirulina sp. The ACE 
inhibitory pattern of the purified peptide was determined by 
Lineweaver-Burk plots and a mixed non-competitive inhibition 

Figure 10. Summary of experimental results from the present study in the inhibition of angiotensin I (Ang I)-converting enzyme (ACE) and vascular dysfunction.
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mechanism of this peptide was shown at the molecular level by 
molecular modeling. The purified peptide potently inhibited 
NO production, intracellular ROS, iNOS and ET-1 produc-
tion and decreased the levels of phosphorylated p38 MAPK 
in Ang II-stimulated endothelial cells (Fig. 10). Consequently, 
it appears that this purified peptide has a beneficial effect on 
anti-hypertension and related diseases by inhibiting ACE and 
the cellular response to Ang II.
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