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Abstract

The aim of this work was to produce wonderful cola protein hydrolysate fractions with in vitro antioxidant proper-
ties coupled with blood pressure-reducing ability when orally administered to spontaneously hypertensive rats 
(SHRs). Wonderful cola protein isolate (WCI) was hydrolyzed with pancreatin to produce a hydrolysate (WCH), 
which was subjected to ultrafiltration separation using 1, 3, 5, and 10 kDa molecular weight cut-off membranes 
to obtain <1, 1–3, 3–5 and 5–10 kDa peptide fractions, respectively. The <1 and 1–3 kDa fractions had higher con-
tents of arginine when compared to the 3–5 and 5–10 kDa peptides. The WCH and <1 kDa peptide fraction had 
significantly (p < 0.05) better DPPH radical scavenging (55–67%) and metal chelation (83–93%) activities but lower 
hydroxyl radical scavenging power (10–32%) than the WCI (46, 46 and 63%, respectively). The <1 kDa had signifi-
cantly (p < 0.05) higher in vitro inhibition (80%) of angiotensin converting enzyme (ACE) activity while the 5–10 
kDa was the most active inhibitor (90%) of renin activity. All peptide fractions so produced had better systolic and 
diastolic blood pressure-lowering effects than WCH and WCI. However, the <1 kDa fraction produced significantly 
(p < 0.05) stronger systolic (−33 mmHg) and diastolic (−30 mmHg) blood pressure reductions 6 h after oral gav-
age to SHRs. Thus, wonderful cola proteins contain encrypted bioactive peptides that may be used to formulate 
antioxidant and antihypertensive products.

Keywords: Wonderful cola; Buchholzia coriacea; Protein hydrolysate; Antioxidant; Renin; Angiotensin converting enzyme; Spontaneously 
hypertensive rats.

1. Introduction

The excesive activities of renin and angiotensin-coverting en-
zymes (ACE) have been implicated in the pathogenesis of high 
blood pressure (BP) leading to hypertension, a chronic disease that 
has globally claimed many lives (WHO, 2013). Accummulation 
of free radicals has been implicated in the health issues because 

it leads to oxidative stress, a cause and consequence of hyperten-
sion (Girgih et al., 2014a; Nabha et al., 2005). Hypertension oc-
curs when the systolic BP (SBP) and diastolic BP (DBP) are ≥140 
and ≥90 mmHg, respectively (Pickering et al., 2005). The role of 
the renin-angiotensin system (RAS) in maintaining cardiovascular 
homeostasis involves renin-catalyzed conversion of the zymogen, 
angiotesinogen into angiotensin I, which is then hydrolyzed to pro-



Journal of Food Bioactives | www.isnff-jfb.com134

Antioxidant and antihypertensive activities Ijarotimi et al.

duce the required level (but not in excess amount) of angiotensin 
II (Acharya et al., 2003).

A high level of oxidative stress in the body is also reported to 
induce cardiovascular and renal damage with associated increase 
in blood pressure, which leads to hypertension (Nabha et al., 
2005). Besides, free radicals affect the physiological conditions 
of the body through extensive oxidation of critical biopolymers, 
such as DNA, membrane lipids, structural proteins and enzymes 
while finally shutting down the body’s normal cellular processes 
(Kregel and Zhang, 2007; Simão et al., 2011; Winczura et al., 
2012). Therefore, some therapies based on free radical scaveng-
ing have been suggested as potential agents in the management of 
vascular damage-associated diseases such as hypertension (Nabha 
et al., 2005).

Several studies have reported the potential cardiovascular health 
benefits of plant-derived bioactive peptides with inhibitory activi-
ties against renin and ACE in addition to antioxidant effects (Arise 
et al., 2016; Malomo et al., 2015; Girgih et al., 2014a,b; He et al., 
2013a,b; Valdez-Ortiz et al., 2012; Mäkinen et al., 2012; Alashi et 
al., 2014a,b; Jimsheena and Gowda, 2011; Jamdar et al., 2010; Zhu 
et al., 2010; Segura et al., 2010). The projected health benefits of 
these peptides are associated with their low molecular weight, low 
cost, and easy absorption into blood circulation coupled with little 
or no negative side effects as well as the ability to inhibit elements 
of RAS and effective antioxidant activities.

Wonderful cola (Buchholzia coriacea) seed is one of the under-
utilized but readily available crops that has the potential (Ijarotimi 
et al., 2017), as a raw material, for the manufacture of bioactive 
protein hydrolysates. Our previous work examined the physico-
chemical and functional properties of wonderful cola seed protein 
isolate (WCI) obtained by isoelectric precipitation technique. The 
study revealed that WCI possesses high in vitro protein digestibility 
and solubility coupled with strong functional (foaming and emul-
sion) properties at very low concentrations (10–20 mg/mL) and 
within hydrophilic (pH 7–9) environments (Ijarotimi et al., 2017). 
Although the seed has a low protein content of 13% (Ezekiel and 
Onyeoziri, 2009), its use in hypertension management has been 
reported (Adisa et al., 2010). Besides, several studies have also 
reported other health benefits of the seeds (Fred-Jaiyesimi et al., 
2011; Adisa et al., 2010; Ezekiel and Onyeoziri, 2009; Ajaiyeoba 
et al., 2001). However, information is lacking on the specific won-
derful cola compounds (proteins, polyphenols, polysaccharides, 
etc) that are responsible for these bioactivities.

There is therefore, paucity of information on potential use of 
wonderful cola seed protein and its enzymatically liberated pep-
tides as bioactive agents that can ameliorate cardiovascular health 
diseases. Thus the aim of this study was to enzymatically hydro-
lyze the wonderful cola proteins to produce a protein hydrolysate 
with antioxidant and antihypertensive properties. The protein 
hydrolysate was also fractionated into different peptide sizes by 
membrane ultrafiltration to study the relationship between the mo-
lecular size and bioactivity (function) of peptides.

2. Materials and methods

2.1. Materials

Wonderful cola seeds were purchased from Ojee market, Ibadan, 
Nigeria, followed by authentication in the Department of Botany, 
University of Ibadan, Ibadan, Nigeria. Human recombinant re-
nin was purchased from Cayman Chemical Co. (Ann Arbor, MI, 
USA) while other enzymes such as pancreatin and ACE (rabbit 

lung) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Other analytical-grade reagents were obtained from Fisher Scien-
tific (Oakville, ON, Canada).

2.2. Preparation of wonderful cola seed flour (WCF)

Fresh wonderful cola seeds were cleaned by the double disinfec-
tion method as previously reported (Ijarotimi et al., 2017). They 
were washed thoroughly with distilled water to remove adhering 
particles, re-washed with aqueous sodium hypochlorite to remove 
surface contamination and further rinsed again with distilled wa-
ter. The cleaned seeds were oven dried at 60 °C (Plus11 Sanyo 
Gallenkamp PLC, UK) for 8 h, milled (Philips laboratory blender, 
HR2811 model) and sieved using a 60 mm mesh sieve (British 
Standard) to obtain WCF, which was stored at −20 °C until used 
for protein extraction.

2.3. Preparation of wonderful cola seed protein isolate (WCI)

WCI was produced from WCF according to the method of Malo-
mo et al. (2014) with slight modifications as described by Ijarotimi 
et al. (2017). WCF was dispersed in deionized water (1:20, w/v) 
and the dispersion was adjusted to pH 8.0 using 2 M NaOH to 
solubilize the proteins while stirring at 37 °C for 2 h; this was fol-
lowed by centrifugation (7000 × g, 60 min at 4 °C). The precipitate 
was discarded while the supernatant was filtered, adjusted to pH 
5.0 with 2 M HCl to precipitate the proteins and then centrifuged 
(7000 × g, 60 min at 4 °C). The resultant precipitate was re-dis-
persed in deionized water, adjusted to pH 7.0 with 2 M NaOH 
and freeze-dried to obtain the WCI. Protein concentrations of the 
WCI and WCF were determined using the modified Lowry method 
(Markwell et al., 1978).

2.4. Preparation of wonderful cola protein hydrolysate (WCH) 
and ultrafiltration membrane protein fractions

WCH was produced according to the method described by Malo-
mo et al. (2015) with slight modifications as follows. WCI (5%, 
w/v, protein weight basis) was suspended in deionized water in a 
glass beaker equipped with a stirrer, heated to 37 °C and adjusted 
to pH 7.5 with 2 M NaOH. Pancreatin was added to the mixture 
at 4:100 (E/S) ratio based on WCI protein content and digestion 
carried out for 4 h. During digestion, the required pH 7.5 was 
maintained constant by addition of the NaOH solution after which 
the enzymes were inactivated by adjusting to pH 4.0 with 2 M 
HCl followed by immersing the reaction vessel in boiling water 
bath for 10 min. The undigested proteins were precipitated by 
centrifugation (3500 × g, 60 min at 4 °C) after cooling and a por-
tion of the supernatant (contains target peptides) was freeze dried 
as the WCH, which was then stored at −20 °C. Protein content of 
the freeze dried WCH was determined using the modified Low-
ry method (Markwell et al., 1978). The remaining supernatant 
was sequentially passed through ultrafiltration membranes with 
molecular weight cut-off (MWCO) of 1, 3, 5, and 10 kDa in an 
Amicon stirred ultrafiltration cell. Thus, the retentate from 1 kDa 
membrane was passed through 3 kDa membrane whose retentate 
was passed through 5 kDa and the last retentate was then passed 
through 10 kDa membrane to give permeates that have peptide 
sizes of <1, 1–3, 3–5, and 5–10 kDa, respectively. The perme-
ate from each MWCO membrane was collected, lyophilized, and 
stored at −20 °C.



Journal of Food Bioactives | www.isnff-jfb.com 135

Ijarotimi et al. Antioxidant and antihypertensive activities

2.5. Amino acid composition analysis

Amino acid profiles of the wonderful cola protein products were 
determined using the HPLC Pico-Tag system according to the 
method previously described after samples were digested with 6 
M HCl for 24 h (Bidlingmeyer et al., 1984). The cysteine and me-
thionine contents were determined after performic acid oxidation 
(Gehrke et al., 1985) while the tryptophan content was determined 
after alkaline hydrolysis (Landry & Delhaye, 1992).

2.6. DPPH radical scavenging assay

The scavenging effect of wonderful cola samples against 2,2- di-
phenyl-1-picryhydrazyl (DPPH) radical was measured according 
to the method of Aluko and Monu (2003). WCI, WCH, ultrafiltra-
tion fractions and glutathione (GSH) stock solutions (10 mg/mL) 
were prepared in 1 mL of buffer (0.1 M sodium phosphate buffer, 
pH 7.0 containing 1%, w/v Triton X-100). DPPH was dissolved in 
methanol to a final concentration of 100 μM. Protein and peptide 
samples were mixed with 100 μL of the DPPH solution in the 96-
well plate to give 1 mg/mL final assay concentration and incubated 
at room temperature in the dark for 30 min. The blank consisted of 
100 μL of buffer instead of sample. Absorbance values of the blank 
and samples were read at 517 nm in a Synergy H4 multi-mode 
microplate reader (Biotek Instruments Inc., Winooski, VT, USA). 
The percent DPPH radical scavenging activity of each sample was 
determined using the following equation.

( )

517

517

DPPH radical scavenging activity %

A1 100
A

of sample
of blank

=

 
− × 

 

2.7. Chelation of metal ions

The metal chelating activity was determined using the method of 
Xie et al. (2008), which was slightly modified as follows. Experi-
mental samples and GSH (final assay concentration of 1 mg/mL) 
were each combined with 0.05 mL of 2 mM FeCl2 and 1.85 mL 
double distilled water in a reaction tube. Ferrozine solution (0.1 
mL of 5 mM) was added and mixed thoroughly. The mixture was 
then allowed to stand at room temperature for 10 min from which 
a 200 µL aliquot was removed and added to a clear bottom 96-
well plate. A blank experiment was also conducted by replacing 
the sample with 1 mL of double distilled water. The absorbance 
values of blank (Ab) and sample (As) at 562 nm were measured in 
the Synergy H4 multi-mode microplate reader (Biotek Instruments 
Inc., Winooski, VT, USA) and the percentage chelating effect was 
calculated using the following equation.

( )

517

517

Metal chelatingactivity %

A  1 100
A  

of sample
of blank

=

 
− × 

 

2.8. Hydroxyl radical scavenging activity

The hydroxyl radical scavenging activity was determined accord-
ing to the method reported by Girgih et al. (2011a). Experimental 
samples, GSH and 1, 10-phenanthroline (3 mM) were each sepa-

rately dissolved in 0.1 M phosphate buffer (pH 7.4) while FeSO4 
(3.0 mM) and 0.01% hydrogen peroxide were each separately dis-
solved in distilled water. An aliquot (50 µL) of samples (s) at a 
final assay concentration of 1 mg/mL or buffer (blank, b) was first 
added to a clear, flat bottom 96-well plate followed by 50 µL of 1, 
10-phenanthroline and then 50 µL of FeSO4. To initiate the Fenton 
reaction in the wells, 50 µL of hydrogen peroxide was added to 
the mixture, covered and incubated at 37 °C for 1 h with shaking. 
The absorbance was measured every 10 min for 1 h at 536 nm in 
a Varian Cary 50-UV/Visible spectrophotometer (Varian Inc., Bel-
rose, NSW, Australia). The hydroxyl radical scavenging activity 
was calculated using the reaction rate (ΔA/min) equation below:

( )

536 536

536

OH radical scavenging activity %

( A / min)b ( A / min)s 100
( A / min)b

=

 ∆ − ∆
× ∆ 

2.9. Determination of oxygen radical absorbance capacity 
(ORAC)

The ORAC assay of the experimental samples was done according 
to the procedures reported by You et al. (2010) with the follow-
ing modifications. Potassium phosphate buffer (75 mM, pH 7.4) 
was used to prepare all reagents, standards, samples and the con-
trol. Five Trolox concentrations, between 6.25 and 100 µM were 
used to prepare a calibration curve. Fluorescein (0.082 µM) and 
2,2-Azobis (2-methyl propionamidine) dihydrochlroride (AAPH) 
(0.15 M) were prepared immediately before use. Rutin trihydrate 
(10 µM) was used as the antioxidant standard. Fluorescein (120 
µL) was transferred into the wells followed by addition of 20 µL 
of samples (1 mg/mL final concentration) or blank (buffer). The 
mixtures were incubated for 20 min at 37 °C in the Synergy H4 
multi-mode microplate reader (Biotek Instruments Inc., Winooski, 
VT, USA) and subsequently AAPH solution (60 µL) was added to 
each well. Data were collected every min for a total of 50 min. The 
ORAC values were expressed as Trolox equivalents (TE) using the 
standard curve.

2.10. Ferric-reducing antioxidant property (FRAP)

FRAP was determined according to Zhang et al. (2008) which was 
modified as follows. Experimental sample or GSH was dissolved 
in 0.2 M phosphate buffer, pH 6.6; an aliquot (250 μL) was mixed 
with 250 μL of the buffer and 250 μL of 1% solution of potassium 
ferricyanide. The mixture was thoroughly mixed using a vortex 
machine and heated at 50 °C for 20 min. After incubation, 250 μL 
of 10% (w/v) trichloroacetic acid (TCA) were added followed by 
50 μL of 0.1% (w/v) solution of ferric chloride in double distilled 
water and then 200 μL of double distilled water were added. The 
solution was allowed to stand for 10 min at room temperature, after 
which it was centrifuged at 1000 × g for 10 min. An aliquot (200 
μL) of the supernatant was transferred to a clear bottom 96-well 
plate and the absorbance was read at 700 nm in ae Synergy H4 
multi-mode microplate reader (Biotek Instruments Inc., Winooski, 
VT, USA).

2.11. Superoxide radical scavenging activity

The superoxide scavenging activity was measured according to 
the method described by Xie et al. (2008) with slight modifica-



Journal of Food Bioactives | www.isnff-jfb.com136

Antioxidant and antihypertensive activities Ijarotimi et al.

tion. An aliquot (80 μL) of the protein fraction sample or GSH was 
mixed (1 mg/mL final assay concentration) with 80 μL of 50 mM 
Tris–HCl buffer (pH 8.3) containing 1.0 mM ethylenediaminetet-
raacetic acid (EDTA) directly into a clear bottom 96-well plate in 
the dark. Pyrogallol (1.5 mM) was dissolved in 10 mM HCl and 
40 μL of it added to each well. The blank reaction contained only 
Tris–HCl buffer. The reaction rate (ΔA/min) of the sample (s) and 
blank (b) was measured immediately in a Synergy H4 multi-mode 
microplate reader (Biotek Instruments Inc., Winooski, VT, USA) 
at 420 nm for 4 min. at room temperature using the buffer as blank. 
The superoxide scavenging activity was calculated using the fol-
lowing equation.

420 420

420

Superoxide radical scavenging activity

( A / min)b ( A / min)s 100
( A / min)b

=

 ∆ − ∆
× ∆ 

2.12. ACE inhibition assay

The ability of WCH and ultrafiltration fractions to inhibit in vitro 
ACE activity was measured according to a spectrophotometric 
method using synthetic N-[3-(2-furyl)acryloyl]-L-phenylalanyl-
glycyl-glycine (FAPGG) as the substrate (Sigma-Aldrich, St. Lou-
is, MO, USA) as previously described (Holmquist et al., 1979). 
Briefly, 1 mL of 0.5 mM FAPGG (dissolved in 50 mM Tris-HCl 
buffer containing 0.3 M NaCl, pH 7.5) was mixed with 20 µL of 
ACE (20 mU final reaction activity) and 200 µL sample dissolved 
in the same buffer. The rate of decrease in absorbance at 345 nm 
was recorded for 2 min at room temperature using a Varian Cary 
50-UV/Visible spectrophotometer. The buffer was used instead 
of sample solutions in the blank experiment. The concentration 
of sample that inhibited ACE activity by 50% (IC50) was calcu-
lated from a non-linear regression plot of percentage ACE activity 
versus sample concentrations using GraphPad Prism 6 (GraphPad 
Software, La Jolla, CA, USA). ACE activity was expressed as the 
rate of reaction (ΔA/min) and inhibitory activity was calculated as 
shown below.

( ) 1
(sample)

1
(blank)

ACE inhibition %   1 A min

100 A min

−

−

 = − ∆ ⋅ 
× ∆ ⋅

where ΔA.min−1
(sample) and ΔA.min−1

(blank) represent ACE activity 
in the presence and absence of the samples, respectively.

2.13. Renin inhibition assay

In vitro inhibition of human recombinant renin activity was con-
ducted using the Renin Inhibitor Screening Assay Kit (Cayman 
Chemical Co., Ann Arbor, MI, USA) according to Malomo et 
al. (2015). Prior to the assay, renin buffer was diluted in 50 mM 
Tris–HCl, pH 8.0, containing 100 mM NaCl. The renin protein 
solution was diluted 20 times with the assay buffer before use and 
pre-warmed to 37 °C prior to initiating the reaction in a fluoromet-
ric microplate reader (Spectra MAX Gemini, Molecular Devices, 
Sunnyvale, CA, USA) maintained at 37 °C. Before the reaction 
(i) 20 µL substrate, 160 µL assay buffer, and 10 µL Milli-Q water 
were added to the background wells; (ii) 20 µL substrate, 150 µL 
assay buffer, and 10 µL Milli-Q water were added to the blank 
wells; and (iii) 20 µL substrate, 150 µL assay buffer, and 10 µL 
sample were added to the inhibitor wells. The reaction was initi-

ated by adding 10 µL renin to the blank and sample wells. The 
microplate was shaken for 10 s to mix, incubated at 37 °C for 15 
min, and the fluorescence intensity (FI) was recorded using a Syn-
ergy H4 microplate reader (Biotek Instruments Inc., Winooski, VT, 
USA) at excitation and emission wavelengths of 340 and 490 nm, 
respectively. The concentration of sample that inhibited renin ac-
tivity by 50% (IC50) was calculated from a non-linear regression 
plot of percentage renin activity versus peptide concentrations. 
The percentage renin inhibition was calculated as follows.

( ) (sample) (sample)Renin inhibition %   1 FI 100 FI = − × 

2.14. BP-lowering effect of peptides in spontaneously hyperten-
sive rats (SHRs)

Animal experiments were carried out following the Canadian 
Council on Animal Care Ethics guidelines with a protocol ap-
proved by the University of Manitoba Animal Ethics Committee. 
The 30-week old male SHRs (Charles River Laboratories, Montre-
al, QC, Canada) with 340–380 g body weight (bw) were kept in the 
Animal Housing Facility at the Richardson Centre for Functional 
Foods and Nutraceuticals, University of Manitoba, Winnipeg, 
Canada, under a 12 h day and night cycle at 22 ± 2 °C and were 
fed regular diet and tap water. The rats were divided into three 
groups with 4 rats per group: WCI, WCH or membrane fractions 
(test samples), captopril (positive control) and phosphate buffered 
saline (PBS, pH 7.4) as the negative control. The test samples 
(each at 200 mg/kg bw) and captopril (10 mg/kg bw) were each 
dissolved in 1 mL PBS and administered to the SHRs by oral gav-
age followed by measurement of SBP and DBP at 2, 4, 6, 8, and 24 
h using the tail-cuff method in slightly anesthetized rats as previ-
ously described (Aukema et al., 2010). Prior to sample adminis-
tration, the baseline (time-zero) SBP and DBP were determined. 
The changes in SBP and DBP (ΔSBP and ΔDBP, mmHg) were 
recorded by subtracting the baseline data from the data obtained at 
different time points.

2.15. Statistical analysis

Triplicate replications were used to obtain mean values and 
standard deviations. Statistical analysis was performed with SAS 
(Statistical Analysis Software 9.1) using one-way analysis of var-
iance. Duncan’s multiple-range test was carried out to compare 
the mean values for samples with significant differences taken at 
P < 0.05.

3. Results and discussion

3.1. Amino acid composition

Results of the amino acid composition of wonderful cola protein 
isolate, hydrolysate and its membrane fractions are reported in 
Table 1. The data showed a relationship between the molecular 
weight and amino acid composition of the protein products. For 
instance, the <1 kDa membrane fractions had significantly (P < 
0.05) higher contents of aromatic and hydrophobic amino acids, 
especially Phe, Leu and Tyr (10.59, 10.06 and 8.43 g / 100 g, re-
spectively) when compared to other protein products and mem-
brane fractions. It is noteworthy that relationships between the 
antioxidant activity of peptides and the molecular weight as well 
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as the amino acid content have previously been reported (He et 
al., 2013a; Je et al., 2005). In an earlier work, He et al. (2013a) re-
ported a higher proportion of aromatic and hydrophobic amino ac-
ids for the <1 kDa rapeseed peptide fractions, which may enhance 
hydrophobic interactions with other compounds. Such interactions 
could improve radical scavenging activity, hydrogen donating ca-
pability and overall antioxidant potential of the peptides (Aleman 
et al., 2011). The high antioxidant power of these aromatic and 
hydrophobic amino acids (Tyr and Phe) has been reported to be 
due to their indole and phenol groups, which enhance hydrogen-
donation capacity (Siddeeg et al., 2015; Ajibola et al., 2011; Ren 
et al. 2008). Besides, ultrafiltration separation led to a significant 
(P < 0.05) improvement in the arginine (a precursor of vasodilator 
nitric oxide) content of the <1 kDa peptide fraction. The higher ar-
ginine proportions of the <1 kDa fraction may contribute to blood 
pressure-lowering potential as previously observed for protein 
hydrolysates from hemp seed (Malomo et al., 2015) and flaxseed 
(Nwachukwu et al., 2014).

3.2. DPPH and hydroxyl radicals-scavenging activity

DPPH radical scavenging is considered a good in vitro model wide-
ly used to assess antioxidant efficacy in relatively short time (Sa-
kanaka et al., 2005). Antioxidants, on interaction with the DPPH 
radical, transfer either an electron or hydrogen atom to DPPH, thus 
reducing it to become a stable diamagnetic molecule (Siddeeg et 
al., 2015; Naik et al., 2003). The percentage DPPH radical scav-
enging activity of ultrafiltration membrane protein fractions varied 
from 66.9% in 5–10 kDa to 67.3% in 1–3 kDa peptide fractions 
(Fig. 1a). The scavenging activities of the peptide fractions (∼67%) 

were significantly (P < 0.05) higher when compared to WCI and 
WCH (46.1 and 55.0%, respectively) but significantly (P < 0.05) 
lower than glutathione (71.0%). The greater DPPH radical scav-
enging activity of WCH and peptide fractions when compared to 
the unhydrolyzed WCI indicates that short-chain protein fragments 
are more effective at interacting with the DPPH radical than high 
molecular weight protein molecules. The increased DPPH radical 
scavenging ability of the peptide fractions when compared to the 
WCH suggests reduction in antagonistic peptide-peptide interac-
tions after separation. Past findings also reported higher DPPH 
scavenging activities of hemp seed, zein, quinoa, chickpea and 
flaxseed ultrafiltration peptide fractions when compared to the un-
fractionated protein hydrolysates (Girgih et al., 2011a; Tang et al., 
2010; Udenigwe et al., 2009; Wang et al., 2007; Aluko and Monu, 
2003). However, the present results for peptide fractions (∼66%) 
are higher than the 52% DPPH scavenging activity reported for a 
hemp seed meal hydrolysate (Girgih et al., 2014a). The stronger 
DPPH radical scavenging ability of the peptide fractions may be 
due to the presence of higher amounts of hydrophobic residues 
when compared to WCH, since hydrophobicity could have en-
hanced peptide interactions with the DPPH molecules (Sarmadi 
and Ismail, 2010).

The hydroxyl radical, which is generated from interaction be-
tween H2O2 and metal ions such as Fe2+ or Cu2+ in the Fenton reac-
tion, is believed to be an extremely reactive and short-lived species 
with destructive ability towards DNA, proteins, and lipids (Pastor 
et al., 2000; Huang et al., 2005; Jamdar et al., 2012). Thus, hy-
droxyl radical scavenging is imperative for protection against vari-
ous oxidative stress-induced diseases (Girgih et al., 2013; Huang 
et al., 2005; Naqash and Nazeer, 2011). The results presented in 
Fig. 1b show that the hydroxyl radical scavenging activity of WCI, 

Table 1.  Amino acid profile (g/100 g protein) of wonderful cola protein isolate (WCI), hydrolysate (WCH) and ultrafiltration fractions

Amino acids WCI WCH
Fractionated peptides

<1 kDa 1–3 kDa 3–5 kDa 5–10 kDa

Thr 3.86 ± 0.07 3.76 ± 0.02 3.54 ± 0.13 3.90 ± 0.03 3.93 ± 0.06 4.11 ± 0.11

Val 4.52 ± 0.06 4.79 ± 0.19 5.23 ± 0.10 5.35 ± 0.19 5.34 ± 0.08 5.39 ± 0.10

Met 1.18 ± 0.10 1.19 ± 0.07 0.72 ± 0.01 0.82 ± 0.01 0.83 ± 0.05 0.79 ± 0.00

Ile 3.96 ± 0.02 3.64 ± 0.03 3.96 ± 0.03 3.81 ± 0.02 4.54 ± 0.26 4.46 ± 0.20

Leu 8.61 ± 0.10 7.68 ± 0.19 10.06 ± 0.05 8.67 ± 0.28 8.32 ± 0.17 7.41 ± 0.34

Phe 7.14 ± 0.02 6.46 ± 0.01 10.59 ± 0.39 8.45 ± 0.35 7.56 ± 0.04 5.82 ± 0.05

His 4.53 ± 0.44 3.63 ± 0.30 3.66 ± 0.27 3.63 ± 0.25 3.54 ± 0.01 3.93 ± 0.02

Lys 4.49 ± 0.05 4.50 ± 0.39 3.79 ± 0.00 3.93 ± 0.05 3.98 ± 0.02 4.64 ± 0.02

Trp 1.65 ± 0.10 1.51 ± 0.22 1.59 ± 0.03 1.90 ± 0.08 1.81 ± 0.03 1.64 ± 0.01

Arg 8.43 ± 0.08 9.10 ± 0.01 10.74 ± 0.03 8.75 ± 0.02 7.46 ± 0.37 7.03 ± 0.03

Tyr 5.62 ± 0.01 5.33 ± 0.27 8.43 ± 0.20 6.72 ± 0.20 6.53 ± 0.34 4.33 ± 0.08

Ser 5.12 ± 0.10 4.92 ± 0.05 4.11 ± 0.09 4.67 ± 0.11 4.71 ± 0.13 4.99 ± 0.00

Glu 13.93 ± 0.15 17.04 ± 0.16 13.12 ± 0.21 13.89 ± 0.17 14.52 ± 0.09 14.70 ± 0.04

Pro 6.76 ± 0.08 6.62 ± 0.32 3.39 ± 0.05 5.58 ± 0.07 6.43 ± 0.28 7.67 ± 0.18

Gly 4.59 ± 0.34 5.40 ± 0.15 4.33 ± 0.27 5.59 ± 0.39 5.42 ± 0.20 6.70 ± 0.30

Asp 11.26 ± 0.15 10.21 ± 0.19 7.61 ± 0.23 9.81 ± 0.12 10.58 ± 0.29 11.69 ± 0.12

Ala 4.34 ± 0.20 4.22 ± 0.19 5.13 ± 0.07 4.53 ± 0.38 4.50 ± 0.05 4.69 ± 0.20

Cys 1.97 ± 0.02 1.84 ± 0.05 1.07 ± 0.05 1.31 ± 0.08 1.45 ± 0.22 1.59 ± 0.01
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WCH, membrane fractions and GSH were 62.7, 17%, 10.4–32.3 
and 60.4%, respectively. The high hydroxyl radical scavenging 
activity of WCI (62.7%) might be due to the synergistic effects of 
different long-chain protein fractions present in the isolates when 
compared to the shorter peptide chains in the protein hydrolysate 
and ultrafiltration fractions. The positive effect of cumulative in-
teractions between several amino acids is further supported by the 
higher hydroxyl radical scavenging activity of the 5–10 kDa frac-
tion, which contains longer peptide chains than the lower molecu-
lar weight peptide fractions. The present results are in contrast to 
those of a previous study (Xia et al., 2012) that reported a stronger 
hydroxyl radical scavenging activity for small size barley glutelin-
derived peptides than the high molecular weight peptides. The dif-
ferences may be due to variations in the amino acid composition of 
the wonderful cola and barley glutelin samples.

3.3. Ferric reducing antioxidant potential (FRAP) and Metal ion 
chelating activity

Fig. 2a shows no significant differences (P > 0.05) among the 
FRAP values for WCI, WCH and peptide fractions. However, all 
the samples had significantly (P < 0.05) lower FRAP values than 

glutathione, which suggest that the wonderful cola protein and 
peptides are poor reducing agents with respect to electron dona-
tion to ferric ion. The average FRAP value (6.5%) of the wonderful 
cola samples is lower than the 13.65% reported for hemp seed pep-
tide fractions (Girgih et al., 2013). The stronger ferric ion reducing 
ability of the hemp seed peptides may be due to amino acid compo-
sition differences when compared to the wonderful cola peptides.

The metal chelating activity of WCI and WCH were 46.2 and 
82.9%, respectively, while those of the peptide fractions varied 
from 58.0% for 5–10 kDa to 92.8% for 1–3 kDa (Fig. 2b). The 
stronger metal chelation activity of the 1–3 kDa peptides cannot be 
explained strictly on the basis of amino acid composition. There-
fore, the results may be explained on the basis of least peptide-
peptide antagonistic effect in the 1–3 kDa fraction, which would 
have enabled greater interactions with the metal ion. It is also pos-
sible that the arrangement of amino acids differs for the peptides 
present in various fractions, whereby the sequence in the 1–3 kDa 
favored greater interactions with the metal ion than the sequence 
of peptides in other fractions. Comparatively, the metal chelating 
activity values of WCI, WCH and membrane protein fractions are 
significantly (P < 0.05) higher than that of glutathione (6.2%). The 
results suggest greater metal binding efficacy as a result of syn-
ergistic effects of the different amino acid residues present in the 
cola protein, hydrolysate and peptide fractions when compared to 

Figure 1. Free radical scavenging activity of glutathione (GSH), wonder-
ful cola protein isolate (WCI), hydrolysate (WCH) and ultrafiltration frac-
tions. (a) DPPH; (b) Hydroxyl.

Figure 2. (a) Ferric reducing antioxidant power and (b) Metal chelation 
activity of glutathione (GSH), wonderful cola protein isolate (WCI), hy-
drolysate (WCH) and ultrafiltration fractions. 
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the single glutathione peptide. For example, the acidic and aromat-
ic amino acids of the WCI protein or peptides present in WCH and 
membrane fractions might play a more important role in metal ion 
chelation when compared to the sulfhydryl group of glutathione.

3.4. Superoxide radical scavenging activity and oxygen radical 
absorbance capacity (ORAC)

The ability of wonderful kola and its protein membrane fractions 
to scavenge superoxide radical is shown in Fig. 3a. Superoxide, a 
precursor of highly reactive hydrogen peroxide and hydroxyl radi-
cals, is a highly toxic radical specie generated by numerous bio-
logical reactions (Jamdar et al., 2012). There were no significant 
differences between the superoxide radical scavenging activity of 
the ultrafiltration peptide fractions, which suggest similar peptide 
synergism within the fractions. However, the peptide fractions had 
significantly (P < 0.05) higher superoxide radical scavenging ac-
tivity than the protein isolate and hydrolysate. Therefore, the re-
sults suggest peptide-peptide antagonistic effects within the WCH, 
which was ameliorated by ultrafiltration separation. Similar results 
were reported for barley glutelin hydrolysate and peptide fractions 
(Xia et al., 2012). However, the superoxide radical scavenging ac-
tivity of membrane fractions was significantly (P < 0.05) less than 

that of glutathione (99.5%), which suggests weak contributory ef-
fect of multiple amino acids in the peptide fractions in comparison 
to the 3 amino acids in glutathione.

The ORAC assay tests a compound’s capacity to act as an an-
tioxidant by quenching peroxyl radicals (ROO.). This is assessed 
using fluorescence decay curve of the sample in comparison to a 
blank with no antioxidant activity and the results are normally re-
ported as trolox equivalents (Sheih et al., 2009). With exception of 
the 5–10 kDa fractions, the peroxyl radical scavenging activity of 
fractionated peptides was significantly (P < 0.05) higher than that 
of WCI or WCH (Fig. 3b). The present study showed that smaller 
size peptides (<3 kDa) had stronger peroxyl radical scavenging 
activity when compared to larger size peptides (3–10 kDa). This 
observation has previously been reported to be as a result of the 
ability of small size peptides to interact with and donate electrons 
to free radicals more efficiently than the larger size peptides (Sheih 
et al., 2009). The stronger scavenging activity of the peptide frac-
tions (<5 kDa) also indicate reduced antagonist effect between the 
peptides when compared to the hydrolysate. In contrast, the larger 
size peptides in the 5–10 kDa fraction may have negated the ad-
vantage of reductions in peptide antagonism, hence ORAC value 
was similar to that of the WCH.

3.5. In vitro inhibition of renin and ACE activities

Fig. 4a shows that the ACE-inhibitory activities of the membrane 
peptide fractions decreased as the molecular weight increased. 
For instance, the <1 kDa fraction had significantly (P < 0.05) the 
highestt ACE–inhibitory activity (80%) while the 5–10 kDa had 
the lowest activity (45%). The current finding agrees with vari-
ous studies (Aluko & Monu 2003; Kuba et al., 2005; Wang et 
al., 2011) that have also reported a high ACE–inhibitory activity 
for the low molecular weight peptides when compared to larger 
size peptides. Comparatively, the present study established that 
the enzymatic hydrolysis employed for the production of WCH 
released peptides with higher ACE–inhibitory activity (45–80%) 
than the unhydrolyzed WCI protein (37%). The results are consist-
ent with the presence of amino acid sequences that are encrypted 
within the primary sequence of food proteins (Udenigwe, 2013). 
These encrypted peptides (cryptides) are inactive when present as 
a structural component of the protein, hence lower ACE-inhibitory 
activity of the WCI when compared to WCH where the peptides 
have been released by pancreatin hydrolysis. The ACE-inhibition 
value (75%) recorded in this current study for WCH is higher than 
the 48, 50, and 52–80% reported for papain-treated hemp seed 
(Malomo et al., 2015), sweet potato (Ishiguro et al., 2012) and 
Alcalase-treated Parkia speciosa seed (Siow & Gan, 2013) protein 
hydrolysates, respectively.

In contrast to the ACE-inhibitory results, renin inhibition was 
directly related to peptide size of the ultrafiltration fractions (Fig. 
4b). For instance, the 5–10 kDa protein fractions had the highest 
renin inhibitory activity (90%), while the <1 kDa fractions had the 
lowest (50%) activity. The present results further suggest that the 
mode of peptide inhibition are different for the two enzymes (renin 
and ACE). The results also established that shorter chain peptides 
released during enzymatic hydrolysis of proteins are more effec-
tive renin-inhibitory agents when compared to the unhydrolyzed 
proteins. Therefore, together with the ACE data, the high renin-in-
hibitory activity of peptide fractions confirms the presence of cryp-
tides within the primary sequence of the wonderful proteins. Since 
mammalian blood pressure is highly regulated by enzymes of the 
renin-angiotensin system, the observed in vitro inhibition of ACE 
and renin activities by the wonderful cola protein-derived peptides 

Figure 3. (a) Superoxide scavenging and (b) ORAC activities of glu-
tathione (GSH), wonderful cola protein isolate (WCI), hydrolysate (WCH) 
and ultrafiltration fractions. 
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suggest potential use for hypertension management, hence the pep-
tides were orally administered to SHRs.

3.6. Blood pressure-reducing activities in SHRs

The results of single oral administration (200 mg/kg b.w.) to SHRs 
show that the <1 and 1–3 kDa protein fractions produced the maxi-
mum SBP reductions of −33 and −31 mmHg at 6 h, respectively, 
but the effect gradually decreased to −12 and −17 mmHg at 24 h 
(Fig. 5a). Meanwhile, the 3–5 and 5–10 kDa fractions had maxi-
mum SBP reduction of −27 and −28 mmHg at 6 h and 8 h, after 
which the effect gradually decreased to −16 and −17 mmHg at 24 
h, respectively. Interestingly, the 5–10 kDa had a significantly (P < 
0.05) weaker SBP-reducing effect after 2 h, which suggests slower 
entry into blood circulation when compared to the smaller size 
peptides. However, all the peptide fractions were significantly (P 
< 0.05) more effective as SBP-reducing agents than WCH. There-
fore, ultrafiltration may have served as an effective refining agent 
that produced distinct peptide fractions with stronger synergistic 
effects for lowering SBP. Since the WCH contained a wider vari-
ety of peptides when compared to the peptide fractions, the results 

indicate that narrow size ranges enhanced SBP-reducing effect of 
the wonderful cola peptides. However, the peptides had delayed 
effect when compared to captopril (antihypertensive drug), which 
produced a significantly (P < 0.05) stronger SBP-reducing effect 
after 2 h. The delayed effect of these peptide fractions may be due 
to the need for additional hydrolysis in the gastrointestinal tract 
to release new potent peptide fragments particularly from bigger-
size peptides. It is also possible that absorption rate of captopril is 
higher than those of the peptides. The present reductions in SBP 
are similar to those previously reported for hemp seed (Malomo 
et al., 2015), sweet potato (Ishiguro et al., 2012), pistachio (Li et 
al., 2014) and almond (Wang et al., 2011) protein hydrolysates, 
even at higher doses than the amount used for the wonderful cola 
peptides. In contrast to the peptide products, the WCI that con-
tained unhydrolyzed proteins was not effective in reducing SBP 
of the SHRs. The results are consistent with the presence of free 
bioactive cryptides within the peptide products and the observed 
stronger levels of ACE and renin inhibitions. Therefore, the very 
weak SBP-reducing effect of WCI is consistent with the need for 
extensive proteolysis within the gastrointestinal tract in order to 
release the bioactive cryptides. Similar results showing very weak 
effects of protein isolates have been reported for other seed pro-
teins (Girgih et al., 2011b; Li et al. 2011).

Results of the DBP-reducing activity were similar to those ob-
served for SBP reduction with the peptide fractions, especially the 
smallest sizes of <3 kDa having stronger effects than bigger-size 
peptides (Fig. 5b). However, unlike the SBP-reducing effects, the 
3–5 and 5–10 kDa fractions were not very effective in reducing 
DBP. While the influence of other factors such as peptide absorp-
tion and enzyme inhibition cannot be discounted, the stronger 
DBP-reducing ability of <1 and 1–3 kDa peptides may be due to 
the higher levels of arginine when compared to those of 3–5 and 
5–10 kDa peptides. This is because arginine is a precursor of nitric 
oxide, which enhances vasorelaxation and will favor reduced DBP. 
A previous report has confirmed that increased nitric oxide produc-
tion was directly related to the antihypertensive effect of a peptide 
(Ko et al., 2012). Consistent with the SBP reduction data, the WCI 
and WCH had weaker DBP-reducing effects, which can be attrib-
uted to reduced level of free bioactive cryptides and wide varia-
tion of peptide sizes, respectively, as discussed above. The present 
findings suggest that the low renin-inhibition potency of the <1 
kDa peptides may have been compensated for by the high ACE-
inhibitory activity, hence strong SBP and DBP reductions observed 
for this fraction. The lack of direct correlations between in vitro 
and in vivo activities of the bioactive peptide fractions have also 
been previously reported for other protein hydrolysates (Malomo 
et al., 2015; Alashi et al., 2014b; He et al., 2013b).

4. Conclusions

For the first time, the present work confirmed the presence of bio-
active cryptides within the primary structure of wonderful cola 
proteins. Pancreatin was successfully used to release these cryp-
tides, which was collected as a hydrolysate. Ultrafiltration mem-
brane process was used to separate the hydrolysate into peptide 
fractions with in vitro antioxidant capacity, in vitro RAS enzyme 
inhibitory activities and strong in vivo antihypertensive effects in 
SHRs. The ability to scavenge free radicals and bind metal cations 
could have contributed to antihypertensive effects since oxidative 
stress promotes hypertension. The hydrolysate and its membrane 
separated fractions possessed high contents of charged and hydro-
phobic amino acid residues, which may have contributed to their 

Figure 4. Inhibition of in vitro activities of ACE (a) and renin (b) by won-
derful cola protein isolate (WCI), hydrolysate (WCH) and ultrafiltration 
fractions. 
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strong bioactivity potentials. The study also revealed the efficacy 
and importance of low molecular weight compounds in influencing 
a faster and higher bioactivity levels, especially for blood pressure 
reduction. These findings evidence the superior bioactive proper-
ties of pre-digested proteins when compared to whole proteins. 
The release of physiologically active principles from enzymatic 
processing of the underutilized and underexploited wonderful cola 
crop provides a platform for further development of high-value 
functional food products.
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