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CHAPTER 3

3. HYPOTHESES AND OBJECTIVES

3.1. Hypotheses

3.1.1. Acidified water extracts prepared from marama bean seed coats and condensed tannin
sorghum bran will have higher total phenolic content, flavonoid content, condensed tannin
content, antioxidant activity, and a higher protective effect against erythrocyte haemolysis,
LDL oxidation and oxidative DNA damage initiated by radicals compared to water extracts.
This is because acidic condition during preparation of acidified water extracts will enhance
extraction of free and esterified phenolic compounds and hydrolysis and release of bound
phenolic compounds (Liyana-Pathirana & Shahidi, 2005; Li et al., 2007). Phenolic
compounds will exert antioxidant activity by scavenging free radicals and chelation of metal

cations (Aherne & O’Brien, 2000).

3.1.2. Acidified water extracts prepared from marama bean seat coats and condensed tannin
sorghum bran will have higher levels of free phenolic acids such as p-coumaric, ferulic and
caffeic acids, and flavonoid aglycones compared to water extracts on analysis by HPLC-MS.
The acids exist mostly in bound forms esterified to cell wall components (Manach et al.,
2004) and the flavonoids exist mostly as glycosides and upon pH treatment bound phenolic
acids will be released as free phenolic acids (Liyana-Pathirana & Shahidi, 2005) and
flavonoid glycosides hydrolysed to their aglycone forms (Careri et al., 1998).

3.2.  Objectives

3.2.1. To determine the effect of extraction under acidic condition on total phenolic, total
flavonoid, condensed tannin contents and protein precipitation capacity of aqueous extracts
prepared from marama bean seed coat and condensed tannin sorghum bran and to quantify

and characterize their phenolic compounds using HPLC-MS.

3.2.2. To determine the effect of extraction under acidic condition on antioxidant activity of
aqueous extracts prepared from marama bean seed coat and condensed tannin sorghum bran

using the 2,2’-azinobis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS™), 2,2-diphenyl-1-
31
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picrylhydrazyl (DPPH’) scavenging assays and oxygen radical absorbancy capacity (ORAC)

assay.
3.2.3. To determine the effect of aqueous extracts prepared from marama bean seed coats

and condensed tannin sorghum bran on AAPH-induced oxidative DNA damage and AAPH-

induced human erythrocyte haemolysis and copper-catalysed human LDL oxidation.
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CHAPTER 4

4. RESEARCH

4.1. Characterization of phenolic acid and flavonoid compounds in aqueous extracts

prepared from marama bean seed coats and condensed tannin sorghum bran

Part of this chapter has been published in the International Journal of Food Science and

Technology' and accepted for publication in the Journal of Food Biochemistry®.

'Shelembe, J.S., Cromarty, D., Bester, M.J., Minnaar, A. and Duodu, K.G. (2012)
Characterisation of phenolic acids, flavonoids, proanthocyanidins and antioxidant activity of
water extracts from seed coats of marama bean (Tylosema esculentum) — an underutilised

food legume. International Journal of Food Science and Technology 47, 648-655.
2Shelembe, J.S., Cromarty, D., Bester, M.J., Minnaar, A. and Duodu, K.G. (2012) Effect of

acidic condition on phenolic composition and antioxidant potential of aqueous extracts from

sorghum (Sorghum bicolor) bran. Journal of Food Biochemistry (in press)
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4.1.1. Abstract

Marama bean is a legume plant growing wild in arid and semi arid regions of Southern Africa
and sorghum is an important cereal crop for populations in arid and semi-arid regions of the
world. Freeze-dried aqueous extracts with possible application as antioxidant functional food
ingredients were prepared from marama bean seed coats and condensed tannin sorghum bran
by extracting with water (water extract) or acidified water pH 2 (acidified water extract). The
extracts were analyzed for total phenolic and flavonoid content using spectrophotometric
methods and for phenolic acid and flavonoid compounds using HPLC-MS. Water and
acidified water extracts from marama bean seed coats had 10 and 5 fold higher total phenolic
and total flavonoid content, respectively than equivalent extracts from sorghum bran.
Acidified water extract from marama been seed coats had 36, 33% and 38% lower total
phenolic content, flavonoid content and overall phenolic compound concentration,
respectively, compared to water extracts. The reduction in phenolic content was probably as
a result of co-precipitation of phenolic compounds with other polymeric species. In contrast,
acidified water extracts from sorghum bran had 15% and 19% higher total phenolic content
and overall phenolic compounds concentration, respectively, compared to water extracts, but
no significant difference in total flavonoid content was found. Acidic condition enhanced
extraction of free, esterified phenolic compounds and released bound phenolic compounds
resulting in increased phenolic compound content. Phenolic acids in extracts from marama
bean seed coats were benzoic acid derivatives and flavonoids were flavanols esterified to
gallic acid. In extracts from sorghum, phenolic compounds were benzoic and cinnamic acid

derivatives, phenolic aldehydes and flavonoids from the flavanone subclass.

Kew words: Marama bean seed coat; Sorghum bran; Phenolic compounds; Total phenolic

content; Total flavonoid content; HPLC-MS.
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4.1.2. Introduction

Nowadays there is considerable interest in dietary phenolics because of their presumed role in
the prevention of various degenerative diseases associated with oxidative stress (Scalbert,
Morand, Manach & Rémésy, 2002). Oxidative stress is implicated in the development of
various chronic diseases including atherosclerotic cardiovascular disease, several cancers
(Hodgson, Croft, Puddy, Mori & Beilin, 1996; Xu & Chang, 2007), neurodegenerative
conditions (Chen & Blumberg, 2008) and inflammatory conditions (Erleyman, Jaggers, Fraga
& Oteiza, 2008). It is initiated by reactive oxygen and nitrogen (ROS/RNS) species. These
free radicals are continuously produced in the body and are essential in energy metabolism,
detoxification, chemical signalling and immune function and are controlled by endogenous
enzymes such as superoxide dismutase, glutathione peroxidase and catalase (Jacob & Burri,
1996; Dimitrios, 2006). However, failure of the antioxidant defence systems to scavenge and
minimize the formation of free radicals as well as the overproduction of free radicals leads to
oxidative damage of biomolecules such as DNA, lipids and proteins in the human body
(Jacob & Burri, 1996; Baublis, Decker & Clydesdale, 2000; Kamath, Chandrashekar & Rajin,
2004). Phenolic compounds are non-nutritive components found in many food and medicinal
plants and have various biological functions such as antioxidative, anti-inflammatory and
antimutagenic activities (Suda, Ishikawa, Hatakeyama, Miyawaki, Kudo, Hirano, Ito,
Yamakawa & Horiuchi, 2008). The antioxidative functions are mediated by their ability to
scavenge free radicals and to chelate of transition metals such as copper and iron (Aherne &

O’Brien, 2000; Scalbert et al., 2002) which catalyze oxidation reactions.

The marama bean (Tylosema species) plant is drought-tolerant and has potential for
cultivation as a food crop (Bower, Hertel, Oh & Storey, 1988). The bean is a potential source
of value-added processed products similar to those from soy bean (Maruatona, Duodu &
Minnaar, 2010). The seed coats of marama beans are not edible and are discarded as waste
material during consumption/processing. A study has shown that organic extracts prepared
from the seed coats of marama beans contain phenolic compounds with antioxidant activity.
Total phenolic content of acidified methanol (1% HCI in methanol) extract prepared from
marama bean seed coats was found to be 24.6 mg catechin equivalents/100 mg on a dry
weight basis and phenolic compounds in the extract were phenolic acids and flavonoids
(Chingwaru, Duodu, van Zyl, Schoeman, Majinda, Yeboah, Jackson, Kapewangolo,

Kandawa-Shultz, Minnaar & Cencic, 2011).
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Sorghum (Sorghum bicolor (L.) Moench) bran, a by-product of sorghum milling, is a
potential source of natural antioxidant compounds with potential health benefits (Awika &
Rooney, 2004). During milling, the grain is de-hulled to remove phenolic compounds which
are concentrated in the pericarp or outer layers of the grain (bran) and this improves colour,
reduces astringency and improves protein digestibility of products produced from the
sorghum meal (Dlamini, Taylor & Rooney, 2007). Therefore the bran fraction is an ideal
material source for the extraction of phenolic compounds. All sorghums contain phenolic
acids and flavonoid compounds but only type II and III sorghums contain high molecular

weight condensed tannins (Dykes & Rooney, 2006).

Phenolic compounds are commonly extracted with organic solvents. However, organic
solvents may not be compatible with food because they have some degree of toxicity towards
human health (Tsuda, Mizuno, Kawakishi & Osawa, 1995). Extraction with water might be a
preferred option for pharmaceutical and food grade commercial processes (Oomah, Corbé &
Balasubramanian, 2010). Water does not pollute the environment and does not require
special management and it is cheaper compared to organic solvents (Llorach, Tomas-
Barberan & Ferreres, 2004). Extraction under aqueous acidic condition (using acidified
water) may help release bound phenolic compounds from complex carbohydrates and thus
increasing yield of antioxidant phenolics (Liyana-Pathirana & Shahidi, 2005). Furthermore,
acidification also simulates the pH condition of the stomach and can give an indication of the

availability of phenolic compounds during the early stages of digestion in the stomach.

The objective of this study was to determine the effect of extraction under acidic condition on
yield, total phenolic content, total flavonoid content and phenolic compound profile (phenolic
acid and flavonoid compounds) of aqueous extracts from marama bean seed coats and

condensed tannin sorghum bran.

4.1.3. Materials and methods

4.1.3.1. Materials

Marama beans from the 2008 season were obtained from Ghanzi province in Botswana.
Condensed tannin sorghum (PAN 3860, a type III sorghum) was from the 2004 season and
was cultivated in South Africa. Folin Ciocalteu reagent, sodium carbonate, 1 M hydrochloric

acid solution, 1 M sodium hydroxide solution, 32% concentrated hydrochloric acid, HLPC
36



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

"IW_

&

ﬂ UNIVERSITEIT VAN PRETORIA
Qe

grade methanol, HPLC grade acetonitrile, ethyl acetate, aluminium chloride, sodium nitrate
and sodium hydroxide were purchased from Merck Chemicals (Johannesburg, South Africa).
Gallic acid, protocathechuic acid, (+)-catechin hydrate, p-hydroxybenzoic acid, vanillic acid,
caffeic acid, p-coumaric acid, (-)-epicatechin-3-O-gallate, ferulic acid, taxifolin, naringen,

hesperetin were purchased from Sigma-Aldrich (Johannesburg, South Africa).

4.1.3.2. Methods

4.1.3.2.1. Sample preparation

Marama beans were cracked using a DF sample cracker (WMC Metal Sheet Works, Tzaneen,
South Africa) and the seed coats were separated from the cotyledons manually. The seed
coats were then ground into a powder using a Waring blender, sieved through a 500 pm
aperture test sieve and packed under vacuum. The powdered samples were stored at 4 °C

until extraction.

Five kilograms of condensed tannin sorghum grain was hand cleaned and sorted to remove
diseased, broken grains and foreign materials. The grain was decorticated using a Prairie
Research Laboratory (PRL) type sorghum dehuller (Rural Industries Innovation Center,
Kanye, Botswana) for 5 min to obtain a bran yield of approximately 7%. Bran was separated
from de-hulled grain by sieving through a 1000 um aperture test sieve. The bran was ground
into a powder using a Waring blender to pass through a 500 pm test sieve. Powdered bran

sample was packed under vacuum and stored at 4 °C until extraction.

4.13.2.2. Preparation of extracts

Aqueous extracts from marama bean seed coats and condensed tannin sorghum bran were
prepared with water adjusted to pH 2 (acidified water extracts) or water only (water extracts)
according to the methods of Baublis et al. (2000) and Liyana-Pathirana and Shahidi (2005)
with some modifications. Acidified water extracts were prepared by mixing 10 g sample
with 150 ml distilled water and stirring for 30 min using a magnetic stirrer. The pH was
adjusted to 2 using 1 M HCI and then incubated in a shaking water bath at 37 °C for 30 min.
The pH was then adjusted to 6 using 1 M NaOH and incubation continued in a shaking water
bath at 37 °C for 30 min. Water extracts were prepared by mixing 10 g sample with 150 ml

distilled water containing 0.3 g NaCl (equivalent to the amount produced by the reaction
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between 1 M HCl and 1 M NaOH added in acidified water extract) and stirring for 30 min
using a magnetic stirrer. Extraction was further carried out in a shaking water bath at
ambient temperature for 60 min. Both water and acidified water extracts were centrifuged at
7500 g, 25 °C for 15 min using a model Rotanta 460R centrifuge (Andreas Hettich GmbH &
Co.KG, Tuttlingen, Germany). The supernatant was decanted and freeze-dried. Extracts

were weighed and stored at -20 °C in sealed zip-lock bags until analyzed.

4.1.3.2.3. Total phenolic content

Total phenolic contents of the extracts were determined using the Folin-Ciocalteu method
(Singleton & Rossi, 1965). Freeze-dried marama bean seed coat (25 mg) and sorghum bran
(75 mg) extracts were weighed into 25 ml volumetric flasks and made up to volume with
distilled water. Catechin standard serial dilutions ranging from 0 to 1000 mg/L were
prepared from a stock solution of catechin (1250 mg/L).  Extract solution or catechin
standard solution (0.5 ml) was added into a 50 ml volumetric flask containing 10 ml distilled
water. Folin-Ciocalteu’s reagent (2.5 ml) was added and the contents were mixed before 7.5
ml sodium carbonate solution (20 g/100 ml) was added within 1-8 minutes after the addition
of Folin-Ciocalteu’s reagent. The contents were mixed again and made-up to the mark with
distilled water. Two hours after the addition of sodium carbonate solution the absorbance
was measured at 760 nm using a T80+ UV-VIS spectrophometer (PG Instruments, Wibtoft,
UK) and data acquired with UVWin software version 5.0.5 (PG Instruments, Wibtoft, UK).
Total phenolic content were reported as mg CE/g (mg catechin equivalens per gram) on dry

sample weight basis.

4.13.2.4. Total flavonoid content

Total flavonoid content was determined as described by Ali-Farsi and Lee (2008) with some
modification. Five milligrams of freeze-dried marama bean seed coat and condensed tannin
sorghum bran extracts were dissolved in 2 ml and 1 ml distilled water, respectively, to a final
concentration of 2.5 mg/ml and 5 mg/ml, respectively. (+)-Catechin standard serial dilutions
ranging from 0-0.8 mg/ml were prepared from a 1.2 mg/ml stock solution. Extract or
catechin standard solution (30 pl) was added into the wells of a 96 well plate. Then 20 ul of
36 mM sodium nitrate, 20 pl 94 mM aluminium chloride and 100 pl of 0.5 M sodium

hydroxide solutions were added to each well. Absorbance was read at 450 nm on a 96 well
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plate reader (Bio-Tek EL X800, Bio-tek Instruments Inc, Winooski, USA). A calibration
curve was prepared from catechin standards and flavonoid content reported as mg catechin

equivalents per gram of sample (mg CE/g) on dry weight basis.

4.1.3.2.5. Characterization of phenolic acids and flavonoids in aqueous extracts by
HPLC-MS

Extracts were subjected to acid catalyzed hydrolysis and extracted with ethyl acetate
according to the methods described by Hahn, Faubion and Rooney (1983) and Svensson,
Sekwati-Manang, Lutz, Schieber and Ganzle (2010) with some modification. Freeze-dried
marama bean seed coat (6 mg) and condensed tannin sorghum bran (20 mg) extracts were
dissolved in 5 ml of 2 M HCI. The mixture was heated in a shaking water bath at 98 °C for 1
hour. The solution was allowed to cool and phenolic acid and flavonoid compounds were
extracted twice with 5 ml ethyl acetate using a separation funnel. After partitioning, the ethyl
acetate fractions were combined and then evaporated to dryness in a rotary vacuum
evaporator model Rotavapor RE 120 (Biichi Labortechnik AG, Flawil, Switzerland) at 30 °C.
The residues (after evaporation of ethyl acetate) from marama bean seed coat and condensed
tannin sorghum bran were re-dissolved in 2 ml and 1 ml methanol, respectively, filtered

through a 0.2 um PTFE filter and stored at 4°C until analysis.

HPLC conditions: The HPLC system consisted of a Waters 1525 binary pump, Waters 2487
dual wavelength absorbance detector (Waters Associates, Milford, USA) and a YMC-Pack
ODS AM-303 (250 x 4.6 mm i.d., 5 um particle size) reverse phase column (Waters
Associates, Milford, USA). The HPLC conditions were according to Kim, Hyun, Kim, Park,
Kim, Kim, Lee, Chun & Chung (2007). Mobile phase A was 0.1% acetic acid in water and
mobile phase B was 0.1% acetic acid in acetonitrile. Solvents were delivered in a linear
gradient as follows: 8-10% B (2 min), 10-30% B (25 min), 30-90% B (23 min), 90-100% B
(2 min), 100-8% B (2 min) and 8% B (7 min). Sample injection volume was 20 ul. Flow
rate was maintained at 0.8 ml/min and total run time was 61 min. Phenolic compounds were
detected at 280 nm and data acquired by Breeze system software (Waters Associates,
Milford, USA). Calibration curves were prepared from phenolic standards serial dilutions
and concentration of each compound in samples calculated and data was reported as pg/g of

sample on dry weight basis.
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HPLC/ESI-MS conditions: The system consisted of an Agilent 1100 series HPLC system with
model G1312A binary pump, model G1322A degasser, model G1367A auto sampler, model
GI1316A column heater and model GI1315B photo diode array detector (Agilent
Technologies, Santa Clara, CA, USA). A YMC-Pack ODS AM-303 (250 x 4.6 mm i.d., 5
um particle size) reverse phase column (Waters Associates, Milford, MA) was used. The
HPLC system was coupled to a triple quadrupole / linear ion trap mass spectrometer, model
4000 Q TRAP LC/MS/MS system (AB SCIEX, Concord, Canada). Injection sample volume
was 20 ul and solvent gradient was the same as previously outlined under HPLC conditions
except that column temperature was set at 30 °C and detector wavelength at 190-600 nm.
The operating conditions for the mass spectrometer were set as follows: The source
temperature was maintained at 400 °C, ion spray voltage at -4000 V (negative mode).
Nitrogen at a pressure of 35 psi was used as a nebulizer gas (GS1) and at 40 psi as a heating
gas (GS2) and at 23 psi as a curtain gas (CUR). Declustering (DP) and entrance (EP)
potential were set at -70 and -10 V, respectively. The mass of compounds was scanned from
m/z 70 Da to m/z 1200 Da in 0.75 s and the data acquired and monitored by Analyst
software, version 1.5 (Applied Biosystems / MDS Analytical Technologies Instruments,

Concord, Canada).

4.1.3.3. Statistical analysis

Results from two independent experiments performed in duplicate were expressed as means +
standard deviations. Data were analyzed using one-way analysis of variance (ANOVA) and
post hoc testing using Fishers LSD test for multiple comparisons of means. Significant
differences between means were accepted at p < 0.05. Statistica 8.0 program (StatSoft, Inc,

Tulsa, OK) was used for statistical data analysis.

4.1.4. Results and discussion

4.1.4.1. Yield, total phenolic and total flavonoid content of aqueous extracts

Table 4.1.1 shows that water extracts from marama bean seed coats had the highest yield
amongst all the extracts. Extraction of marama bean seed coats under acidic condition
(acidified water extract) resulted in a 20% significant reduction in yield compared to
extraction with water (water extract). In contrast, extraction of sorghum bran under acidic

condition resulted in a 7% significant increase in yield compared to extraction with water.
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The total phenolic and flavonoid content of water extract from marama bean seed coats were
the highest amongst all the extracts following the same trend as the yield. Extraction of
marama bean seed coats under acidic condition resulted in 36% and 33% reduction in total

phenolic content and flavonoid content, respectively compared to water extracts.

Table 4.1.1. Effect of extraction under acidic condition on yield, total phenolic and total
flavonoid content of aqueous extracts from marama bean seed coats and condensed tannin

sorghum bran

Sample % Yield' Total phenolic content Total flavonoid content

(mg CE?/ g) (mg CE/g)

Marama bean seed coat

Water extract 13.4°d*+£0.16 62.1d+1.3 222¢+0.9

Acidified water extract 10.7 ¢+ 0.44 395¢c+23 149b+1.2

Sorghum bran

Water extract 9.7a+0.05 5.8a=+0.1 43a+0.2

Acidified water extract 10.4b+0.05 6.7b+0.1 47a+0.2

! Grams of freeze dried aqueous extract/100 g of dry sample weight

’CE, Catechin equivalent

’Data are means + standard deviations of four determinations, on dry weight basis

*Means followed by different letters in the same column are significantly different (p < 0.05)

In contrast, extraction of condensed tannin sorghum bran under acidic condition resulted in a
15% and 9% increase in total phenolic and flavonoid content, respectively. However the

increase in flavonoid content was not significant (p>0.05) when compared to water extracts.

Water extract from marama bean seed coats appeared opaque without coagulation before

removal of insoluble solids by centrifugation (Fig. 4.1.1A). However, in acidified water
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extracts a precipitate was observed after acid treatment to pH 2 before removal of insoluble
solids by centrifugation (Fig. 4.1.1B). The precipitate appeared to be as a result of a
coagulation/flocculation process, leaving a transparent brownish supernatant. The precipitate
was likely to be an interpolymer complex formed between non-ionic polymers such as
cellulose or other hydroxyl containing polymers and ionic polymers (Khutoryanskiy,

Dubolazov & Mun, 2009) such as tannins due to their ionic behaviour in solution (Roussy,

Chastellan, van Vooren & Guibal, 2005).

C D

Figure 4.1.1. Appearance of aqueous extracts from marama bean seed coats and condensed
tannin sorghum bran after treatment; A) Marama water extract; B) Marama acidified water

extract; C) Sorghum water extract; D) Sorghum acidified water extract.

These complexes are formed under acidic conditions (below pH 3) due to the formation of
hydrogen bonds between ionic polymers and proton-accepting non-ionic polymers
(Khutoryanskiy et al., 2009). Low molecular weight compounds (such as phenolic acids and
flavonoids) may be incorporated into the interpolymer complex through reversible non-
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covalent binding (Molyneux & Vekavakayanondha, 1986). Therefore the decrease in yield,
total phenolic and flavonoid content of acidified water extracts from marama bean seed coat
could be as a result of co-precipitation of phenolic compounds with interpolymer complexes

initiated by change in pH.

Acidified water extracts from condensed tannin sorghum bran (Fig. 4.1.1D) did not show as
much coagulation and precipitation, and the medium was slightly cloudier and more opaque
compared to the water extract (Fig. 4.1.1C). Liyana-Pathirana & Shahidi (2005) reported a
two fold increase in yield and 25 fold increase in total phenolic content of extracts from soft
and hard wheat bran, as a result of extraction under acidic condition. According to the
authors the increase was attributed to the release of phenolic compounds esterified to non-
starch polysaccharides such as arabinoxylans under simulated acidic conditions. Extraction
of phenolic compounds following acid or base hydrolysis has been shown to results in
extracts with higher levels of phenolic compounds (Hahn et al., 1983; Madhujith & Shahidi,
2009), which is attributed to release of bound phenolic compounds. Therefore the increase in
yield, total phenolic and flavonoid content in acidified water extracts from sorghum bran
could be as a result of a similar process. However, in acidified water extracts from marama
bean seed coats bound phenolic compounds released by acid hydrolysis were possibly co-
precipitated with interpolymer complexes at low pH resulting in lower yield, total phenolic

content and total flavonoid content.

The total phenolic content of water and acidified water extracts from marama bean seed coat
were 75% and 84%, respectively lower than that of acidified methanolic extracts prepared
from marama bean seed coats (246 mg catechin equivalent/g, dry weight basis) (van Zyl,
2007). This is because water is a poor extraction solvent for phenolic compounds and it can
also extract soluble polysaccharides and proteins compared to methanol. The solubility of
phenolic compounds in water is very low compared to organic solvents such as methanol and

acetone (Ali-Farsi & Lee, 2008).

Kobue-Lekalake, Taylor and de Kock (2007) reported that the total phenolic content of
infusion from bran of the same sorghum cultivar used in this study (PAN 3860) prepared by
boiling in water for 20 min was 48.6 g tannic acid equivalents per kg (4.9% (w/w)). These

results were comparatively higher than that of water extracts and acidified water extracts as

shown in Table 4.1.1 (0.58% and 0.67% (w/w), respectively). This could be due to enhanced
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extraction of phenolic compounds by boiling which breaks down cell walls and thus releasing
compounds into extraction solution. Awika, Rooney, Wu, Prior and Cisneros-Zevallos
(2003) reported that the total phenolic content of aqueous acetone extracts from bran of Hi
tannin and Sumac (SU99) sorghum were 55 and 66 mg gallic acid equivalent/g on dry weight
basis (5.5 % (w/w) and 6.6 % (w/w) respectively). Sikwese and Duodu (2007) reported that
the total phenolic content of 100% methanol extracts from bran of a condensed tannin
sorghum variety (Phatafuli) was 101 mg tannic acid equivalent/g on dry weight basis (10.1%
(w/w)). The comparatively lower total phenolic content in the water and acidified water
extracts from the condensed tannin sorghum bran may be mainly due to water being a poor
solvent for the extraction of phenolic compounds compared to organic solvents (Ali-Farsi &
Lee, 2008). Nevertheless, the amount of phenolic compounds in the aqueous extracts is an
indication of the bio-available fraction i.e. phenolic compounds that may have health
promoting effects when added to the diet. It must be mentioned that it is generally difficult to
compare total phenolic contents in literature directly due to the fact that there is no uniformity

in the standards used.

Total phenolic contents of water and acidified water extracts from marama bean seed coat
were 10 and 5 fold respectively, higher than equivalent extracts from condensed tannin
sorghum bran. Also, the flavonoid contents were 6 and 3 fold respectively, higher than

equivalent extracts from condensed tannin sorghum bran.

4.1.4.2. Characterization of phenolic acid and flavonoid compounds by HPL.C-
MS

The retention times, mass spectra and Amax of selected phenolic compound standards were
determined under the same separation conditions as samples and the results are shown in

Table 4.1.2.

414.2.1. Marama bean seed coats

The phenolic compound profiles of hydrolysed water and acidified water extracts from
marama bean seed coats were similar. The HPLC and total ion current chromatograms are

presented in Fig. 4.1.2 and the mass spectra data is presented in Fig. 4.1.3.
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Table 4.1.2. Mass spectra and UV data for selected phenolic acid and flavonoid standard compounds

Peak Compound Molecular tg (min) m/z [M-HJ Fragment ions m/z MS" HPLC-DAD
No. weight (g/mol) (% intensity) (% intensity) (Amax NM)

1 Gallic acid 170.12 7.1 169 (100) 125 (51) 216,272

2 Protocatechuic acid 154.10 10.8 153 (100) 109 (55) 218, 260, 294
3 Catechin 290.29 14.1 289 (100) - 208, 228, 278
4 p-Hydroxybenzoic acid 138.12 14.7 137 (100) 93 (53) 198, 208, 256
5 Vanillic acid 168.10 16.2 167 (100) 123 (27), 109 (13) 216, 260, 292
6 Caffeic acid 180.20 16.6 179 (100) 135 (61) 216, 324

7 p-Coumaric acid 164.20 21.4 163 (100) 119 (91) 212,222,310
8 (-)-Epicatechin 3-O-gallate 442.40 22.6 441 (100) 289 (15),208 (36), 179 (25) 208, 324

9 Ferulic acid 194.19 23.0 193 (100) 178 (39), 149 (19), 134 (26) 216, 322

10 Taxifolin 304.25 24.1 303 (100) 285 (16) 202, 290

11 Naringenin 272.26 35.7 271 (100) 151 (7) 194, 288

12 Hesperetin 302.30 36.4 301 (100) 242 (8) 204, 288

tR* - Retention time

- No framgment ion for parent compound
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The identity of the major phenolic acids and flavonoids are summarized in Table 4.1.3. Peak
1 with the most abundant [M-H] molecular ion at m/z 169.8 (100) (Fig. 4.1.3A) corresponded
to gallic acid (MW=170.12). The major fragment ion at m/z 125.6 (63) corresponded to
decarboxylated gallic acid ion. The retention time, fragmentation pattern and UV A were
similar to that of gallic acid standard (Table 4.1.2). Gallic acid has been reported in alkaline
hydroylsates of seed coats from mung beans, lentils, faba beans, pigeon and cowpeas
(Sosulski & Dabrowski, 1984). It has also been reported to occur as a component of
condensed tannins in legumes in the form of (-)-epicatechin 3-O-gallate as extender and
terminal units (Duefias, Hernandez & Estrella, 2006) and procyanidin gallate in red lentils

(Amarowicz, Estrella, Hernandez, Duenias, Agnieszka, Kosiniska & Pegg, 2009).

However, gallic acid was not found in aqueous acetone extracts from the seed coats of black
soy beans (Xu & Chang, 2008) and aqueous methanol extracts from the seed coats of fifteen
Brazilian and Peruvian bean cultivars (Rannilla, Genovese & Lajolo, 2007). From these
reports it would appear that gallic acid does not occur in free form in the seed coats but as
part of proanthocyanidin structure, which would explain its absence in aqueous methanol and

acetone extracts and its presence in the alkaline hydrolysates.

The compound eluting in peak 2 did not match any of the standards. The most abundant [M-
H] molecular ion at m/z 167.6 (100) (Fig. 4.1.3B) suggested that this compound could be
homogentisic acid (MW = 168.14). The fragment ion at m/z 123.6 (100) corresponded to
decarboxylated homogentisic acid [M-H-44]" molecular ion. Homogentisic acid has been
reported in lentils (Zadernowski, Pierzynowska-Korniak, Ciepielewska & Forniak, 1992).
The compound eluting in peak 3 with abundant [M-H] molecular ion at m/z 137.6 (100) (Fig.
4.1.3C) corresponded to p-hydroxybenzoic acid (MW = 138.12). The retention time spectra
matched that of p-hydroxybenzoic acid standard (Table 4.1.2). p-Hydroxybenzoic acid has
been reported in the seed coats of black soybeans (Xu & Chang, 2008), lentils (Zadernowski
et al., 1992), mung beans, fababeans, pigeon pea, lima beans, chickpea and cowpeas

(Sosulski & Dabrowski, 1984).

The compound eluting in peak 4 did not match any of the standard phenolic compounds. It

had an abundant [M-H] molecular ion at m/z 455.9 (100) (Fig. 4.1.3D) and fragment ion at
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m/z 169.3 (10) and it was tentatively identified as methyl (epi)catechin-3-O-gallate (MW =
456).
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Figure 4.1.2. HPLC chromatogram recorded at 280 nm (top) and total ion current (TIC)

chromatogram (bottom) of phenolic compounds in A) water and B) acidified water extracts

from marama bean seed coats. Peak identities are shown in Table 4.1.3.
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Figure 4.1.3. Mass spectra of phenolic acid and flavonoid compounds in aqueous extracts

from marama bean seed coats.

This compound has been previously identified in green tea (Camelia sinensis) by the same
molecular ion m/z 455 (Bastos, Saldanha, Catharino, Sawaya, Cunha & Eberlin, 2007).
However, the position of the methyl group could not be established by mass spectrometry so
this compound could be 4'-O-methyl (epi)catechin-3-O-gallate or 3'-O-methyl (epi)catechin-
3-O-gallate. Also the ion at m/z 239.7 (58) which appeared to be a major fragment ion could
not be identified. It is likely that it was a molecular ion of another compound co-eluting with

methyl (epi)catechin-3-O-gallate.

Peak 5 did not match any of the standard phenolic compounds. The mass spectra (Fig.
4.1.3E) showed an abundant [M-H] molecular ion at m/z 439.9 (100) and fragment ion at m/z
169.3 (91). The molecular weight of this compounds was 16 Da (one oxygen) lower than that
of methyl (epi)catechin-3-O-gallate and the compound was tentatively identified as methyl
(epi)afzelechin-3-O-gallate (MW = 440).

In their work on identifying phenolic antioxidants Bastos et al. (2007) reported a similar
molecular ion at m/z 439 for one of the phenolic compounds in the mass spectrum of
ethanolic extracts from green tea. However, it could not be identified. Peak 6 which was the
third largest peak had the same abundant [M-H] molecular ion at m/z 439.9 (100) and
fragment ion at m/z 169.2 (13) (Fig. 4.1.3F) as peak 5. This compound was tentatively

identified as an isomer of methyl (epi)afzelechin-3-O-gallate.

The compound eluting in Peak 7 with abundant [M-H] molecular ion at m/z 441.9 (100) (Fig.
4.1.3G) corresponded to (-)-epicatechin-3-O-gallate standard (MW=442) (Table 4.1.2).
Fragmentation gave rise to m/z 289.6 (7) ion corresponding to epicatechin ion and m/z 169.6
(60) ion corresponding to gallic acid ion. Similar molecular and fragment ions have been
observed for epicatechin-3-O-gallate from green tea (Miketova, Schram, Whitney, Kerns,
Valcic, Timmermann & Volk, 1998) and oolong tea (Dou, Lee, Tzen & Lee, 2007). The
compound eluting in peak 8 with abundant [M-H]" molecular ion at m/z 441.9 (100) (Fig.
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4.1.3H) had the same molecular weight as (-)-epicatechin-3-O-gallate in peak 7, suggesting
that it could be its isomer (+)-catechin-3-O-gallate. Fragmentation gave rise to m/z 289.6 (6)

and m/z 169.6 (59) ions which corresponded to catechin and gallic acid ions, respectively.
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Table 4.1.3. Phenolic acid and flavonoid compounds identified in aqueous extracts prepared from marama bean seed coats

Peak tp+  m/z [M-HJ Fragment ion HPLC-DAD  Compound

No min (% Intensity) m/z (% Intensity) Amax (Nm) identity

1 7.2 169.8 (100) 125.6 (63) 214,270 Gallic acid

2 11.8 167.6 (100) 123.6 (88) 208 Homogentisic acid

3 13.9 137.6 (100) - 208, 278 p-Hydroxybenzoic acid

4 14.6 4559 (100), 239.7 (58), 169.4 (10) 214,280 Methyl (epi)catechin-3-O-gallate

5 16.7 439.9 (100) 169.3 (91) 210, 280 Methyl (epi)afzelechin-3-O-gallate
6 20.5 439.9 (100) 169.2 (13) 208, 280 Methyl (epi)afzelechin-3-O-gallate
7 22.6 441.9 (100) 289.6 (7), 169.6 (59) 208, 278 (-)-Epicatechin-3-O-gallate

8 22.9 441.9 (100) 169.6 (48) 208, 278 (+)-Catechin-3-O-gallate

*tr-retention time

- No fragment ion for the parent compound was observed
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The concentration of phenolic acid and flavonoid compounds in the aqueous extracts from
the seed coats of marama bean is shown in Table 4.1.4. Methyl (epi)afzelechin-3-O-gallate
isomers were the major compounds in the extracts accounting for at least 40% of total
phenolic acid and flavanoid compound content. Methyl (epi)catechin-3-O-gallate was the
second major compound accounting for at least 28% and gallic acid was third accounting for

10%.

significantly higher than that of water extracts. Extraction under acidic condition resulted in

The concentration of all the phenolic compounds in acidified water extracts was
a significant reduction in concentration of all the compounds. The percentage reduction
ranged from 24% for gallic acid to 54% for p-hydroxybenzoic acid. The overall reduction in
phenolic acid and flavonoid compounds as a result of extraction under acidic condition was
38% and this was similar to the 36% reduction in total phenolic content as determined with
the Folin Ciocalteu method. As explained earlier, the reduction could be as a result of

phenolic compounds co-precipitating with interpolymer complex triggered by low pH.

Table 4.1.4. Effect of extraction under acidic condition (pH 2) on phenolic acid and

. . 1
flavonoid compounds in aqueous extracts from marama bean seed coat

Water extract Acidified water

Peak No Compound ug/g extract pg/g
1 Gallic acid 1981.0 b> + 178.0 15102 a+115.2
2 Homogentisic acid’ 4899b=+57.6 277.6 a+13.6
3 p-Hydroxybenzoic acid 1760.2 b + 156.6 802.4a+34.2
4 Methyl (epi)catechin-3-O-gallate® 5839.9b +424.4 3265.5 a+250.6
5,6 Methyl (epi)afzelechin-3-O-gallate’  8339.2 b+ 334.0 5464.7 a£502.6
7,8 (Epi)catechin 3-O-gallate* 1744.5b + 159.7 1133.5a+80.9

Total

20154.7b £ 1067.5

12453.9 a+ 673.9

! Results are means + standard deviation of four determinations from two independent

experiments on dry weight basis

? Means with different letters in the same row are significantly different (p < 0.05)

3 Values expressed as protocatechuic acid equivalents

* Values expressed as (-)-epicatechin-3-O-gallate equivalents
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4.1.4.2.2. Condensed tannin sorghum bran

HPLC and total ion current chromatograms of phenolic compounds in water extracts and
acidified water extracts from condensed tannin sorghums bran are shown in Fig. 4.1.4 and
mass spectra data in Fig 4.1.5. The peak identities are shown in Tables 4.1.5. The profiles of
the HPLC chromatograms and total ion current chromatograms for water and acidified water

extracts were similar and eleven phenolic compounds were identified in the extracts.

Peak 1 with an abundant [M-H] molecular ion at m/z 153.7 (100) (Fig. 4.1.5A, which
corresponded to authentic protocatechuic acid standard (MW=154.10). On fragmentation it
gave rise to [M-H-44] ion at m/z 109.6 (31) as a result of decarboxylation. The retention

time, mass spectra and Am.x were similar to that of protocatechuic acid authentic standard

(Table 4.1.2).

Peak 2 did not match any of the authentic phenolic standards. The most abundant [M-H]
molecular ion at m/z 137.6 (100) (Fig. 4.1.5B) suggested that it could be
protocatechualdehyde (MW = 138.12). Protocatechualdehyde has been reported in aqueous
methanol extracts from sorghum grain (Svensson et al., 2010). The compound eluting in
peak 3 with abundant [M-H]” molecular ion at m/z 137.6 (100) (Fig. 4.1.5C) corresponded to
p-hydroxybenzoic acid (MW = 138.12) and on decarboxylation resulted in [M-H-44]
fragment ion at m/z 93.4 (61). The retention time, mass spectrum, and Am.x matched that of p-

hydroxybenzoic acid authentic standard (Table 4.1.2).

Compound in peak 4 did not match any of the phenolic standards. The abundant [M-H]
molecular ion at m/z 253.7 (100) (Fig. 4.1.5D) suggested that it could be caffeoylglycerol
(MW = 254.08) which has been reported in aqueous methanol extract from sorghum grain
(Svensson et al., 2010). Traces of vanillic acid (MW=168.15) identified by [M-H] molecular
ion at m/z 167.6 appeared to co-clute with caffeoylglycerol at a retention time of
approximately 15.9 min. Peak 5 with abundant [M-H] molecular ion at m/z 179.6 (Fig.
4.1.5E) corresponded to caffeic acid standard (MW=180.2) (Table 4.1.2) and on
decarboxylation gave rise to [M-H-44] fragment ion at m/z 135.3 (60).
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Figure 4.1.4. HPLC chromatogram recorded at 280 nm (top) and total ion current (TIC)

chromatogram (bottom) of phenolic compound profile of A) water and B) acidified water

extracts from condensed tannin sorghum bran.
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Figure 4.1.5. Mass spectra of phenolic acid and aldehyde compounds in water extracts

prepared from condensed tannin sorghum bran.
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Peak 6 did not match any of the phenolic standards. The abundant [M-H] molecular ion at
m/z 121.6 (100) (Fig. 4.1.5F) suggested that it could be p-hydroxybenzaldehyde (MW=
122.12) which has been reported in methanolic extracts from sorghum grain (Hahn et al.,
1983) and ethanol extracts from aerial parts of sorghum (Séne, Gallet & Dor¢, 2001). Peak 7
with abundant [M-H] molecular ion at m/z 153.5 (100) (Fig. 4.1.5G) did not match any of the
authentic phenolic standards and it was tentatively identified as gentisic acid (MW = 154.14).
Gentisic acid has been reported in acidified acetonitrile extracts from Korean sorghum
varieties (Chung, Kim, Yeo, Kim, Seo & Moon, 2011), aqueous methanol extracts from
Sudanese sorghum cultivars (Awadelkareem, Muralikrishna, EL Tinay & Mustafa, 2009) and
in extracts from sorghum aerial parts (Séne et al., 2001). Co-eluting with this compound was
the [M-H] molecular ion at m/z 163.6 (49) which corresponded to p-coumaric acid standard
(MW = 164.2) (Table 4.1.2) and [M-H-44] fragment ion at m/z 119 (31) was as result of

decarboxylation of the parent compound.
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Figure 4.1.6. Mass spectra of flavonoid compounds in hydrolysed water extracts from

condensed tannin sorghum bran.
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Table 4.1.5. Mass spectra and UV data of phenolic compounds identified in aqueous extracts

from condensed tannin sorghum bran

Peak tg° Compound m/z [M-HJ Fragment ion HPLC-DAD

No. (min) Identity (% intensity)  m/z (% intensity)  Amax (nNm)

1 10.7  Protocatechuic acid 153.7 (100) 109 (31) 208, 260, 292
2 13.8  Protocatechualdehyde 137.6 (100) - 208, 282

3 14.9 p-Hydroxybenzoic acid 137.5 (100) 93 (61) 208, 256

4 16.2  Caffeyolglycerol 253.7 (100) 208, 266,288
5 16.5 Caffeic acid 179 (100) 135 (60), 121 (15) 210, 288, 322
6 18.7  p-Hydroxybenzaldehyde 121.6 (100) - 210, 280

7 21.4  Gentisic acid 153.6 (100) - 210,292

8 23.0  Ferulic acid 193.6 (100) - 212,322

9 24.0  Taxifolin 303.8 (100) 285 (15) 204, 288

10 32.6  Eriodictyol 287.7 (100) 151 (14),135(7) 202, 288

11 35.4 Naringenin 271.6 (100) 151(11) 121, 288

*tr, Retention time; -, No corresponding fragment ion identified

The compound eluting in Peak 8 with abundant [M-H] molecular ion at m/z 193.6 (100) (Fig.
4.1.5H) corresponded to ferulic acid standard (MW=194.18) (Table 4.1.2). The phenolic

acids, protocatechuic acid, p-hydroxybenzoic acid, vanillic acid, caffeic acid, p-coumaric acid

and ferulic acid have been previously identified in aqueous methanolic (Hahn et al., 1983;

Svensson et al., 2010) and acidified acetonitrile (Chung et al., 2011) extracts from sorghum

grain as well as aerial parts of sorghum plant (Séne, Gallet & Dor¢, 2001).

The mass spectra of flavonoid compounds identified in sorghum bran aqueous extracts are

shown in Fig. 4.1.6 and their identities and concentrations are shown in Tables 4.1.5 and

57



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

"IV_

&

“ UNIVERSITEIT VAN PRETORIA
Qe

4.1.6, respectively. Peak 9 with abundant [M-H] molecular ion at m/z 303.8 (100) and
fragment ion at m/z 285 (15) (Fig. 4.1.6A) corresponded to taxifolin (MW = 304.25) standard
(Table 4.1.2). The compound eluting in peak 10 did not match any of the authentic phenolic
standards. Its abundant [M-H] molecular ion at m/z 287.7 (100) (Fig. 4.1.6B) suggested that
it could be eriodictyol (MW= 288.25). The compound eluting in peak 11 with abundant
molecular ions at m/z 271.6 (100) and fragment ion at m/z 151.0 (11) (Fig. 4.1.6C)
corresponded to naringenin authentic standard (MW=272.26) (Table 4.1.2). The three
flavonoid compounds, taxifolin, eriodictyol and naringenin have been previously identified in

organic extracts from sorghum grain (Gujer, Magnolato & Self, 1986; Svensson et al., 2010).

Extraction of phenolic compounds from condensed tannin sorghum bran under acidic
condition resulted in a significant increase in concentration of seven of the phenolic
compounds (Table 4.1.6). The increase in concentration of phenolic acids ranged from 13%
for caffeic acid to 36% for ferulic acid. Flavonoid content increased by 34, 41 and 48% for

naringenin, eriodityol and taxifolin, respectively.

The sum of all phenolic compounds identified in the acidified water extract was 19% higher
than that of the water extract. This increase was similar to the 15% increase in total phenolic
content as determined by the Folin Ciocalteu method. The increase could be as a result of
enhanced extraction of free and esterified phenolic compounds and hydrolysis and release of

bound phenolic compounds under acidic condition (Liyana-Pathirana & Shahidi, 2005).

The phenolic compound profiles of marama bean and condensed tannin sorghum bran were
different. Three phenolic acids were identified in aqueous extracts from marama bean seed
coats compared to six in sorghum bran aqueous extracts. The common phenolic acid in both
marama bean seed coat and condensed tannin sorghum bran aqueous extracts was p-
hydroxybenzoic acid. Sorghum bran aqueous extracts had two phenolic aldehydes and none

were present in marama bean seed coat aqueous extracts.
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Table 4.1.6. Effect of extraction under acidic condition on phenolic compounds in aqueous

extracts from condensed tannin sorghum bran

. |
Compound concentration

Peak tr* Compound Water extract Acidified water
No. (min) Identity (ng/g) extract (ug/g)
1 10.7 Protocatechuic acid 281.5a%+12.8 280.2 a+30.3
2 13.8 Protocatechualdehyde® 178.9a+32.0 239.9b+30.0
3 14.9 p-Hydroxybenzoic acid 368.7a+40.9 3842 a+51.1
4 16.2 Caffeyolglycerol*/ vanillic acid 78.1a+4.2 113.0b £ 14.7
5 16.5  Caffeic acid 14792a+167  172.1b+5.5
6 18.7  p-Hydroxybenzaldehyde’ 492a+75 95.4b+6.5
7 21.4  Gentisic acid*/ p-coumaric acid 6.4a=+19 5.6a+0.6
8 23.0  Ferulic acid 109a+1.6 17.2b+1.8
9 24.0  Taxifolin 392a+24 68.5b+2.7
10 32.6  Eriodictyol® 78.0a+9.5 1342b+11.6
11 354 Naringenin 99.7a+94 152.5b+14.9
Total 1338.6a+97.8 1663.4b+97.2

tr*- Retention time

'Results are means + standard deviation of four determinations from two independent

experiments on dry weight basis

*Means with different letters in the same row are significantly different (p < 0.05)

*Values expressed as protocatechuic acid equivalent

*Values expressed as caffeic acid equivalent

>Values expressed as p-hydroxybenzoic acid equivalent

SValues expressed as taxifolin equivalent

Flavonoid compounds were also different in marama been seed coat and condensed tannin

sorghum bran aqueous extracts. In marama bean seed coat extracts flavonoid compounds
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were flavanols esterified with gallic acid while in sorghum these were flavanones. Taxifolin
sometimes may be classified as a flavanonol (also called dihydroflavonol or 3-
hydroxyflavanone) because of the presence of a 3-hydroxyl group in its chemical structure
(Harbone, 1989; Naczk and Shahidi, 2004). The concentration of phenolic compounds in
water and acidified water extracts from marama bean seed coats were 15 and 7 fold higher,
respectively than equivalent extracts from condensed tannin sorghum bran. This trend was
similar to the total phenolic content as determined by the Folin Ciocalteu method where total
phenolic content of water and acidified water extracts from marama bean seed coat were 10

and 5 fold higher than equivalent extracts from condensed tannin sorghum bran.

The decrease in levels of phenolic compounds in acidified water extracts from marama bean
seed coats but corresponding increase for extracts from condensed tannin sorghum bran
suggests that there may be differences in the polymer compound matrix in marama bean seed
coats and condensed tannin sorghum bran. Marama bean seed coats possibly contain both
ionic and non-ionic polymers at relatively high concentration which interact at low pH
through hydrogen bonds resulting in interpolymer complex precipitate (Khutoryanskiy et al.,
2009). Phenolic compounds of which some may have been released from bound forms by
acidic condition (Liyana-Pathirana & Shahidi, 2005) co-precipitated with the interpolymer
complex (Molyneux & Vekavakayanondha, 1986).

4.1.5. Conclusion

Aqueous extracts from marama bean (Tylosema esculentum) seed coats have significantly
higher levels of total phenolic content, total flavonoid content and phenolic compound
concentration than aqueous extracts from the bran of condensed tannin sorghum, variety PAN
3860. Extraction of marama bean seed coats under acidic condition results in reduction in
phenolic content possibly due to co-precipitation of phenolic compounds with polymeric
species. However, extraction of condensed tannin sorghum bran under acidic conditions
results in an increase in phenolic content. Acidic conditions effect release of bound phenolic
compounds and depending on the type of high molecular weight polymeric species present in
the sample matrix it may result in co-precipitation of phenolic compounds due to
interpolymer complex precipitation triggered by low pH. Sorghum bran aqueous extracts
contain phenolic acids, phenolic aldehydes and flavonoid compounds while extracts from

marama bean seed coats contain phenolic acid and flavonoid compounds at relatively higher
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concentrations. The flavonoid compounds in aqueous extracts from sorghum bran are
flavanones while in aqueous extracts from marama bean seed coats, they are flavanols

esterified to gallic acid.

Marama bean (Tylosema esculentum) seed coats may be a better material source for aqueous
extraction of phenolic compounds than bran of condensed tannin sorghum, variety PAN 3860
because of the higher phenolic content of the resultant extracts. These extracts from marama
bean seed coats are likely to have higher antioxidant activity and potential health benefits
than extracts from the condensed tannin sorghum bran in view of the higher phenolic content.
Extraction of sorghum bran under acid conditions may be the preferred method because it
increases the recovery of phenolic compounds. In contrast it is not recommended for marama
bean seed coats because it causes co-precipitation of phenolic compounds with other

polymeric species.
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4.2.  Characterization of proanthocyanidins in aqueous extracts from marama bean

seed coats and condensed tannin sorghum bran

This chapter has been published in part in the International Journal of Food Science and

Technology

Shelembe, J.S., Cromarty, D., Bester, M.J., Minnaar, A. and Duodu, K.G. (2011)
Characterisation of phenolic acids, flavonoids, proanthocyanidins and antioxidant activity of
water extracts from seed coats of marama bean (Tylosema esculentum) — an underutilised

food legume. International Journal of Food Science and Technology 47, 648-655.

62



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

"IV_

&

“ UNIVERSITEIT VAN PRETORIA
Qe

4.2.1. Abstract

Legumes with dark seed coats have been shown to contain condensed tannins which are
important dietary antioxidants. However, there are no reports on condensed tannins in
marama bean seed coats therefore the need for this investigation. Condensed tannin content
of seed coats from marama bean and bran from condensed tannin sorghum was determined in
methanol and aqueous extracts using the vanillin-HCI and butanol-HCI assays. The capacity
of the extracts to precipitate proteins was determined using the protein precipitation capacity
assay. The constitutive unit composition of proanthocyanidins in aqueous acetone and
aqueous extracts was determined using the thiolysis degradation method and HPLC-MS to
identify the compounds. Methanol extracts from marama bean seed coats had 3.7 fold higher
condensed tannin content and 7.8 fold higher protein precipitation capacities than methanol
extracts from condensed tannin sorghum bran. Aqueous extracts from marama also had
higher condensed tannin content and higher protein precipitation capacity than equivalent
extracts from condensed tannin sorghum bran. Extraction under acidic conditions resulted in
a significant reduction in condensed tannin content of extracts from marama bean seed coats
while it had no significant effect on extracts from condensed tannin sorghum bran. The
reduction may be as a result of precipitation of interpolymer complexes formed through
hydrogen bonding between tannins and cell wall polysaccharide triggered by low pH. The
constitutive units of proanthocyanidins in marama seed coats were epigallocatechin-3-O-
gallate and epicatechin-3-O-gallate occurring as major extension and terminal units and
epigallocatechin and epicatechin as minor extension unit components. Proanthocyanidins in
aqueous extracts from condensed tannin sorghum bran were composed of catechin and
epicatechin. In conclusion, marama bean proanthocyanidins are predominantly
prodelphinidins due to the presence of (epi)gallocatechin units while sorghum bran

proanthocyanidins, due to the presence of (epi)catechin units are procyanidins.

Key words: Marama bean seed coat; Sorghum bran; Proanthocyanidin; Prodelphinidin;
Procyanidin; Thiolysis
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4.2.2. Introduction

Proanthocyanidins (condensed tannins) are widely distributed in the plant kingdom
(Strumeyer & Malin, 1975) and they are widespread in many foods derived from plants
(Hagerman, Riedl, Jones, Sovik, Ritchard, Hartfeld & Riechel, 1998; Serrano, Puupponen-
Pimid, Dauer, Aura & Saura-Calixto, 2009). Tannins are normally regarded as antinutrients
because of their ability to precipitate proteins (Strumeyer & Malin, 1975), inhibit digestive
enzymes and decrease absorption of minerals and vitamins (Kunyanga, Imungi, Okoth,
Momanyi, Biesalski & Vadivel, 2011). However, proanthocyanidins have attracted
increasing attention due to the rapidly increasing body of evidence associating this class of
phenolic compounds with a wide range of health benefits (Lazarus, Adamson, Hammerstone
& Schmitz, 1999). Proanthocyanidins are thought to be important dietary antioxidants
(Hagerman et al., 1998) and are the major phenolic constituents presumed to have a health-

protective action (Guyot, Marnet & Drilleau, 2001).

Tannins are biologically active compounds that may have beneficial effects (Xu, Yuan &
Chang, 2007). A diet supplemented with 1% (w/w) tannins from young persimmon fruit
promoted faecal bile acid excretion in rats suggesting that tannins can be used clinically to
reduce hypercholesterolemia (Matsumoto, Kadowaki, Ozaki, Takenaka, Ono, Yokoyama &
Gato, 2011) often associated with cardiovascular disease. Condensed tannins were reported
to inhibit a-amylase and a-glucosidase enzymatic activity thereby having the ability to delay
intestinal glucose absorption and the onset of insulin-dependent diabetes mellitus (Kunyanga
et al., 2011). Procyanidins (dimer—hexamer) were shown to inhibit liposome oxidation in a
polymer length dependent manner (Verstraeten, Keen, Schmitz, Fraga & Oteiza, 2003).
Condensed tannins and flavonoid compounds from legumes (lentils, black beans, red kidney
beans and pinto beans) were reported inhibit in vitro copper-catalysed LDL oxidation (Xu et
al., 2007) where LDL oxidation is a contributing factor in the development of cardiovascular

disease.

Purification of condensed tannins is an important step in their characterization. Solid phase
extraction is the most commonly used method for the purification of condensed tannins in
plant extracts (Strumeyer & Malin, 1975; Hagerman & Butler, 1980; Prieur, Rigaud,
Cheynier & Moutounet, 1994; Sun, Leandro, Ricardo da Silva & Spranger, 1998a; Prior,
Lazarus, Cao, Muccitelli & Hammerstone, 2001; Duenas, Sun, Hernandez, Estrella &

Spranger, 2003).
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In the purified fractions constitutive unit composition and mean degree of polymerization of
proanthocyanidin polymers have been determined by reverse-phase HPLC analysis of acid
catalyzed degradation products. Acid catalyzed degradation of proanthocyanidins is carried
out under mild conditions in the presence of a nucleophilic reagent such as toluene-a-thiol
(benzyl mercaptan) (Prieur et al., 1994; Guyot, Marnet, Laraba, Sanoner & Drilleau, 1998;
Fu, Loo, Chia & Huang, 2007). This is an important analysis because it distinguishes
between extension and terminal units in the polymer (Prieur et al., 1994; Guyot et al., 1998).
Extension units are captured by benzyl mercaptan to form benzylthioether derivatives and
terminal units are released as free flavan-3-ols (Prieur et al., 1994) or flavan-3-O-gallates
units (Yousef, Grace, Cheng, Belolipov, Raskin & Lila, 2006). HPLC coupled to mass
spectrometry, with electrospray interface (ESI) has proven to be extremely useful for peak
assignment and characterization of individual phenolic compounds (Weisz, Kammerer &

Carle, 2009).

Marama beans are gathered by hand from the wild in arid regions of Southern Africa and the
cotyledons are utilized as food (Amarteifio & Moholo, 1998) and the seed coats discarded.
The seed coats contain phenolic compounds (Chingwaru, Duodu, van Zyl, Schoeman,
Majinda, Yeboah, Jackson, Kapewangolo, Kandawa-Shultz, Minnaar & Cencic, 2011).
However nothing is known about proanthocyanidins and their structural features in marama
bean seed coats. Condensed tannins in other legumes are predominantly procyanidins
consisting of catechin and epicatechin subunits, located in the seed coat (Duefias, Hernandez
& Estrella, 2006). However, small amounts of propelargonidin in common bean varieties
(Beninger, Gu, Prior, Junk, Vanderberg & Bett, 2005) and prodelphinidins in lentils (Duenas
et al., 2003) have also been reported.

The aim of this study was to characterize and compare proanthocyanidins or condensed
tannins in aqueous extracts prepared from seed coats of marama beans and bran of condensed

tannin sorghum using high performance liquid chromatography and mass spectrometry.

4.2.3. Materials and methods

4.2.3.1. Materials
Chemicals.  (+)-catechin, (-)-epicatechin, (-)-gallocatechin, (-)-epigallocatechin, (-)-

epicatechin gallate, (-)-epigallocatechin gallate, bovine serum albumin, were purchased from
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Sigma-Aldrich (Johannesburg, South Africa). Ethyl acetate, diethyl ether, benzyl mercaptan
(toluene-a-thiol), HPLC grade methanol, HPLC grade acetonitrile, 32% hydrochloric acid,
glacial acetic acid (analytical grade reagent), 1-butanol, ferric ammonium sulphate, vanillin,
sodium chloride, sodium dodecyl sulphate, triethanolamine, ferric chloride, acetone, sodium

hydroxide were purchased from Merck Chemicals (Johannesburg, South Africa).
4.2.3.2. Methods

4.2.3.2.1. Sample preparation

Marama bean seed coat and condensed tannin sorghum bran powders were prepared as
described in section 4.1.3.2.1. Freeze-dried aqueous extracts (water extracts and acidified
water extracts) from marama bean seed coats and condensed tannin sorghum bran powders
were prepared as described in section 4.1.3.2.2. Aqueous acetone extracts were also prepared
to compare with aqueous extracts because condensed tannins are usually extracted with
aqueous acetone for characterization (Lazarus, Adamson, Hammerstone & Schmitz, 1999;
Prior et al., 2001; Gu, Kelm, Hammerstone, Beecher, Cunningham, Vannozzi, & Prior, 2002;

Gu, Kelm, Hammerstone, Beecher, Holden, Haytowitz & Prior, 2003b).

4.2.3.2.2. Determination of condensed tannin content by vanillin-HCI method

The vanillin-HCI assay (Price, Van Scoyoc & Butler, 1978) was used for the determination of
condensed tannin content of methanol extracts and freeze-dried aqueous extracts prepared
from marama bean seed coat and condensed tannin sorghum bran. Methanol is the
commonly used solvent in this assay (Price, Van Scoyoc & Butler, 1978). The assay is based
on the condensation of the aromatic aldehyde vanillin with monomeric flavanols and their
oligomers to form a red adduct with absorbance maxima at 500 nm (Sarkar and Howarth,
1976; Dykes & Rooney, 2006). Methanol extracts were prepared by extracting 0.2 g marama
bean seed coat or condensed tannin sorghum bran powder twice with 10 ml of 100%
methanol. After the addition of each 10 ml portion of methanol, the mixture was shaken for
20 min using an orbital shaker model POS 300 (Grant Instruments Ltd, Shepreth, UK) and
then centrifuged at 4500 rpm (5200 x g) for 10 min at 25 °C using a model Rotanta 460R
centrifuge (Andreas Hettich GmbH & Co. KG, Tuttlingen, Germany) and the supernatants
were decanted and combined. One millilitre of the methanol extract from marama bean seed

coat and condensed tannin sorghum bran was diluted with 24 ml and 5 ml of 100% methanol,
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respectively for analysis. Serial standard solutions of (+)-catechin were prepared in 100%
methanol in a concentration range of 0 — 1000 mg/L. Vanillin reagent was prepared on the
day required by mixing equal volumes of 1% vanillin in methanol and 8% concentrated HCI
in methanol. Freeze-dried aqueous extracts from marama bean seed coat (35 mg) and
condensed tannin sorghum bran (50 mg) were weighed into 100 ml and 25 ml volumetric
flasks, respectively and made up to volume with 100% methanol to give a concentration of
0.35 and 2 mg/ml, respectively. Five millilitres of the vanillin-HCI reagent was added to 1
ml aliquot of sample or catechin standard solution. Sample blanks (without vanillin) were
prepared by adding 5 ml of 4% HCI in methanol to 1 ml extract solutions. Absorbance was
measured at 500 nm after 20 min from the time of addition of vanillin-HCI reagent using a
T80+ UV-VIS spectrophometer and UVWin software version 5.0.5 (PG Instruments,
Wibtoft, UK). Blank readings were subtracted from sample absorbance readings. Results

were reported as mg catechin equivalent/g (mg CE/g) of dry sample weight.

4.2.3.2.3. Determination of condensed tannin content by Butanol-HCI assay

Condensed tannin content of methanol extracts and freeze-dried aqueous extracts was also
determined with the butanol-HCI assay. The assay was performed as described by Porter,
Liana, Hrstich and Chan (1986) with some modifications. In this assay proanthocyanidins
are converted to anthocyanidins through an autoxidation reaction catalysed by Fe*" following
acid-catalysed cleavage of the interflavanoid bonds (Porter et al., 1986). The anthocyanidins
formed have a red colour and a maximum absorbance wavelength at around 550 nm (Sun et
al., 1998b). Methanol extracts were prepared by extracting 0.2 g marama bean seed coat or
condensed tannin sorghum bran powder with 10 ml of 100% methanol. Mixture was shaken
for 20 min on an orbital shaker model POS 300 and then centrifuged at 4500 rpm (5200 x g)
for 10 min at 25 °C using a model Rotanta 460R centrifuge (Andreas Hettich GmbH & Co.
KG, Tuttlingen, Germany) and supernatant decanted. Five millilitre of supernatant was
diluted with 20 ml methanol for analysis. Freeze-dried extracts (25 mg) were weighed into
centrifuge tubes and 25 ml methanol was added to each tube. The tubes were shaken at 300
rpm for 20 min on an orbital shaker model POS 300. Samples were then centrifuged at 4500
rpm (5200 x g) for 10 min at 25 °C using model Rotanta 460 R centrifuge (Andreas Hettich
GmbH & Co., Tuttlingen, Germany). One millilitre of sample supernatant, 0.2 ml ferric
reagent (2% (w/v) NH4Fe(SO4); 12H,O in 2 M HCI ) and 6 ml of 5% (v/v) 32%

concentrated HCI in 1-butanol were added into glass test tube. The test tube was covered
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with a glass marble, heated in a boiling water bath for 60 min, cooled and absorbance
measured at 550 nm using a T80+ UV-VIS spectrophometer and UVWin software version
5.0.5 (PG Instruments, Wibtoft, UK). Results were reported as absorbance units per gram
(Abssso/g) of sample on dry weight basis.

4.2.3.2.4. Determination of protein precipitation capacity

The protein precipitation capacity assay (Hagerman & Butler, 1978) was used to evaluate the
ability of tannins in methanol extracts and aqueous extracts from marama bean seed coats and
condensed tannin sorghum bran to precipitate proteins. This assay is based on the capacity of
tannins to interact with proteins (added in excess) to form a tannin-protein complex
precipitate (Hagerman & Butler, 1978). The tannin-protein precipitate is then dissolved in
sodium dodecyl sulphate-triethanolamine solution and ferric ions (added as ferric chloride)
react with tannins in the complex in the alkaline solution to form a violet complex with
maximum absorbance at 510 nm. Methanol extracts were prepared by extracting 0.2 g
marama bean seed coat or condensed tannin sorghum bran powder twice with 10 ml
methanol. After the addition of each 10 ml portion of methanol, the mixture was shaken for
20 min on an orbital shaker model POS 300 and then centrifuged at 4500 rpm (5200 x g) for
10 min at 25 °C using a model Rotanta 460R centrifuge and the supernatant was then
decanted. Supernatants were combined. One millilitre of the methanol extract from marama
bean seed coat was diluted with 4 ml of methanol and extract from sorghum was analyzed
without dilution. Freeze-dried aqueous extract (25 mg) from marama bean seed coat and
condensed tannin sorghum bran were dissolved in 20 ml and 2 ml distilled water to give a
concentration of 0.25 and 2.5 mg/ml, respectively. Two millilitres of bovine serum albumin
(1 mg/ml) in 0.2 M acetate buffer solution, pH 5 containing 0.17 M sodium chloride and 1 ml
of methanol or aqueous extract solution were added into the centrifuge tube, mixed and
allowed to stand for 15 min. The tubes were centrifuged at 5000 g for 15 min at 25 °C and
the pellet carefully washed with 2 ml of 0.2 M acetate buffer solution pH 5. The pellet was
then dissolved in 4 ml of 1% (w/v) sodium dodecyl sulphate-5% (w/v) triethanolamine
solution. One millilitre of 0.01 M ferric chloride reagent in 0.01 M HCI solution was added
and absorbance measured at 510 nm after 20 min using T80+ UV-VIS spectrophometer and
UVWin software version 5.0.5. Results were reported as absorbance units at 510 nm per

gram (Abss;o/g) on sample dry weight basis.
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4.2.3.2.5. Identification of terminal and extension units in proanthocyanidins by
HPLC-MS

Proanthocyanidins in aqueous acetone extracts and aqueous extracts were subjected to acid
catalysed thiolysis degradation in the presence of benzyl mercaptan nucleophile under mild
conditions to preserve flavan-3-O-gallate units and the products analysed by HPLC-MS. (Gu,
Hammerstone, Zhang, Beecher, Holden, Howtowitz & Prior, 2003a).

4.2.3.25.1. Fractionation of proanthocyanidins using Sep-Pak Cig cartridges

Proanthocyanidins in aqueous acetone extracts and aqueous extracts from marama bean seed
coat and condensed tannin sorghum bran were fractionated into monomer (FI), oligomer (FII)
and polymer (FIII) fractions using Sep Pak C,s cartridges according to the method of Sun et
al. (1998a). Aqueous acetone extracts were prepared as described by Gu et al. (2002) with
some modification. One gram of marama bean seed coat or condensed tannin sorghum bran
powder was extracted with 10 ml acetone/water/acetic acid (70:29.5:0.5, v/v/v) solution by
vortexing for 30 sec and shaking for 50 min on an orbital shaker model POS 300. The
mixture was centrifuged at 3500 rpm (3150 x g) for 15 min at 25 °C using a model Rotanta
460R centrifuge (Andreas Hettich GmbH & Co. KG, Tuttlingen, Germany). Acetone in six
millilitres of supernatant was evaporated off at 25 °C under vacuum (200 tor) using a vacuum
rotary evaporator model Rotavapor RE 120. Residue was made up to 6 ml with distilled
water adjusted to pH 7 with 1 M NaOH. Fifty milligrams of freeze-dried extracts was
dissolved in 6 ml distilled water adjusted to pH 7.0 and then sonicated for 5 sec. Samples
were subjected to solid phase extraction by passing through two preconditioned neutral Sep
Pak Ci3 (plus short, 0.7 ml, 360 mg) and SepPak tC;g (plus short, 0.8 ml, 400 mg) cartridges
(Waters Associates, Milford, USA) connected in series under vacuum. The inferior C;3 was
at the top and the superior tC;g at the bottom. Cartridges were activated with 6 ml methanol
(Tian, Nakamura, Cui & Kayahara, 2005; Walsh, Haak, Bohn, Tian, Schwartz & Failla,
2007) and reconditioned with 12 ml distilled water adjusted to pH 7 with 0.1 M NaOH
solution. Phenolic acids and sugars (Fraction 0) were eluted with 10 ml distilled water
adjusted to pH 7. Mixture of monomer and oligomer proanthocyanidins (Fraction I + IT) was
eluted with 15 ml ethyl acetate. Polymeric proanthocyanidins (Fraction III) were eluted with
5 ml methanol. The ethyl acetate solution was evaporated to dryness under vacuum (200 tor)
at 25 °C using a rotary vacuum evaporator model Rotavapor RE 120 (Biichi Labortechnik

AG, Flawil, Switzerland) and residue re-dissolved in 2 ml distilled water and re-deposited on
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to the same cartridges after preconditioning with 12 ml distilled water adjusted to pH 7.
Monomers (Fraction I) were eluted with 15 ml diethyl ether. Oligomeric proanthocyanidins

(Fraction FII) were eluted with 5 ml methanol.

4.2.3.25.2.  Thiolysis degradation of proanthocyanidins

Thiolysis degradation of oligomeric (FII) and polymeric (FIII) fractions was carried out
according to the method of Prieur et al. (1994) modified by Gu et al. (2003a). A 50 nl
aliquot of oligomeric or polymeric fraction, 50 pl of methanol acidified with concentrated
HCI (3.3% v/v) and 100 pl of toluene-a-thiol (5% v/v in methanol) were added into safety
lock eppendorf tube. The tube was sealed and heated at 40 °C for 30 min in a water bath and
then allowed to stand at room temperature for 10 h to complete the reaction. Reaction

mixtures were kept at -20 °C until analysis.

4.2.3.2.5.3. Determination of mean degree of polymerization

Separation of oligomeric (FII) and polymeric (FIII) thiolysis degradation products in the
reaction mixtures was carried out according to Gu et al. (2002) with some modification.
Briefly, 20 ul reaction mixture was injected into an HPLC system (Water Associates,
Milford, USA) consisting of a model 1525 binary pump, model 2487 dual wavelength
absorbance detector and a YMC-Pack ODS AM-303 (250 x 4.6 mm i.d., 5 um particle size)
reverse phase column (Water Associates, Milford, USA). Solvent system consisted of mobile
phase A (2% acetic acid in water, v/v) and B (methanol) delivered in a linear gradient of B
from 15-80% in 45 min, 80-15% in 10 min and 15% for 10 min. Flow rate was 0.5 ml/min.
The detector was set at 280 nm and the chromatograms acquired and monitored by Waters
Breeze system software, version 3.30 SPA (Water Associates, Milford, USA). The mean
degree of polymerization was calculated from peak area using the following equation adapted

from Gu et al.,(2002).

mDP = { total area of benzylthioether derivatives/ total area of flavan-3-ol units} + 1
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4.2.3.2.5.4. ldentification of thiolysis degradation products by HPLC-MS

Thiolysis degradation products were analyzed by HPLC-MS to confirm their identity
according to the method described by Gu et al. (2002) with some modification. The
chromatographic system used consisted of an Agilent 1100 series HPLC system (Agilent
Technologies, Santa Clara, CA) with model G1312A binary pump, model G1322A degasser,
model G1367A auto sampler, model G1316A column heater and model G1315B photo diode
array detector, reverse phase column (YMC-Pack ODS AM-303, 250 x 4.6 mm i.d., 5 um
particle size), (Water Associates, Milford, USA) and a triple quadruple / linear ion trap mass
spectrometer, model 4000 Q TRAP LC/MS/MS (AB SCIEX, Concord, Canada). Solvent
system consisted of mobile phase A (2% acetic acid in water) and mobile phase B (methanol)
delivered at 0.5 ml/min in a linear gradient of B from 15 — 80% in 45 min, 80% — 15% in 10
min and 15% for 10 min. Injection volume was 20 pl, column temperature was 40 °C and
detector wavelength was set at 275-285 nm. The operating conditions for the mass
spectrometer were as follows: Source temperature was maintained at 400 °C, spray voltage at
-4000 V (negative mode). Nitrogen at a pressure of 35 psi was used as a nebulizer gas (GS1)
and at 40 psi as heating gas (GS2) and at 23 psi as curtain gas (CUR). Declustering (DP) and
entrance potential (EP) were set at -60 V and -10 V, respectively. The mass of compounds
was scanned from m/z 70 to m/z 1200 and chromatograms acquired and monitored by Analyst
software, version 1.5 (Applied Biosystems and MDS Analytical Technologies, Concord,
Canada)

4.2.3.3. Statistical analysis

Results from two independent experiments performed in duplicate were expressed as means +
standard deviations. Data were analyzed using t-test to compare two means and one-way
analysis of variance (ANOVA) and post hoc testing using Fishers LSD test for multiple
comparisons of means. Statistica 8.0 program (StatSoft Inc, Tulsa, USA) was used for

statistical data analysis and significance was accepted at p < 0.05.
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4.2.4. Results and discussion

4.2.4.1. Condensed tannin content and protein precipitation capacity of
methanolic extracts

The condensed tannin content and protein precipitation capacity of methanolic extract from
marama bean seed coat were higher than that of methanolic extract from condensed tannin
sorghum bran (Table 4.2.1). Condensed tannin content of marama bean seed coat determined
with the vanillin-HCl method was 3.7 fold higher than that of condensed tannin sorghum
bran. However the protein precipitation capacity of methanolic extract from marama bean
seed coats extract was 7.8 fold higher than that of methanolic extract from condensed tannin
sorghum bran which may be an indication that condensed tannins in marama bean seed coats

have a higher affinity for proteins compared to condensed tannins from sorghum bran.

Table 4.2.1. Condensed tannin content and protein precipitation capacity of methanol

extracts from marama bean seed coat and condensed tannin sorghum bran

Vanillin-HCI Butanol-HCI Protein precipitation
assay assay capacity
Extract (mg CE'/g) (Abssso units/g) (Abssi units/g)
Marama seed coat  1226.4°b’+ 16.3 198.6b + 15.8 226.6b £ 13.9
Sorghum bran 331.1a+ 9.6 119.3a+5.0 29.la+ 1.1

'CE, Catechin equivalents
*Data are means + standard deviations of six determinations, on dry weight basis

*Means followed by different letters in the same column are significantly different (p < 0.05)

Compared to other legumes the condensed tannin content of the methanol extracts from
marama bean seed coats were higher than levels reported in methanol extracts from seed
coats of dark coloured common beans which ranged from 216 to 449 mg CE/g on wet weight
basis depending on cultivar (Ranilla, Genovesse & Lajolo, 2007) and seed coats of black

soybean which was approximately 45 mg CE/g of seed coat (Xu & Chang, 2008).

Condensed tannin content of sorghum bran was comparable to that reported in methanol
extracts from Phatafuli (a condensed tannin sorghum cultivar from Malawi) sorghum bran

which was 451 mg CE/g, dry weight (Sikwese & Duodu, 2007). However, it was higher than
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that reported for 70% acetone extract from sorghum variety Sumac bran which was
approximately 175 mg CE/g (Awika, McDonough & Rooney, 2005). The differences could
be due to genetics and environmental factors which have been suggested to influence
condensed tannin content in sorghum (Awika, Rooney, Wu, Prior & Cisneros-Zevallos,
2003). The protein precipitation capacity of sorghum bran was comparable to that reported
for whole grain methanol extracts from NK300, a type III condensed tannin sorghum, which
was 2.84 absorbance units per gram of whole grain (Hagerman & Butler, 1978) which
translated to 28.4 absorbance units per gram of bran, assuming that bran account for 10% of

total grain weight (Sikwese & Duodu, 2007).

4.2.4.2. Condensed tannin content and protein precipitation capacity of aqueous
extracts

Water extracts from marama bean seed coats had the highest condensed tannin content
measured with both the vanillin-HCI and the Butanol-HCl methods and protein precipitation
capacity amongst all the extracts (Table 4.2.2). The condensed tannin contents of acidified
water extracts from marama bean seed coats were 2 and 2.3 fold lower than water extracts as
measured with the vanillin-HCl and butanol-HCI assays, respectively. The reduction in
condensed tannins could be as a result of their interaction with cell wall polysaccharides
(Hanlin, Hrmova, Harbertson & Downey, 2010) through the formation of strong hydrogen
bonds at low pH resulting in the formation of an insoluble interpolymer complex precipitate
(Khutoryanskiy, Dubolazov & Mun, 2009) as mentioned earlier (section 4.1.4.1). However,
there were no significant differences in condensed tannin content between water extracts and
acidified water extracts from condensed tannin sorghum bran as condensed tannins from
sorghum bran probably interacted with cell wall polysaccharides to a lesser extent compared

to condensed tannins from marama bean seed coats under acidic condition.

Condensed tannin content of water extract and acidified water extract from marama bean
seed coats were 19 and 9 fold respectively higher, as measured with the vanillin-HCI method
and 7 and 4 fold, respectively higher as measured with the butanol-HCI assay than equivalent
extracts from condensed tannin sorghum bran. The vanillin-HCI assay gave a measure of the
amount of monomeric, oligomeric and polymeric species in the sample, while the butanol-
HCI assay gave a measure of the amount of anthocynins formed from the hydrolysis and

autoxidation of tannins.
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The protein precipitation capacity of acidified water extracts from marama bean seed coats
were 2 fold lower than that of water extracts. The significant reduction in protein
precipitation capacity was proportional to the reduction in condensed tannin content, which
was also by 2 fold as a result of extraction under acidic conditions. However, there were no
significant differences in protein precipitation capacities between water extracts and acidified
water extracts from condensed tannin sorghum bran and this may be due to the lack of
significant differences in tannin contents between the extracts. Water extracts and acidified
water extracts from marama bean seed coats showed a 47 and 37 fold higher protein
precipitation capacities respectively compared to equivalent extracts from condensed tannin

sorghum bran.

Table 4.2.2. Effect of extraction under acidic condition on condensed tannin content and
protein precipitation capacity of aqueous extracts from marama bean seed coats and

condensed tannin sorghum bran

Vanillin-HCI Butanol-HCI Protein precipitation
Extract assay assay capacity
(mg CE'/g) (Absssp units/g) (Abssjo units/g)
Marama bean seed coat
Water 199.9°c*+ 1.1 122.0c+3.0 83.9c=+2.7
Acidified water 99.2b+3.7 52.7b+4.7 488b =+ 1.0
Sorghum bran
Water 10.5a+1.9 133a+1.1 1.8a+0.1
Acidified water 139a+1.9 146a+2.0 1.3a+£0.2

'CE, Catechin equivalents
*Data are means + standard deviations of six determinations, on dry weight basis

*Means followed by different letters in the same column are significantly different (p < 0.05)

The higher protein precipitation capacity may not be accounted for by the condensed tannin
content only. It appears that marama bean seed coat proanthocyanidins may have a higher
affinity for proteins to form complexes compared to condensed tannin sorghum bran

proanthocyanidins.
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4243. Characterization of condensed tannins in extracts

4.2.4.3.1. Marama bean seed coat proanthocyanidins

Total ion current chromatograms and HPLC chromatograms of thiolysis degradation products
of proanthocyanidins in the polymer fraction (FIII) from aqueous acetone, water and acidified
water extracts from marama bean seed coats had similar phenolic compound profiles (Fig.

4.2.1) and the identities of the component peaks are shown in Table 4.2.3.

The chromatograms were similar to those of thiolysis degradation products of
proanthocyanidins from the oligomeric fraction (FII) (data not shown). The chromatograms
showed six distinct peaks labelled 1 to 6 and the mass spectrum of each compound is shown

in Fig. 4.2.2.

The compound eluting in Peak 1 with an abundant [M-H] molecular ion at m/z 457.7 (100)
(Fig. 4.2.2A) was identified as (epi)catechin-3-O-gallate (MW = 458.37). The peak also
showed a fragment ion at m/z 305.9 (14) which was identified as the deprotonated
epigallocatechin ion and at m/z 169.5 (21) corresponding to the gallic acid ion. This
compound has been identified in aqueous methanol extracts from adzuki beans also by the
molecular ion [M-H] ion at m/z 457 (Amarowicz, Estrella, Hernandez & Troszynska, 2008).
Similar fragmentation pattern for epigallocatechin-3-O-gallate was reported in green tea
(Miketova, Schram, Whitney, Kerns, Valcic, Timmermann, Volk, 1998) and oolong tea
(Dou, Lee, Tzen & Lee, 2007) extracts.

Compounds eluting in Peak 2a and 2b with abundant molecular ion at m/z 441.8 (100) (Fig.
4.2.2B and 4.2.2C) were identified as isomers of (epi)catechin-3-O-gallate (MW=442.37).
Fragmentation resulted in ions at m/z 289.5 (10) and at m/z 169.3 (40) which were identified
as (epi)catechin and gallic acid ions. The retention time and mass spectrum of (-)-
epicatechin-3-O-gallate standard was the same as that of peak 2b (Data not shown) therefore
2a could be (+)-catechin-3-O-gallate. Miketova et al. (1998) reported similar mass spectra
data for (epi)catechin-3-O-gallate with m/z values at 441(100), 289 (16) and 169 (18).
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Figure 4.2.1. Total ion current chromatogram (top) and HPLC chromatogram (bottom)
recorded at 280 nm of thiolysis degradation products of proanthocyanidins in polymer

fraction (FIII) from extracts prepared from marama beans seed coats.
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Figure 4.2.2. Mass spectra of thiolysis degradation products of proanthocyanidins in acetone

extracts from marama bean seed coats.
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Table 4.2.3. Mass spectra data of thiolysis degradation products of proanthocyanidins in extracts from marama bean seed coats

Peak  tp* Identification Molecular m/z [M-H]T  m/z MS"

No. (min) Weight (% intensity) (% intensity)

Terminal units release as free flavon-3-ol

1 18.1  (Epi)gallocatechin-3-O-gallate 458 457.7 (100) 305.9 (14), 169.6 (32)

2 23.0  (Epi)catechin-3-O-gallate 442 441.8 (100)  289.5(10), 169.3 (40)

Extension units released as benzylthioether derivatives

3 33.9  (Epi)gallocatechin benzylthioether 428 427.7 (100) 303.5 (80)

4 35.3  (Epi)gallocatechin-3-O-gallate benzylthioether 580 579.8 (100) 457.0 (14), 303.6 (20), 169.6 (11)
5 38.4  (Epi)catechin benzylthioether 412 411.7 (90) 287.7 (100)

6 39.3  (Epi)catechin-3-O-gallate benzylthioether 564 563.5 (100) 439.8 (17), 287.7 (53), 169.1 (38)

*tp — retention time
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Extension units released as benzylthioether derivatives from marama bean seed coat
proanthocyanidins are shown as peaks 3 to 6 (Fig. 4.2.1). Peak 3 with abundant [M-H]
molecular ion at m/z 427.3 (100) (Fig. 4.2.2D) and fragment ion at m/z 303.5 (80) was
identified as (epi)gallocatechin benzylthioether (MW=428).

Compound in Peak 4 with abundant [M-H] molecular ion at m/z 579.8 (100) (Fig. 4.2.2E)
was identified as (epi)gallocatechin-3-O-gallate benzylthioether (MW=580). Fragmentation
gave rise to m/z 303.6 (20) and m/z 169.3 (11) which corresponded to (epi)gallocatechin ion
and gallic acid fragment ions, respectively. Similar fragmentation patterns for
(epi)gallocatechin benzylthioether and (epi)gallocatechin-3-O-gallate benzylthioether have
been reported in thiolysis degradation products of a highly galloylated proanthocyanidin
polymer from persimmon fruit (Li, Laveverence, Trombley, Xu,Yang, Tian, Reed &

Hagerman, 2010).

The compound eluting in peak 5 with [M-H] molecular ion at m/z 411.7 (90) and major
fragment ion at m/z 287.7 (100) (Fig. 4.2.2F) was identified as (epi)catechin benzylthiother
(MW=412). Peak 6 with abundant [M-H] molecular ion at m/z 563.8 (100) was identified as
(epi)catechin-3-O-gallate benzylthioether (MW=564) (Figure 4.2.2.G). Fragment ion at m/z
439.8 (17) corresponded to (epi)catechin-3-O-gallate ion after cleavage of thiol group, at m/z
287.7 (44) corresponded to (epi)catechin ion and at m/z 169.1 (35) corresponded to galloyl
group. Gu et al. (2003b) also identified epicatechin benzylthioether by molecular ion at m/z
411 and fragment ion at m/z 287 and epicatechin-3-O-gallate benzylthioether by the
molecular ion at m/z 563 and fragment ion at m/z 439 in grape proanthocyanidin thiolysis

degradation products.

4.2.4.3.2. Condensed tannin sorghum bran proanthocyanidins

Total ion current (TIC) and HPLC chromatograms of thiolytic degradation products of
proanthocyanidins in polymer fraction (FIII) of aqueous acetone, water and acidified water
extracts from condensed tannin sorghum bran are shown in Fig. 4.2.3 and the identities of the
peaks are shown in Table 4.2.4. The compound profiles of the three extracts were similar.
The total ion current and HPLC chromatograms of thiolytic degradation products of
proanthocyanidins from the oligomer fraction (FII) (data not shown) were similar to those of

the polymer fraction (FIII).
79



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Qe YUNIBESITHI YA PRETORIA

[W TIC of -Q1: from Sample 18 (SP2) of Datn20_4_2010.wiff (Turbo Spray) Max. 6.1e8 cps.

6.0e8 2
A) 70% Aqueous acetone extract
=  4.0e8
-
=
= 2.0e8
L=
_, 20ea
—_—
=
= 1.0e4a
-é 0.0
=

W TIC of ©1: from Smnple 15 (SW3) of Damm20_4_20L0.wiff (Turbo Spray)y Max. 4.7 8 cp=.

a.0es | B) Water extract
-. 3.0e8
=
-
= 2.0e8
or>
=
= 1.0e8
2.0e4 |
1.5e4
=
;E_ 1.0e4
£ s000.0
= 0.0
= _5000.0

W TIE of ~Qi: from Sample 16 (SG4) of Darn20_4_2010.wiff (Turbe Sproay) Nnx. 3.7 68 cpa.

4.0e8 | () Acidified water extract
. 3.0es8
-
-
= 2.0e8
ﬁ 1.0e8
2.0e4’
— 1.5e4
—
= 1.0e4
o=
= 5000.0
—
= D
— -5000.0

Time, min

Figure 4.2.3. Total current ion (top) and HPLC (bottom) chromatograms of thiolysis
degradation products of proanthocyanidins in polymer fraction from extracts prepared from

condensed tannin sorghum bran.
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Figure 4.2.4. Mass spectra of thiolysis degradation products of proanthocyanidins in acetone

extracts from condensed tannin sorghum bran.

Table 4.2.4. Mass spectra data of thiolysis degradation products of proanthocyanidins from

condensed tannin sorghum bran

Peak tg* m/z [M-H] m/z MS" Identification
No. (min) (intensity,%) (intensity, %)
1 15.6 289.6 (100) - (+)-catechin

2 38.4 441.8 (100) 287.2 (100) (Epi)catechin benzylthioether

*tr — retention time

- No fragment ion of parent compound was observed

Peak 1 with abundant molecular ion at m/z 289.6 (100) (Fig. 4.2.4A) corresponded to (+)-
catechin (MW=290.27) occurring as a terminal units. (+)-Catechin standard showed
abundant molecular ion at m/z 290.1 and its retention time was the same as that for peak 1
therefore it was concluded that peak 1 was (+)-catechin. Duo et al. (2007) also identified (+)-
catechin by the molecular ion at m/z 289 in oolong tea extracts. Terminal units in
proanthocyanidins of condensed tannin sorghum bran were reported to be composed of (+)-
catechin accounting for 89% and (-)-epicatechin accounting for 11% (Gu et al., 2002). In this

work (-)-epicatechin was not detected, probably because it occurred in low amounts.

The extension unit benzylthioether derivative from condensed tannin sorghum bran

proanthocyanidins is shown as peak 2 (Fig. 4.2.4B). The compound in peak 2 with molecular
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ion at m/z 411.8 (90) and major fragment ion at m/z 287.4 (100) was identified as
(epi)catechin benzylthioether (MW=412). (-)-Epicatechin extension units released as
(epi)catechin benzylthioether were identified by the parent ion at m/z 411 and fragment ion at
m/z 287, in cocoa, sorghum bran, lowbush blueberry and cranberry proanthocyanidin thiolytic
degradation products (Gu et al., 2002). The peak marked (i) (Fig. 4.2.3A) had an abundant
molecular ion at m/z 577(100) and was identified as A-type procyanidin dimer (MW=578)
which has been previously reported in sorghum (Awika & Rooney, 2004).

4.2.4.3.3. Flavan-3-ol composition and mean degree of polymerization of
proanthocyanidins in extracts

Flavan-3-ol composition and mean degree of polymerization (mDP) of proanthocyanidins in
marama bean seed coat and condensed tannin sorghum bran extracts were calculated from
HPLC chromatogram peak areas and are presented in Table 4.2.5. The structural
composition of proanthocyanidins from marama bean seed coat was different from that of
condensed tannin sorghum bran. The constitutive units in marama bean seat coat
proanthocyanidins were (epi)gallocatechin-3-O-gallate, (epi)catechin-3-O-gallate,
(epi)gallocatechin and epicatechin while in sorghum these were (+)-catechin and (-)-
epicatechin. Marama bean seed coat proanthocyanidins differed from those of other legumes
such as the common bean and lentils because of the higher percentage of galloylated
subunits. Terminal units of marama bean seed coat proanthocyanidins were epigallocatechin-
3-O-gallate and (epi)catechin-3-O-gallate, while in pinto beans, small red beans and red
kidney beans were reported to be catechin (7.3—14.5%) and epicatechin (0.4-1.1%) (Gu et
al., 2003b) and in lentils were reported to be catechin (8.6—11.9%), epicatechin (1.3-1.7%)
and traces of epicatechin-3-O-gallate (Duefias et al., 2003).

Extension units in marama bean seed coats proanthocyanidins were predominantly
epigallocatechin-3-O-gallate and (Epi)catechin-3-O-gallate, while (Epi)gallocatechin and
(epi)catechin (EC) were present as minor extension unit components, suggesting that the

proanthocyanidins in the seed coats are predominantly prodelphinidins.
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Table 4.2.5. Constitutive unit composition (relative percentage by peak area) of proanthocyanidins in polymer (FIII) and oligomer (FII) fractions

. 1
from aqueous extracts from marama bean seed coat and condensed tannin sorghum bran

% Terminal units released as free flavan-3-ol % Extension units released as benzylthioether derivatives

Extract c’ EGCG ECG EGC EGCG EC ECG mDP
Marama bean seed coat
FIII Water - 27a°+02 82a+0.7 6.6a+1.2 433d+0.7 57a+04 335b+t15 92e¢+0.6
Acidified water - 39a+05 103b=+0.8 70a+14 400c+22 62a+0.1 326b+02 7.1d+0.5
FII Water - 59b+0.8 13.6¢c+0.8 82a+2.1 351b+08 7.0a+0.5 30.1a+2.1 51b+£03
Acidified water - 75b+15 18.7d=+2.2 701a+12 293a+27 80axl5 294a+19 38a+0.2
Sorghum bran
FIII Water 184a+25 - - - - 81.6d=+2.5 - 5.5bc+0.7
Acidified water  15.8a+ 1.8 - - - - 842d+1.8 - 6.4cd+0.7
FII Water 268b+£2.1 - - - - 73.2c£2.1 - 3.7a+0.3
Acidified water 334c+1.6 - - - - 66.6b+1.6 - 3.0a+0.1

" Data are means and standard deviations of four determinations from two independent experiments.

2 Abbreviations: C, catechin; EGCG, (epi)gallocatechin-3-O-gallate; ECG, (epi)catechin-3-O-gallate; EGC, (epi)gallocatechin; EC,

(epi)catechin; mDP, mean degree of polymerization

3 Means with different letters in the same column are significantly different (p < 0.05).

- Not detected
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In comparison, extension units of proanthocyanidin from pinto beans, small red beans and red
kidney beans were found to be composed of epicatechin (43.1-73.9%), catechin (5.4-33.2%)
and (epi)afzelechin (8.7-14.6%) (Gu et al., 2003b) and those in polymer fraction from the
seed coats of lentils were composed of catechin (49.5-61.9%), epicatechin (20.8-33.8),
epigallocatechin (3.8-6.7%) and traces of epigallocatechin-3-O-gallate (Dueiias et al., 2003).
The flavan-3-ol constitutive unit composition of sorghum bran proanthocyanidins were
similar to those reported by Gu et al. (2003b) except that in this study (-)-epicatechin
occurring as terminal unit was not detected. These authors reported that terminal units in
sorghum bran proanthocyanidins were predominantly (+)-catechin (89%) and (-)-epicatechin

(11%) and extension units were exclusively (-)-epicatechin.

Aqueous extracts from marama bean seed coats had a higher mDP compared to equivalent
extracts from condensed tannin sorghum bran. Extraction under acidic conditions of marama
bean aqueous extracts resulted in a significant reduction in the mDP of proanthocyanidins in
both oligomer (FII) and polymer (FIII) fractions. The reduction in mDP may be as a result of
interaction of high molecular weight proanthocyanidins with cell wall polysaccharides
(Hanlin et al., 2010) at low pH resulting in the formation of an insoluble interpolymer
complex precipitate (Khutoryanskiy et al., 2009) as mentioned earlier (section 4.1.4.1)
resulting in extraction of lower molecular weight polymers. The higher molecular weight
proanthocyanidin polymers may be more involved in the interaction because of their higher
number of hydroxyl groups that may form hydrogen bonds with other polymers causing
precipitation. The mDP of marama bean seed coat proanthocyanidins was similar to that of
other legumes such as the common bean and lentils. The mDP of proanthocyanidins in
aqueous acetone extracts from pinto beans, small red beans and red kidney beans ranged from
6.3-12.0, depending on variety (Gu et al., 2003b) and in polymer and oligomer fractions
from lentils it ranged from 6.9-9.4 and 3.8-4.7, respectively (Duenas et al., 2003).
Extraction under acidic conditions did not have a significant effect on the mDP of
proanthocyanidins in acidified water extracts from condensed tannin sorghum bran. The
change in pH had little or no effect on the formation of hydrogen bonds and eventual
precipitate formation when compared to proanthocyanidins from marama bean seed coats.
This may be due to the lower number of hydroxyl groups on the procyanidin polymer as well

as the lower condensed tannin content.
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The mDP of proanthocyanidins from condensed tannin sorghum bran were lower than that of
aqueous acetone extracts from Sumac sorghum, a condensed tannin sorghum cultivar, which
was reported to be 8.4 (Gu et al., 2002). This indicated that lower molecular weight
polymers were extracted under aqueous condition compared to extraction with organic
solvent. The mDP obtained for oligomeric (FII) and polymeric (FIII) fractions from both
marama bean seed coats and sorghum bran were lower than 10 which suggested that the

proanthocyanidins in both fractions obtained from the Sep Pak catridges were all oligomers.

4.2.5. Conclusions

Aqueous extracts from marama bean (Tylosema esculentum) seed coats have higher
condensed tannin content and protein precipitation capacity than equivalent extracts from
bran of condensed tannin sorghum variety PAN 3860. Proanthocyanidins in marama bean
seed coats are predominantly prodelphinidins and those from condensed tannin sorghum bran
are procyanidins. Prodelphinidins have more hydroxyl groups within their polymer structure
than procyanidins and this may render the polymer more water soluble than procyanidins
resulting an extract with higher condensed tannin content. The higher number of hydroxyl
groups in the polymer structure of prodelphinidins also results in higher interaction with
proteins probably through hydrogen bonding resulting in higher protein precipitation capacity

compared to procyanidins from condensed tannin sorghum bran.

Extraction under acidic condition results in a decrease in condensed tannin content of
aqueous extracts from seed coats of marama beans. However, it does not have any
significant effect on condensed tannin content of aqueous extracts from condensed tannin
sorghum bran. The decrease in condensed tannin content of acidified water extracts from
marama bean seed coats may be due to the large number of hydroxyl groups on the
prodelphinidin structure which allows the polymer to interact with other high molecular
weight cell wall polysaccharides through hydrogen bonding resulting in interpolymer

complexation and precipitation at low pH.
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4.3. In vitro antioxidant activity and protective effect of aqueous extracts prepared from
marama bean seed coat and condensed tannin sorghum bran against oxidative

damage of biological molecules

Part of this chapter has been published in the International Journal of Food Science and

Technology' and accepted for publication in the Journal of Food Biochemistry”.

1Shelembe, J.S., Cromarty, D., Bester, M.J.,, Minnaar, A. and Duodu, K.G. (2011)
Characterisation of phenolic acids, flavonoids, proanthocyanidins and antioxidant activity of
water extracts from seed coats of marama bean (Tylosema esculentum) — an underutilised

food legume. International Journal of Food Science and Technology 47, 648-655.
2Shelembe, J.S., Cromarty, D., Bester, M.J., Minnaar, A. and Duodu, K.G. (2011) Effect of

acidic condition on phenolic composition and antioxidant potential of aqueous extracts from

sorghum (Sorghum bicolor) bran. Journal of Food Biochemistry (in press)
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4.3.1. Abstract

Water and acidified water extracts prepared from marama bean seed coats and condensed
tannin sorghum bran for possible use as natural dietary antioxidant were evaluated for free
radical scavenging activities using the 2,2’-azinobis- (3-ethyl-benzothiazoline-6-sulphonic
acid (ABTS), 2,2-diphenyl-1-picryhydrazyl (DPPH) and oxygen radical absorbance capacity
(ORAC) assays. The extracts were also evaluated for their protective effect against free
radical oxidative damage of biomolecules using physiological relevant assays. These were
AAPH-induced human red blood cell haemolysis, AAPH-induced supercoiled plasmid pBR
322 DNA oxidative damage, and copper-catalyzed LDL oxidation assays. Aqueous extracts
from marama bean seed coats had higher free radical scavenging activities than equivalent
extracts from condensed tannin sorghum bran. Extraction of marama bean seed coats under
acidic conditions resulted in an extract with lower free radical scavenging activity, while it
had no significant effect on extracts from condensed tannin sorghum bran. The free radical
scavenging activity of the extracts correlated with total phenolic, flavonoid and condensed
tannin contents. Extracts from marama bean seed coats protected against AAPH-induced red
blood cell haemolysis and copper-catalyzed LDL oxidation at lower concentration than
equivalent extracts from condensed tannin sorghum bran. Extracts from condensed tannin
sorghum bran showed a clear protective effect against AAPH-induced oxidative DNA
damage. However, extracts from marama bean seed coats gave inconclusive results probably
due to prodelphinidins binding to DNA causing poor mobility of the DNA within the agarose
gel. In conclusion, the extracts from marama bean seed coats and condensed tannin sorghum
bran have a potential to reduce oxidative stress implicated in the development of chronic

diseases.

Keyword: Marama bean seec coat; Sorghum bran; Antioxidant activity; Erythrocyte

haemolysis, Oxidative DNA damage; LDL oxidation
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4.3.2. Introduction

Numerous studies have shown that a number of non-nutrient dietary compounds, known as
antioxidants might have a beneficial role in protecting against the development of chronic
degenerative diseases (Paiva-Martins, Fernandes, Rocha, Nascimento, Vitrino, Amado,
Borges, Belo & Santos-Silva, 2009) associated with oxidative stress (Gheldof & Engeseth,
2002; Somparn, Phisalaphong, Nakornchai, Unchern & Morales, 2007) including
cardiovascular disease (CVD) (Hodgson, Croft, Puddy, Mori & Beilin, 1996),
neurodegenerative diseases and cancer (Somparn et al., 2007). Oxidative stress is caused by
reactive oxygen species (ROS) which are harmful by-products produced during normal cell
metabolism (Liyana-Pathirana & Shahidi, 2005; Dimitrios, 2006). Excessive generation of
ROS can modify or cause oxidative damage to DNA, proteins and polyunsaturated fatty acids
(Heo & Lee, 2005) in the human body and these changes have been implicated in the

pathogenesis of human chronic diseases (Jacob & Burri, 1996).

Lipid peroxidation is a major cause of many pathological effects such as CVD, cancer, brain
dysfunction and the ageing process (Lim, Cheung, Ooi & Ang, 2002). The major sites of
lipid peroxidation damage are biomembranes due to the presence of polyunsaturated fatty
acids in the membrane (Mak, Misra & Weglicki, 1983). Destruction of membrane lipids
compromises the function of membrane localized receptors and channels and it also affects
the transmembrane passage of solutes and fluidity of the membrane (Reiter, 1998) and
thereby affecting the function of the cell and subcellular organelles such as mitochondria,
microsomes and lysosomes (Cejas, Casado, Belda-Iniesta, Catro, Espinosa, Redondo, Sereno,
Garcia-Cabezas, Vara, Dominguez-Céceresi, Perona & Gonzéalez-Baron, 2004). Lipid
peroxides decomposes to relatively stable toxic aldehyde products which can diffuse and
attack biomolecules such as proteins, DNA and phospholipids forming intra and inter
molecular covalent adducts (Cejas et al., 2004) leading to decline in physiological functions

of the cell and ultimately cell death.

In European countries CVD is ranked as the number one cause of death, accounting for 48%
of all deaths in 2008 (European Heart Network, 2008) and worldwide it is also a rapidly
growing problem (de Lima Portella, Barcelos, de Bern, Carratu, Bresolin, da Rocha &
Soares, 2008). It is reported that in South Africa, between 1997 and 2004, 195 people died
per day because of some form of heart and blood vessel disease (CVD) (Steyn, 2007). LDL

oxidation is implicated in the development of coronary heart disease (Regnstrom, Strom,
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Moldeus & Nilsson, 1993). Oxidized LDL is recognizable by the non down-regulating
macrophage scavenger receptor (Mosinger, 1995) resulting in the uptake of the oxidized LDL
by the macrophage (foam cells) (Jacob & Burri, 1996) and smooth muscle cells leading to the
formation of fatty streaks (Baba, Osakabe, Kato, Natsume, Yasuda, Kido, Kukuda, Muto &
Kondo, 2007). In recent years there has been great interest in antioxidants that retard LDL
oxidation (Paiva-Martins et al., 2009). In human subjects, phenolic compounds in cocoa
powder increased resistance of LDL to oxidation (Baba et al., 2007) and those found in
virgin olive oil resulted in a decrease in LDL oxidation markers (de la Torre-Carbor,
Chavez-Servin, Jatregui, Castellote, Mamuela-Raventds, Nurmi, Paulsen, Gaddi, Kaikkonen,
Zunt, Fit6,Covas & Lopez-Sabater, 2010) demonstrating their potential to prevent

atherosclerotic processes which lead to CVD.

Worldwide cancer is the leading cause of deaths and in 2008 it accounted for 13% of all
deaths (WHO, 2011). Most cancers begin with somatic mutation of normal cells (Jacob &
Burri, 1996) which may be initiated by oxidative DNA damage (Laparra, Vélez, Barbera,
Farré & Montoro, 2008) caused by ROS (Ames, 1983). Phenolic compounds of plant origin
have been shown to have anticancer and apoptosis inducing properties (Zhang, Spitz,
Tomlinson, Schabath, Minna & Wu, 2002). Green tea extracts were found to have chemo-
protective effect against DNA damage (Bhat, Azmi, Hanif & Hadi, 2006) and
epigallocatechin-3-O-gallate from tea was found to inhibit the growth of nasopharyngeal
carcinoma cells in a dose-dependent manner (Yan, Yong-Guang, Fei-Jun, Fa-Qing, Min &

Ya, 2004).

The aims of this study were (1) to determine the effect of extraction under acidic condition on
free radical scavenging activity of aqueous extracts from marama bean seed coats and
condensed tannin sorghum bran, (2) to determine the protective effect of the extracts against

erythrocyte membrane, LDL and plasmid DNA oxidative damage.

4.3.3. Materials and methods

4.3.3.1. Materials
Marama beans were obtained from Botswana, Ghanzi province from the 2008 season and
condensed tannin sorghum was from the 2004 season grown in South Africa (Section

4.1.3.1). Supercoiled plasmid vector pBR322 DNA, agarose (D1 LE) and bromophenol blue
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were purchased from Whitehead Scientific (Pty) Ltd (Johannesburg, South Africa).
Potassium  persulphate, ethylenediaminetetraacetate = (EDTA), Tris(hydroxymethyl)
aminomethane, glacial acetic acid, saccharose, sodium chloride, potassium chloride, sodium
hydrogen phosphate 1-hydrate (NaH,PO4.H,0), di-sodium hydrogen phosphate (Na,HPOy,),
methanol, copper sulphate, thiobarbituric acid, sodium hydroxide, trochloroacetic acid were
purchased from Merck (Pty) Ltd South Africa (Johannesburg, South Africa). 2,2’-azinobis-
(3-ethyl-benzothiazoline-6-sulphonic acid (ABTS), ethidium bromide, 2,2’-Azobis (2-
methyl-propionamidine) dihydrochloride (AAPH), 6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboylic acid (Trolox), fluorescein (FL), 2,2-diphenyl-1-picryhydrazyl (DPPH), human low
density lipoprotein (LDL) were supplied by Sigma-Aldrich (Pty) Ltd (Johannesburg, South
Africa).

4.3.3.2. Methods

4.3.3.2.1. Sample preparation and extraction
Marama bean seed coats and condensed tannin sorghum bran powder were prepared as
described in section 4.1.3.2.1 and their freeze-dried aqueous extracts were prepared as

described in section 4.1.3.2.2.

4.3.3.2.2. ABTS free radical scavenging assay

Total antioxidant activities of the extracts were determined using the ABTS®" radical
scavenging assay (Awika, Rooney, Wu, Prior & Cisneros-Zevallos, 2003; Siddhuraju, 2006;
Thaipong, Boonprakob, Crosby, Cisneros-Zevallos & Byrne, 2006; Xu, Ye, Chen & Liu,
2007). In this assay, phenolic antioxidants react directly with preformed stable ABTS radical
cations causing decrease in absorbance or colour of the radical (Hagerman, Riedl, Jones,
Sovik, Ritchard, Hartfeld & Richel, 1998). The stable radical is generated by potassium
persulphate oxidation of ABTS” to form a blue-green ABTS®*" chromophore (Macdonald,
Wood & Garg, 2006). The ABTS®" radical cation stock solution was produced by mixing 5
ml of 7.4 mM ABTS solution and 5 ml of 2.45 mM potassium persulphate solution and
allowed to react in the dark at room temperature for 16 hours. ABTS®" radical cation
working solution was prepared by diluting 5 ml of the ABTS®" radical cation stock solution
with 145 ml Phosphate buffer saline (PBS) pH 7.4 (0.2 M Na,HPOy, 0.2 M NaH,PO4 and 150
mM NaCl).
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Freeze-dried aqueous extracts from marama bean seed coat (25 mg) and condensed tannin
sorghum bran (50 mg) were weighed into a 25 ml volumetric flask and made up to volume
with PBS to give a concentration of 1 mg/ml and 2 mg/ml, respectively and then further
diluted to 0.1 mg/ml and 0.4 mg/ml respectively. Trolox standard serial dilutions (0—1000
um Trolox) were prepared in PBS. To 100 pl of diluted sample extract or Trolox standard
solution 2850 pl of ABTS®" radical working solution was added and allowed to react for 30
min and the absorbance measured at 734 nm using a T80+ UV-VIS spectrophometer (PG
Instruments, Wibtoft, UK). Results were reported as micromoles of Trolox equivalents/g

(umol TE/g), on dry sample weight basis.

4.3.3.2.3. DPPH free radical scavenging assay

The antioxidant activity of the extracts was also determined with the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) free radical scavenging assay (Brand-Williams, Cuvelier & Berset,
1995) which measures the ability of an antioxidants to quench the DPPH® radical (Cardador-
Martinez, Loarca-Pina & Oomah, 2002; Nuengchamnong, Krittasilp & Ingkaninan, 2009).
DPPH is a free radical that is stable at room temperature which upon reduction by an
antioxidant results in loss of absorbance at 515-517 nm (Brand-Williams et al., 1995). The
degree of discolouration indicates the scavenging efficiency of the added antioxidant (Xu &
Chang, 2007). The DPPH® stock solution was prepared by weighing 12 mg of DPPH into a
50 ml volumetric flask and made to volume with methanol. Ten millilitres of this stock
solution was further diluted with 50 ml methanol to obtain an absorbance value of
approximately 1.1 at 515 nm. Trolox standard serial dilutions ranging from 0 to 1000 uM
were prepared in methanol. A 1 mg/ml solution in methanol of each extract was prepared.
These were further diluted with methanol to final working concentrations of 0.5 and 0.1
mg/ml for extracts from marama bean seed coats and condensed tannin sorghum bran,
respectively. To 150 pl of the diluted sample extract solution or Trolox solution, 2850 pl of
DPPH working solution was added and the tubes were sealed and covered with foil. Samples
were shaken for 60 min and Trolox standards for 15 min and absorbance was measured at
515 nm using a T80+ UV-VIS spectrophometer. Results were reported as micromoles of

Trolox equivalents/g (umol TE/g), on dry sample weight basis.
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4.3.3.2.4. Oxygen radical absorbance capacity assay (ORAC)

The method of Ou, Hampsch-Woodill and Prior (2001) was used to measure the oxygen
radical absorbance capacity of the extracts with some modifications. In this method
fluorescein (FL) is used as a probe which is attacked by peroxyl radicals generated by 2,2’-
Azobis (2-methyl-propionamidine) dihydrochloride (AAPH) resulting in loss of fluorescence
which is recorded at specific time intervals as the reaction goes to completion. The presence
of an antioxidant compound inhibits free radical damage of fluorescein (Xu & Chang, 2007)
and its protective effect is measured by assessing the area under the fluorescence decay curve

(AUC) (Ou et al., 2001).

Freeze-dried marama bean seed coat and condensed tannin sorghum bran aqueous extracts
were dissolved in distilled water at a concentration of 0.12 mg/ml and 0.15 mg/ml,
respectively. Trolox standards ranging from 0 to 1 mM were prepared in distilled water. FL
stock solution was prepared by dissolving 3.76 mg FL in 50 ml PBS pH 7.4 (prepared as
described in section 4.3.3.2.2). FL working solution was made by mixing 120 ul FL stock
solution, 5 ml PBS and 45 ml distilled water. AAPH solution (74 mM) was prepared by
dissolving 80 mg AAPH in 4 ml distilled water. Trolox standard or sample extract (10 pl)
was added into 96 well plate in triplicates. A FL-AAPH solution was prepared by mixing the
4 ml of AAPH solution with 16 ml of FL. working solution and immediately after mixing, 200
ul was added to each well containing Trolox, or extract. For blank and negative control 200
pul FL working solution and 200 pl FL-AAPH solution respectively was added to wells
containing 10 pl distilled water. The well plates were placed in a FLUOstar OPTIMA
multifunctional plate reader (BMG LABTECH GmbH, Ortenberg, Germany) set at 37 °C.
Fluorescence at 485 nm excitation and 520 nm emission (Macdonald et al., 2006; Thaipong
et al., 2006) was recorded at every 5 min interval for 245 min. Area under curve (AUC) was
calculated for samples and standards using Microcal Origin software, version 6 (Microcal
Software Inc, Northampton, USA). AUC for samples and standards were subtracted from
AUC for blank. Antioxidant activity for samples was calculated from Trolox calibration
curves and results reported as micromoles Trolox equivalents/g (umol TE/g) on dry weight

basis.
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4.3.3.2.5. AAPH-mediated red blood cell haemolysis assay

Aqueous extracts were evaluated for their capacity to protect biomembrane against oxidative
damage by free radicals using human red blood cell as a model system. In this assay
haemolysis of red blood cell membrane is induced with AAPH (Paiva-Martins et al., 2009).
AAPH decomposes at physiological temperature and generates peroxyl radicals (Somparn et
al., 2007) which cause peroxidation of lipids and oxidation of proteins in the membrane
leading to membrane rupture or formation of haemolytic holes (Sato, Sato & Suzuki, 1999)
and resultant leakage of cell contents. Antioxidants that scavenge peroxyl radicals would

reduce the rate of red blood cell haemolysis.

The red blood cell haemolysis assay was performed according to Tang and Liu (2008).
Human red blood cells were obtained from the Department of Pharmacology of the
University of Pretoria and were suspended in isotonic phosphate buffer saline PBS, pH 7.4
(8.1 mM Na,HPOy4, 1.9 mM NaH,PO4, 3 mM KCl and 0.137 M NacCl) in a ratio of 1:1, stored
at 4 °C and used within 3 days. Prior to use, the red blood cell suspension was centrifuged at
2750 rpm (1184 x g) for 3 min using model Z300 centrifuge (Hermle Labortechnik GmbH,
Wehingen, Germany) and the supernatant removed and discarded. Red blood cells were
washed 3 times by adding isotonic PBS in a ratio of 1:1 and centrifuging at 2750 rpm (1184 x
g) for 3 min and with each step the supernatant was discarded. Freeze-dried aqueous extracts
from marama bean seed coat and condensed tannin sorghum bran were dissolved in distilled
water at a concentration of 1.2 and 12 mg/ml, respectively. Extract solutions from marama
bean seed coats were further diluted to three different concentrations 10, 40 and 80 pg/ml
concentrations and extracts solution from sorghum bran were further diluted to 100, 200 and
400 pg/ml concentrations. For treatments 100 pl isotonic PBS, 10 ul red blood cells, 40 pl
extract solution and 40 ul of 110 mM AAPH solution (prepared in isotonic PBS) were added
into 1.5 ml safe lock eppendorf tubes. For sample blanks 140 pl isotonic PBS, 10 ul red
blood cells and 40 pl extract were added into each tube. Positive controls were prepared by
adding 140 pl isotonic PBS, 10 ul red blood cells and 40 ul of 110 mM AAPH solution into
tubes and negative controls were prepared by adding 180 pl isotonic PBS and 10 pl red blood
cells. Tubes were sealed, mixed by vortexing and incubated at 37 °C for 16 h. After
incubation the tubes were mixed by vortexing and centrifuged at 2750 rpm (1184 x g) for 3
min. Supernatant (50 pl) was transferred into a 96 well plate and absorbance measured at

405 nm on a Bio Tek ELx 800 plate reader (Biotek Instruments Inc, Winooski, USA).
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4.3.3.2.6. AAPH-mediated oxidative DNA damage

The protective effects of marama bean seed coat and condensed tannin sorghum bran aqueous
extracts on oxidative DNA damage induced by AAPH were assessed by the method as
described by Wei, Zhou, Cai, Yang & Liu (2006) with some modification. Under oxidative
stress supercoiled plasmid pBR322 DNA is converted into relaxed circular form due to single
strand breaks and into linear form due to double strand breaks and these three forms are
separated by agarose gel electrophoresis because of their differences in electrophoretic

mobility (Aronovitch, Godinger, Israeli, Krishna, Samuni & Goldstein, 2007).

DNA solution was prepared by diluting 10 ug supercoiled plasmid pBR322 DNA with 100 pl
Tris-acetate buffer pH 8 working solution and vortexed. Treatment samples were prepared
by adding 2.5 pul DNA solution, 5 pl sample extract or Trolox solution and 5 pl of 11 pm
AAPH solution into eppendorf tubes. Positive controls were prepared by adding 2.5 ul DNA
solution, 5 pul Tris-acetate buffer, pH 8 and 5 pl of 11 um AAPH into eppendorf tubes and
negative controls by adding 2.5 ul DNA solution and 10 pl Tris-acetate buffer solution.
Tubes were vortexed and then incubated for 1.5 h at 37 °C. Twelve microliters of loading
buffer (40% sucrose and 0.025% bromophenol) solution was added into each tube and
vortexed. Twenty microlitres of sample was loaded into the well in the gel in electrophoresis
apparatus (Owl Scientific Inc, Worburn, USA) containing 80 mM Tris-acetate buffer pH 8.
The gel was run at 60 V, 30 mA for 2 h using electrophoresis power supply unit model EPS
301 (Amersham Pharmacia Biotech, Uppsala, Sweden). DNA bands were visualized and
photographed on a UV transilluminator (Vilber Laurmat, Marne la Vallee, France). Band
intensities were measured using Image Tool for Windows software version 3.00 (The
University of Texas Health Center, San Antonio, USA) and % intensity was calculated

relative to the negative control (without AAPH).

4.3.3.2.7. Copper-catalyzed human low density lipoprotein oxidation

The effect of extracts against copper-catalyzed human low density lipoprotein (LDL)
oxidation was evaluated using the thiobarbituric assay (TBA assay) (Riifer & Kulling, 2006;
Xu, Yuan, & Chang, 2007a). Freeze-dried marama bean seed coat and condensed tannin
sorghum bran aqueous extracts were dissolved in distilled water at a concentration of 1.2
mg/ml and 6 mg/ml, respectively. Extract solutions were further diluted into three different

concentrations, 10, 40 and 80 pg/ml for extract solution from marama bean seed coats and
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100, 250 and 500 pg/ml for extract solution from condensed tannin sorghum bran. For
treatments, 2 pl of LDL solution (5.5 mg/ml), 168 pl 0.02 M PBS solution and 10 pl sample
extract or Trolox solution were added into eppendorf safety lock tubes and oxidation was
initiated by adding 20 pl of 100 mM copper sulphate solution. Positive controls were
prepared by adding 2 pul LDL, 178 pl PBS and 20 pl copper sulphate solutions. Negative
controls were prepared by adding 2 pl LDL and 198 pl PBS solutions. Tubes were sealed
and incubated in a water bath at 37 °C for 3 h. After incubation, 200 pl of 10 mM EDTA,
200 pl of 20 % (w/v) trichloroacetic acid solution and 200 pl of 0.67 % (w/v) thiobarbituric
acid solution in 0.2 M NaOH were added and sealed. Tubes were then heated at 80 °C (Lim
et al., 2002) for 30 min in a water bath and after cooling were centrifuged at 1500 g for 15
min and the supernatant was then transferred into a 1 ml cuvette. Absorbance was measured

at 532 nm using a T80+ UV-VIS spectrophometer.

4.3.3.3. Statistical analysis

Results from two independent experiments performed in duplicate were expressed as means +
standard deviations. Data were analyzed using one-way analysis of variance (ANOVA) and
post hoc testing using Fishers LSD test for multiple comparisons of means was used to
determine significant differences between means. Statistica 8.0 program (StatSoft Inc, Tulsa,

USA) was used for statistical data analysis and significance was accepted at p < 0.05.

4.3.4. Results and discussion

4.3.4.1. Antioxidant capacity
Water extracts from marama bean seed coats exhibited the highest antioxidant activity
amongst all the extracts as determined with the ABTS®" and DPPH® radical scavenging and

ORAC assays (Table 4.3.1).

Extracts from marama bean seed coats had higher antioxidant activity than equivalent
extracts from condensed tannin sorghum bran. Water extracts from marama bean seed coats
had 35, 9 and 4 fold higher antioxidant activities than water extracts from condensed tannin
sorghum bran as measured with the DPPH, ABTS and ORAC assays, respectively. Acidified
water extract from marama bean seed coats had 19, 5, and 2 fold higher antioxidant activities
than acidified water extract from condensed tannin sorghum bran as measured by DPPH,

ABTS and ORAC assays, respectively. The DPPH antioxidant activities of marama bean
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aqueous extracts were lower but comparable to those reported for methanol extracts from the
seed coats of common beans with dark seed coats which had the highest antioxidant activity
averaging 518 umol TE/g, on wet weight basis amongst 28 cultivars (Rannilla, Genovese &

Lajolo, 2007).

Table 4.3.1. Effect of extraction under acidic condition on antioxidant activity of aqueous

extracts from marama bean seed coats and condensed tannin sorghum bran

Extract ABTS DPPH ORAC
(umol TE/g) (umol TE/g) (umol TE/g)

Marama bean seed coat

Water extract 707.1' 2 £ 10.6 4924c+179 439.3 c+34.9

Acidified water extract 3432b+21.3 3254b+13.8 273.1b+42.3

Condensed tannin sorghum bran

Water extract 752a+7.6 140a+0.8 111.1 a+20.1

Acidified water extract 70.7a+2.3 170a+1.0 1349a+13.5

'Data are means + standard deviations on dry weight basis of four determinations from two
independents experiments.

*Means with different letters in the same column are significantly different (p<0.05).

However, they were higher than that of acidified acetone extracts from seed coats of black
soybean which was approximately 165 pmol TE/g on dry weight basis (Xu & Chang, 2008).
The ORAC values for both marama bean aqueous extracts were lower than that reported for
acidified acetone extract from seed coats of black soybeans, which was approximately 450

umol TE/g on dry weight basis (Xu & Chang, 2008).

The DPPH®, ABTS®" scavenging activities and ORAC values of aqueous extracts from
sorghum bran were lower than values reported for aqueous acetone extracts from sorghum
variety Sumac (SU99) bran which were 716 umol TE/g, 768 umol TE/g and 3124 umol
TE/g (Awika et al., 2003) on dry weight basis, respectively. The differences could be due to
differences in cultivars, extraction methods and solvents. Water is a poor solvent for
extracting phenolic compounds compared to organic solvents such as acetone and methanol

and their aqueous mixtures (Yu, Ahmedna & Goktepe, 2005).
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Acidified water extract from marama bean seed coats had 2, 1.6 and 1.5 fold lower
antioxidant activities as determined with the ABTS®", DPPH® scavenging assays and ORAC
assay, respectively compared to water extracts. The lower antioxidant activity was as a result
of lower phenolic content which may have been caused by interpolymer precipitation and co-
precipitation of phenolic compounds triggered by low pH as discussed in section 4.1.4.1.
Extraction of condensed tannin sorghum bran under acidic condition caused a slight increase
in DPPH® scavenging activity and ORAC value, however, this increase was not statistically

significant and there were also no significant differences in ABTS®" scavenging activities.

There was a strong correlation between phenolic content as reported in sections 4.1.4.1 and
4.1.4.2 and antioxidant activity of aqueous extracts from marama beans seed coats and
condensed tannin sorghum bran (Table 4.3.2). Similar Pearson’s correlation coefficients
between phenolic content and ABTS (r = 0.99) and DPPH (r = 0.98) have been reported in
acidified methanol and aqueous 70% acetone extracts, respectively from sorghum (Dykes,
Seitz, Rooney & Rooney, 2009). The results show that ORAC values were more correlated
to condensed tannin content. A high correlation (r* = 0.994) between ORAC values and
procyanidins levels were reported in cocoa extracts (Adamson, Lazarus, Mitchell, Prior, Cao,

Jacobs, Kremers, Hammerstone, Rucker, Ritter & Schmitz, 1999).

DPPH free radical scavenging activity was strongly correlated to total phenolic content, total
flavonoid content and the sum of phenolic compound concentration. Xu and Chang (2008)
also found similar results where DPPH was strongly correlated to total phenolic content (r =
0.99) and total flavonoid content (r = 0.98) and ORAC values showed lower correlations to
total phenolic content (r = 0.81) and total flavonoid (r = 0.77), and poor correlation to
phenolic acids (r = 0.49) and the flavanol catechin (r = 0.06). The difference were explained
by the authors to be due to differences in reaction mechanisms, ORAC is based on the

hydrogen transfer mechanism whereas DPPH is based on the electron transfer mechanism.

ABTS®" scavenging activity was strongly correlated to condensed tannin content as measured
with the vanillin-HCL method. Hagerman et al. (1998) reported that procyanidins (tannins)
were more effective quenchers of the ABTS®" because of the high molecular weight and

proximity of many aromatic rings and hydroxyl groups.

97



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

"IV_

&

“ UNIVERSITEIT VAN PRETORIA
Qe

Table 4.3.2. Pearson's correlation coefficients between antioxidant activities and phenolic

contents determined with different methods

ORAC DPPH ABTS

Total phenolic content (Folin Ciocalteu method) 0.965(**) 0.995(**) 0.984(**)
Condensed tannin content (Vanillin-HCI method) 0.980(**) 0.981(**) 0.997(**)
Total flavonoid content (Colorimetric method) 0.957(**) 0.991(**) 0.985(**)
Sum of phenolic compounds (HPLC method) 0.967(**) 0.994(**) 0.984(**)

** Correlation is significant at the 0.01 level (2-tailed), N=16

4.3.4.2. Effect of extracts on AAPH-mediated red blood cell haemolysis

Aqueous extracts from marama bean seed coats inhibited AAPH-induced red blood cell
haemolysis in a dose dependent manner as shown in Fig. 4.3.1. Water and acidified water
extracts from marama bean seed coats at 10 pg/ml concentrations resulted in a 16 and 20%
reduction in haemolysis, respectively and at 80 pg/ml concentrations reduction in haemolysis
was as much as 64 and 57%, respectively compared to positive control. Acidified water
extracts from marama bean seed coats had significantly lower protective effect at 40 and 80
pg/ml concentrations than water extracts which is similar to the relative phenolic contents

and antioxidant activities of these samples.

The results also show significant differences between the negative control and sample
controls especially the water extracts indicating that the extracts on their own were also
causing red blood cell haemolysis. This may be ascribed to the presence of homogentisic
acid in the extracts (section 4.1.4.2.1) which has been reported to cause haemolysis when
incubated with blood (Heoedus & Nayak, 1994). Homogentisic acid is metabolized by
homogentisic acid oxidase during normal catabolism of phenylalanine and tyrosine in the
liver (Gutzmer, Herbst, Kiehl, Kapp & Weiss, 1997) therefore it may not be expected to
cause any harm when ingested. Homogentisic acid is also present in honey used for food
depending on the source of nectar (Cabras, Angioni, Tuberoso, Floris, Reniero, Guilou &

Ghelli, 1999).

98



P

UMNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Qo YUNIBESITHI YA PRETORIA

B Positive control

B Negative control

B Water extract + RBC

B Acidified water extract + RBC

B Water extract + RBC + AAPH

201 i m Acidified water extract + RBC + AAPH

(=)
A
|

hh "

1.5 A "l

RBC haemolysis, Absorbance units (@ 405 nm

1.0 - f i
0.5 1 bcb be
al
a
OU i T l T T T
+Ve Control Ve Control 10.00 40.00 30.00

Extract concentration (ug/ml)

Figure 4.3.1. Effect of water and acidified water extracts prepared from marama bean seed
coats on AAPH-mediated human red blood cell haemolysis. Each bar on the graph is an
average of four determinations from two independent experiments. Error bars represent
standard deviation of the mean. Bars with different letters are significantly different (p<

0.05).

Aqueous extracts from condensed tannin sorghum bran also inhibited AAPH-induced red
blood cell haemolysis in a dose dependent manner as shown in Fig. 4.3.2. Treatment with
water and acidified water extracts at 100 pg/ml concentrations resulted in 42 and 52%
reduction in haemolysis, respectively and at 400 ug/ml concentrations by as much as 72 and
77%, respectively compared to positive control. Acidified water extracts showed a

significantly higher protective effect at all concentration levels compared to water extracts
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(Fig. 4.3.2). This may be due to the significantly higher total phenolic content and phenolic
compound concentrations as measured with the Folin Ciocalteu method (section 4.1.4.1) and
HPLC methods (section 4.1.4.2), respectively compared to water extracts. There was no
significant difference between the negative control and sample controls indicating that the

extracts from condensed tannin sorghum bran did not cause any haemolysis.
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Figure 4.3.2. Effect of water and acidified water extracts from condensed tannin sorghum
bran on AAPH-mediated human red blood cell haemolysis. Each bar on the graph is an
average of four determinations from two independent experiments. Error bars represent
standard deviation of the mean. Graph bars with different letters are significantly different

(p< 0.05).

Extracts from marama bean seed coats were effective at lower concentrations 10-80 pg/ml
(Figure 4.3.1) compared to extracts from condensed tannin sorghum bran which were

effective at 100400 ug/ml (Fig. 4.3.2). This is because extracts from marama bean seed
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coats had higher phenolic content and antioxidant activity compared to equivalent extracts

from condensed tannin sorghum bran.

Phenolic compounds from olive oil (Paiva-Martins, Fernandes, Santos, Silval, Borges, Rocha,
Belo, & Bogdanov, 2010) and green tea (Lanping, Zaiqun, Bo, Li & Zhongli, 2000) showed a
similar dose response protective effect against H,O, and AAPH-induced red blood cell
haemolysis, respectively. The protective effect of phenolic compounds in the extracts against
red blood cell biomembrane oxidation is through antioxidant activity (Paiva-Martins et al.,
2009) by reducing lipid peroxides (Lin, Wu, Wang, Yang & Chang, 2001). Condensed
tannins and flavonoid compounds in the extracts may also provide protection by
accumulating at the membrane surface through hydrogen bonding to polar groups of
membrane phospholipids thus preventing access of the deleterious peroxyl radicals to the
hydrophobic region of the bilayer (Verstraeten, Keen, Schmitz, Fraga & Oteiza, 2003). The
results suggest that phenolic compounds in the extracts have a potential to reduce oxidative
stress on cell biomembranes which are the main sites of lipid peroxidation (Mak et al., 1983).
Low molecular weight proanthocyanidins in the extracts, such as dimers, may be absorded in
the upper gastrointestinal tract in their intact form (Holt, Lazarus, Sullards, Zhu, Schramm,
Hammerstone, Fraga, Schmitz & Keen, 2002). However, high molecular weight condensed
tannins (oligomers and polymers) may not be absorbed into circulation in their intact form
(Rios, Gonthier, Rémésy, Mila, Lapierra, Lazarus, Williamson & Scalbert, 2003). They may
therefore only directly provide protection to cells lining the gastrointestinal tract against
oxidative damage and may also play a unique role in sparing other antioxidants and thus
indirectly increasing antioxidant levels in other tissues (Hagerman et al., 1998). However,
the high molecular weight proanthocyanidins may be metabolised into phenolic acid
metabolites by colonic bacteria and these metabolites may be absorbed into circulation and
therefore may confer health beneficial effects (Rios et al., 2003; Saura-Calixto, Pérez-

Jiménez, Tourifo, Serrano, Fuguet, Torres & Gotii, 2010).

4.3.4.3. Effect of aqueous extracts on AAPH-mediated oxidative DNA damage
The effects of water and acidified water extracts from marama bean seed coats and condensed
tannin sorghum bran on AAPH-induced oxidative supercoiled plasmid pBR 322 DNA

damage are shown in Fig. 4.3.3.
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Figure 4.3.3. Effect of water and acidified water extracts from marama bean seed coats and
condensed tannin sorghum bran on AAPH-induced oxidative supercoiled plasmid pBR 322
DNA damage.
circular DNA.

The S band represents supercoiled DNA and R band represents relaxed

Supercoiled DNA shown as S band had higher mobility than relaxed circular DNA shown as
R band. In the negative control sample (without AAPH) the intensity of the super-coiled
DNA band (S) was set to 100% and the intensities of the other bands were calculated relative
to this band. Addition of 11 pmol AAPH solution to super-coiled plasmid DNA (positive

control) caused single strand breaks resulting in decrease in intensity of the supercoiled DNA



&

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Qe YUNIBESITHI YA PRETORIA

band (S) to a mean value of 86 % of negative control and there was a slight increase in

intensity of the relaxed circular DNA band (R) (Fig. 4.3.3).
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Figure 4.3.4. Effect of water and acidified water extracts from marama bean seed coats on
AAPH-induced oxidative supercoiled plasmid pBR 322 DNA damage. Each bar on the graph
is an average of four determinations from two independent experiments. Error bars represent
standard deviation of the mean. Graph bars with different letters are significantly different

(p< 0.05).

Addition of 5 pmol Trolox solution (5 um Trolox + AAPH) resulted in protection against
APPH-mediated single strand breaks and the intensity of the supercoiled DNA band was not
significantly different from the negative control. Treatment with both water and acidified
extracts from marama bean seed coats affected the mobility of DNA. All the lanes treated

with extracts from marama bean seed coats (8 pg/ml) left behind a trail of DNA from the
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wells resulting in lower intensities of the R and S bands especially the water extracts with
higher levels of condensed tannin content (Fig. 4.3.3). However, all lanes treated with

aqueous extracts from condensed tannin sorghum (200 pg/ml) did not show this trail of DNA.

Water and acidified water extracts from marama bean seed coats did not appear to provide
protection against AAPH-mediated oxidative supercoiled DNA damage because there was no
significant difference between the positive control and samples treated with the aqueous
extracts (Fig. 4.3.4). However, it would appear that these results were inconclusive because
there was poor migration of the DNA bands through the gel leaving behind a trail. The
interference in the lanes treated with extracts from marama bean seed coats could be as a
result of an interaction between DNA and the galloylated condensed tannins (section
4.2.5.3.1) in the extracts possibly through hydrogen bonding to form a complex with a higher
molecular mass and low mobility. Condensed tannins in plant tissue have been reported to
bind to DNA upon cell lyses during isolation of DNA for research work (Maliyakal, 1992).
Also hydrolysable tannins have been reported to bind to DNA from calf thymus and the
binding was attributed to the large number of hydroxyl groups and the high molecular weight
(Labieniec & Gabryelak, 2006).

Treatment with water and acidified water extract solutions (200 pg/ml) from condensed
tannin sorghum bran resulted in super-coiled DNA band (S) intensities of 96 and 97 %,
respectively (Fig. 4.3.5). There was no significant difference between these bands and the
negative control and the 5 um Trolox treated sample indicating that both extracts from
condensed tannin sorghum bran provided some protection against AAPH-mediated single

strand breaks.
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Figure 4.3.5. Effect of water and acidified water extracts (200 pug/ml) from condensed tannin
sorghum bran on AAPH-induced oxidative supercoiled plasmid pBR 322 DNA damage.
Each bar on the graph is an average of four determinations from two independent
experiments. Error bars represent standard deviation of the mean. Graph bars with different

letters are significantly different (p< 0.05).

The phenolic compounds epigallocatechin-3-O-gallate, epigallocatechin and epicatechin
isolated from green tea were reported to have a protective effect against AAPH-induced
supercoiled plasmid vector DNA (pBR 322) oxidative damage (Wei et al., 2006). In another
study the phenolic compounds caffeic acid, hydroxytyrosol and tyrosol from olive oil were
also reported to have a protective effect against H>O, induced oxidative DNA damage in cell
lines from human prostate epithelium in a dose dependent manner (Quiles, Farquharson,
Simpson, Grant & Wahle, 2002). The protective effect of phenolic compounds against
oxidative DNA damage may be through free radical scavenging activity and transition metal

ion chelation (Aherne & O’Brien, 2000). The results of this study suggest that the extracts by
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virtue of their phenolic compound content may play a role in the prevention of cancer which

may be initiated by free radical oxidative DNA damage.

4.3.4.4. Effect of extracts on copper-catalyzed human LDL oxidation

In this assay LDL oxidation was initiated with Cu (II) and the breakdown products of lipid
peroxides, thiobarbituric reactive substances (TBARS) which are the late stage products of
LDL oxidation (Xu et al., 2007) were measured at the end of the incubation period using the
TBA assay. Incubation of human LDL with copper sulphate solution (positive control)

caused oxidation of LDL and produced maximum TBARS (Fig. 4.3.6 and Fig. 4.3.8).
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Figure 4.3.6. Effect of water and acidified water extracts prepared from marama bean seed
coats on copper-catalyzed LDL oxidation determined with the thiobarbituric (TBA) assay.
Bars are means of four determinations from two independent experiments. Error bars
represent standard deviation of the mean. Bars with different letters are significantly

different (p < 0.05).
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Addition of 100 um Trolox reduced LDL oxidation by 54% of positive control. Treatment
with water and acidified water extracts from marama bean seed coats at 10 and 40 pg/ml
concentrations resulted in 11-17% reduction in TBARS levels, however the TBARS levels
were not significantly different from the positive control (Fig. 4.3.6). Treatment with water
and acidified water extracts at 80 pg/ml concentrations resulted in 73 and 75% significant
reduction in TBARS levels, respectively. The reduction was higher than that of 100 pm
Trolox and the levels of TBARS were not significantly different from that of the negative
control (without AAPH) which suggests that there was almost complete inhibition of LDL
oxidation. There were no significant differences in the level of inhibition between water and
acidified water extracts at all concentrations even though there were significant differences in
phenolic compound content and antioxidant activity between the extracts. In Fig. 4.3.7 a
possible explanation is provided as to why extracts with different levels of phenolic contents
could exhibit similar TBARS levels. LDL oxidation is a lipid peroxidation reaction which is
characterized by three phases; initiation (lag phase), propagation and decomposition.
Antioxidants such as phenolic compounds lower the rate of initiation by scavenging lipid
peroxyl radicals (Abuja, Murkovic & Pfannhauser, 1998) thereby prolonging the lag phase
during incubation (Esterbauer, Gebicki, Puhl, & Jiirgens, 1992). The extracts at 10 and 40
ug/ml concentrations had short lag phases and allowed the reaction to go through all the three
lipid peroxidation phases resulting in similar TBARS levels. Both extracts at 80 pg/ml
concentrations suppressed the initiation phase through-out the incubation period resulting in

similar low TBARS levels.

Similar results were reported in an experiment investigating the protective effect of an
antioxidant compound, oxime against copper-catalyzed LDL oxidation (de Lima Portella et
al., 2008). The authors found that at low concentrations levels (0.5, 1, 2 and 3 uM) the
TBARS levels were not significantly different amongst treatments and the positive control
even though the lag phases as measured by conjugated diene formation were significantly
different amongst treatments and the positive control at all concentrations except at 0.5 uM.
However at 5 uM there was a significant reduction in TBARS compared to the other

treatments and the positive control.
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Figure 4.3.7. LDL oxidation kinetic curves showing how two extracts with significantly
different antioxidant concentration could exhibit similar TBARS levels (Adapted from de

Lima Portella et al. (2008)).

Addition of water and acidified water extracts from condensed tannin sorghum bran also
showed a similar trend as extracts from marama bean seed coats (Fig. 4.3.8). Treatment with
100 and 250 pg/ml extract concentrations resulted in a 12-20% reduction in LDL oxidation
and the TBARS levels at these concentrations were significantly different from that of the
positive control.  Treatment with water and acidified water extracts at 500 pg/ml
concentration resulted in 72 and 71% significant reduction in TBARS levels, respectively and
the levels were not significantly difference from that of the negative control (without AAPH)
indicating an almost complete inhibition. The inhibition at this level was higher than that of

100 um Trolox treated samples.
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Figure 4.3.8. Effect of aqueous extracts prepared from condensed tannin sorghum bran on
copper-catalyzed LDL oxidation using thiobarbituric assay (TBA assay). Bars are means of
four determinations from two independent experiments. Error bars represent standard

deviations. Bars with the same letter are not significantly different (p < 0.05).

Phenolic compounds protect against LDL oxidation by lowering the rate of initiation by
scavenging lipid peroxyl radicals (Abuja et al., 1998) interrupting propagation of free radicals
and thus acting a chain breaking antioxidants (Reiter, 1998). These compounds may also
provide protection through chelation of copper ions and by stabilizing LDL structure through
interaction with apolipoprotein B thereby preventing binding of copper ions to the particles

(Riifer & Kulling, 2006).

The results show that water and acidified water extracts from marama bean seed coats were
more effective than equivalent extracts from condensed tannin sorghum bran. This effect was
observed at a concentration of 10-80 pg/ml for extracts from marama bean seed coats

compared to 100-500 pg/ml for extracts from condensed tannin sorghum bran. This is due to
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the higher phenolic content and antioxidant activity of extracts from marama bean seed coats

compared to equivalent extracts from condensed tannin sorghum bran.

The results did not show a dose-response effect. Also there were no significant differences
between water and acidified water extract treated samples, especially samples treated with
extracts from marama bean seed coat which had significantly different phenolic content and
antioxidant activity. The reason is that antioxidants only prolong the lag phase of lipid
peroxidation during the incubation period (Abuja et al., 1998; Esterbauer, Gebicki, Puhl &
Jirgens, 1992) and if the reaction goes through all the phases of lipid peroxidation the
amount of TBARS produced becomes dependent on the initial amount of LDL present and

not on the extract concentration.

Other plant extracts from elderberry (Abuja et al., 1998), grape juice (Frankel, Bosanek,
Meyer, Silliman & Kirk, 1998) have been shown to inhibit LDL oxidation in vitro. Purified
phenolic compounds extracted from plant material such as hydroxycinnamic acids from grape
(Meyer, Donovan, Pearson, Waterhouse & Frankel, 1998), isoflavonoids and their
metabolites from soybean (Hodgson et al., 1996; Riifer & Kulling, 2006) have also been
shown to have a protective effect against LDL oxidation. Overall, the results provide some
evidence that extracts from marama bean seed coats and condensed tannin sorghum bran, by
virtue of their content of phenolic compounds could provide protection against LDL

oxidation, which is a risk factor in cardiovascular disease.

4.3.5. Conclusions

Aqueous extracts from marama bean seed coats have higher free radical scavenging activity
than equivalent extracts from condensed tannin sorghum bran because of their higher
phenolic compound content. Extraction of marama bean seed coats under acidic condition
results in an extract with lower free radical scavenging activity because of lower phenolic
content as a result of co-precipitation of phenolic compounds with interpolymer complex
precipitate which may be as a result of interaction between prodelphinidins (condensed
tannins) and cell wall polysaccharides. In contrast, extraction of condensed tannin sorghum
bran under acidic condition does not have a significant effect on free radical scavenging
activity, probably because of the similar levels of condensed tannins in water and acidified

water extracts.
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Extracts from marama bean seed coats are effective at lower concentration against
biomembrane oxidative damage than equivalent extracts from condensed tannin sorghum
bran due to their higher phenolic compound content and antioxidant activity. Extracts from
condensed tannin sorghum bran show a clear protective effect against oxidative DNA
damage. However, this assay is not suitable for the evaluation of extracts from marama bean
seed coats as the prodelphinidins in the extracts bind to DNA causing poor mobility of the
bands in the agarose gel resulting in inconclusive results. The extracts have a potential to
lower the risk of cancer by inhibiting free radical oxidative DNA damage in cells. Further
more, these extracts can potentially prevent atherosclerosis associated with cardiovascular
disease by inhibiting LDL oxidation. Aqueous extracts from marama bean may be more
effective at lower concentration than those from condensed tannin sorghum bran because of
their higher concentration of phenolic compounds. In conclusion, both marama bean seed
coat and condensed tannin sorghum bran extracts have the potential to protect biomolecules

against oxidative damage.
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