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ABSTRACT

CHARACTERIZATION OF PHYTOCHEMICALS INVOLVED IN THE
DARKENING OF CRANBERRY BEANS (PHASEOLUS VULGARIS L.) AND THEIR
POTENTIAL HEALTH BENEFITS

Peter Xin Chen
University of Guelph, 2016

Advisor:
Professor Massimo F. Marcone

Post-harvest darkening (PHD) occurring during storage of dry beans (Phaseolus vulgaris
L.) has a negative impact on consumer preference. Prevention of PHD has aesthetic
appeal however, it may come at the expense of health-benefiting phytochemicals. In this
study, regular- (RD) and non-darkening (ND) cranberry beans were compared for their
phytochemical contents and measures of antioxidant and anti-inflammation activities.
Seed coats and whole beans of RD and ND cultivars were examined using HPLCDAD/LC-ESI-MSn and NMR along with in vitro chemical methods (total phenolic; TPC,
total flavonoid; TFC, total proanthocyanidin; PAC). Free, conjugated and bound
phenolics were sequentially extracted and examined separately. PHD under greenhouse
conditions for 21 d decreased TPC, TFC and PAC contents in RD beans (p < 0.05). An
unknown compound saw significant increase in concentration following PHD. Purified
extracts of RD and ND beans displayed strong cellular antioxidant activity in RD and
dose-dependent attenuation of TNF-α-induced pro-inflammatory cytokine IL-8 secretion
in a Caco-2 cell model (p < 0.05). The extracts displayed prevention of inhibition of
endogenous antioxidant enzymes such as SOD, CAT, GPx and GR as well as GSH under
stress conditions. Monomeric and oligomeric flavonoids were only found in RD beans.
ii

TPC and overall antioxidant activities (FRAP, DPPH, and ORAC) were significantly
higher (p < 0.05) in RD seeds compared to ND. Lipophilic extracts of whole RD and ND
beans were rich in polyunsaturated fatty acids (69.20–76.89%). Simulated gastrointestinal
digestion was performed on cooked beans to assess phenolic bioaccessibility. Phenolics
in the non-digestible fractions of RD and ND were released upon hydrolysis with
carbohydrase enzymes. Results from this study suggest that flavonoids may play a key
role in the PHD trait. However, despite the higher concentration of flavonoids present in
RD beans, under physiological conditions, health benefits derived from RD and ND
beans became less apparent.

iii

ACKNOWLEDGEMENTS

I would like to thank my PhD advisor Dr. Massimo Marcone for his support and
guidance. I was blessed with his unwavering support, generosity and kindness and cannot
thank him enough for all he has done for me outside the lab. I will remember with
fondness our trip to Boston and his help with various personal projects. To my supervisor
Dr. Rong Tsao at Agriculture and Agri-Food Canada (AAFC), I would like to thank you
for your mentorship and shaping my research experience. As one of the leaders in the
field of phytochemistry, I can only hope to obtain a fraction of the successes you have
achieved in your career. Thank you to my co-supervisor Dr. Peter Pauls for providing me
direction and the opportunity to study cranberry beans. As the Principal Investigator of
the Applied Bean Genomics and Bioproducts research team, you not only provided me
with the funding and beans necessary to conduct my experiments, but also the guidance
and support required to be successful. None of this would have been possible without all
the members of the bioactives lab at AAFC. I would like to begin by thanking Dr.
Ronghua Liu without whom many more failed experiments would have occurred. You
had an answer to all of my many questions and concerns. Thank you for always being
there to help. To my colleagues and collaborators, Dr. Yao Tang and Dr. Bing Zhang,
both of you were the catalyst in my research endeavors. Your hard work and dedication
to research truly rubbed off on me and was something to be admired. Together, we
published 10 peer-reviewed articles during your short stay in Guelph. We worked hard
but also had lots of fun in the process. Thank you to the both of you and I hope to work
with you all in the near future. I would also like to thank Dr. Hua Zhang for your help
with cell culture experiments. I am pretty sure I still owe you many coffees. To my peers
iv

and co-founders of the Food Science Grad Club, James De Souza and David (Jason) Ioi,
thank you all for reminding me there is more to life than research and writing. I would be
remiss if I didn’t also mention Raf Ahmed and John Dupuis for their friendship
throughout my PhD. I would also like to thank Emma Burger for her love and support
throughout the thesis writing process. Lastly, I would like to thank my parents for their
support and instilling in me the drive and determination to conquer all and a passion for
science. To my father, the original Dr. Chen, thank you for all the times I made you
proofread my manuscripts. You forged the way and I guess the apple truly does not fall
far from the tree. To my mother Ping, you raised and took care of two PhDs. I owe
everything to you.

v

I lovingly dedicate this thesis to my father Chunquan
(Chuck) Chen and my mother Ping Zhang

vi

TABLE OF CONTENTS
ABSTRACT ................................................................................................................................... ii
ACKNOWLEDGEMENTS .........................................................................................................iv
TABLE OF CONTENTS ............................................................................................................ vii
LIST OF FIGURES ..................................................................................................................... xii
LIST OF ABBREVIATIONS .................................................................................................. xvii
1.

CHAPTER 1: INTRODUCTION ....................................................................................... 1

2.

CHAPTER 2: LITERATURE REVIEW ........................................................................... 4
2.1.

Phenolic Compounds............................................................................................ 4

2.1.1.

Classification of phenolic compounds .......................................................... 4

2.1.2.

Phenolics in dry beans .................................................................................. 8

2.1.3.

Conjugated and bound phenolics .................................................................. 9

2.2.

Post-Harvest Darkening ..................................................................................... 11

2.2.1.

Conditions ................................................................................................... 11

2.2.2.

Mechanism of PHD..................................................................................... 12

2.3.

Health Benefits ................................................................................................... 14

2.3.1.

Antioxidant ................................................................................................. 14

2.3.2.

Anti-inflammation ...................................................................................... 18

2.3.3.

Colorectal Health and Cancer ..................................................................... 21

2.4.

Hypothesis and Objectives ................................................................................. 24

3. CHAPTER 3: FREE AND CONJUGATED PHENOLIC COMPOUNDS AND
THEIR ANTIOXIDANT ACTIVITIES IN REGULAR AND NON-DARKENING
CRANBERRY BEAN (PHASEOLUS VULGARIS L.) SEED COATS .............................. 25
3.1.

Introduction ........................................................................................................ 25

3.2.

Materials and Methods ....................................................................................... 27

3.2.1.

Reagents and solvents ................................................................................. 27

3.2.2.

Plant materials ............................................................................................. 28

3.2.3.

Phenolic extraction...................................................................................... 29

3.2.4.

Total phenolic content analysis ................................................................... 31

3.2.5.

HPLC analysis ............................................................................................ 34

vii

3.2.6. Liquid chromatography-electrospray ionization-tandem mass spectrometry
(LC-ESI-MS n) ........................................................................................................... 34
3.2.7.

Antioxidant Activity Assays ....................................................................... 35

3.2.8.

Statistical Analyses ..................................................................................... 36

3.3.

Results and Discussion ....................................................................................... 37

3.3.1.

Total phenolic content of crude extract ...................................................... 37

3.3.2.

Free phenolics ............................................................................................. 39

3.3.3.

Conjugated Phenolics.................................................................................. 43

3.3.4.

Anthocyanins and anthocyanidins .............................................................. 44

3.3.5.

Antioxidant activities .................................................................................. 49

3.4.

Conclusions ........................................................................................................ 51

4. CHAPTER 4: 5-HYDROXYMETHYL-2-FURFURAL (HMF) AND
DERIVATIVES FORMED DURING ACID HYDROLYSIS OF CONJUGATED AND
BOUND PHENOLICS IN PLANT FOODS AND THE EFFECTS ON PHENOLIC
CONTENT AND ANTIOXIDANT CAPACITY .................................................................. 53
4.1.

Introduction ........................................................................................................ 53

4.2.

Methods and Methods ........................................................................................ 58

4.2.1.

Chemicals and reagents............................................................................... 58

4.2.2.

Food materials ............................................................................................. 58

4.2.3.

Extraction and acid hydrolysis .................................................................... 59

4.2.4.

Identification and quantitation with HPLC ................................................. 59

4.2.5.

Liquid chromatography-mass-spectrometry analysis. ................................ 60

4.2.6.

NMR preparation and analysis.................................................................... 61

4.2.7.

Total phenolic and flavonoid contents ........................................................ 61

4.2.8.

Antioxidant assays ...................................................................................... 62

4.2.9.

Statistical analyses ...................................................................................... 63

4.3.

Results and Discussion ....................................................................................... 63

4.3.1.

Detection and Identification of HMF and HMF Derivatives ...................... 63

4.3.2. HMF, MMF and EMF Formation as Affected by Temperature, Duration
and Solvent Conditions.............................................................................................. 72
4.3.3.
4.4.

Effect of HMF, MMF and EMF on in vitro Chemical Assays ................... 76

Conclusions ........................................................................................................ 79
viii

5. CHAPTER 5: CHARACTERIZATION OF FREE, CONJUGATED AND BOUND
PHENOLICS AND LIPOPHILIC ANTIOXIDANTS IN REGULAR- AND NONDARKENING CRANBERRY BEAN SEEDS (PHASEOLUS VULGARIS L.) ................ 80
5.1.

Introduction ........................................................................................................ 80

5.2.

Materials and Methods ....................................................................................... 83

5.2.1.

Reagents and solvents ................................................................................. 83

5.2.2.

Bean materials ............................................................................................. 84

5.2.3.

Extraction of free and conjugated phenolics ............................................... 86

5.2.4.

Bound phenolic extraction .......................................................................... 87

5.2.5.

Total phenolic content analysis (TPC) ........................................................ 87

5.2.6.

Total proanthocyanidin (PAC) content analysis ......................................... 88

5.2.7.

HPLC analysis of phenolic compounds ...................................................... 88

5.2.8. Liquid chromatography-electrospray ionization-mass spectrometry (LCESI-MSn) ................................................................................................................... 89
5.2.9.

Extraction of lipophilic components ........................................................... 90

5.2.10. Analyses of tocopherols by HPLC .............................................................. 90
5.2.11. Analyses of carotenoids by HPLC .............................................................. 91
5.2.12. Analysis of fatty acids by GC ..................................................................... 91
5.2.13. Antioxidant Assays ..................................................................................... 92
5.2.14. Statistical analyses ...................................................................................... 93
5.3.

Results and Discussion ....................................................................................... 94

5.3.1.

TPC and PAC contents of whole raw cranberry beans ............................... 94

5.3.2.

Characterisation of free, conjugated and bound phenolics ......................... 97

5.3.3.

Characterisation of lipophilic phytochemicals.......................................... 105

5.3.4.

Antioxidant activities ................................................................................ 108

5.4.

Conclusions ...................................................................................................... 114

6. CHAPTER 6: EFFECTS ON PHENOLIC COMPOSITION OF CRANBERRY
BEANS (PHASEOLUS VULGARIS L.) AFTER POST-HARVEST DARKENING ...... 116
6.1.

Introduction ...................................................................................................... 116

6.2.

Materials and Methods ..................................................................................... 118

6.2.1.

Reagents and solvents ............................................................................... 118

6.2.2.

Bean materials ........................................................................................... 118
ix

6.2.3.

Greenhouse darkening .............................................................................. 119

6.2.4.

Sample extraction...................................................................................... 119

6.2.5.

HPLC analysis .......................................................................................... 121

6.2.6.

In vitro chemical assays ............................................................................ 121

6.2.7.

Statistical analyses .................................................................................... 123

6.3.

Results and Discussion ..................................................................................... 123

6.4.

Conclusions ...................................................................................................... 134

7. CHAPTER 7: PHYSICOCHEMICAL PROPERTIES AND IN VITRO
DIGESTIBILITY OF COOKED REGULAR- AND NON-DARKENING CRANBERRY
BEANS (PHASEOLUS VULGARIS L.) AND THEIR EFFECTS ON
BIOACCESSIBILITY, PHENOLIC COMPOSITION AND ANTIOXIDANT
ACTIVITY ................................................................................................................................. 135
7.1.

Introduction ...................................................................................................... 135

7.2.

Materials and Methods ..................................................................................... 139

7.2.1.

Chemicals and reagents............................................................................. 139

7.2.2.

Bean samples ............................................................................................ 140

7.2.3.

Sample extraction...................................................................................... 140

7.2.4.

HPLC analysis of phenolic contents ......................................................... 142

7.2.5.

In vitro chemical assays ............................................................................ 143

7.2.6.

In vitro enzymatic release of bound phenolics ......................................... 145

7.2.7.

Simulated in vitro gastric and intestinal digestions .................................. 145

7.2.8.

Differential Scanning Calorimetry (DSC) ................................................ 147

7.2.9.

Statistical Analyses ................................................................................... 148

7.3.

Results and Discussion ..................................................................................... 148

7.3.1.

Effect of Pressure Cooking on Total Phenolic Compositions of Beans ... 148

7.3.2.

Effect of Pressure Cooking on Individual Phenolic Compositions .......... 154

7.3.3. Effect of in vitro Gastrointestinal Digestion on Phenolic Composition of
Pressure-Cooked Beans ........................................................................................... 159
7.3.4.

Effect of Microbial Enzyme Hydrolysis on Bound Phenolics .................. 163

7.3.5.

Differential Scanning Calorimetry of Raw Beans .................................... 166

7.3.6.

In vitro Starch Digestibility of Cooked Beans .......................................... 168

7.4.

Conclusions ...................................................................................................... 172
x

8. CHAPTER 8: ANTI-INFLAMMATORY EFFECTS OF PHENOLIC-RICH
CRANBERRY BEAN (PHASEOLUS VULGARIS L.) EXTRACTS AND ENHANCED
CELLULAR ANTIOXIDANT ENZYME ACTIVITIES IN CACO-2 CELLS .............. 174
8.1.

Introduction ...................................................................................................... 174

8.2.

Materials and Methods ..................................................................................... 178

8.2.1.

Chemicals and reagents............................................................................. 178

8.2.2.

Dry bean samples ...................................................................................... 178

8.2.3.

Extraction and purification ....................................................................... 179

8.2.4.

Identification and quantification of phenolics .......................................... 180

8.2.5.

Cell culture ................................................................................................ 181

8.2.6.

WST-1 cell viability assay ........................................................................ 181

8.2.7.

Cellular antioxidant activity (CAA).......................................................... 182

8.2.8.

Interleukin-8 immunoassay....................................................................... 182

8.2.9.

Determination of intracellular antioxidant enzyme activity ..................... 183

8.2.10. Determination of total intracellular glutathione ........................................ 184
8.2.11. Caco-2 transport assay .............................................................................. 185
8.2.12. Statistical analyses .................................................................................... 185
8.3.

Results and Discussion ..................................................................................... 186

8.3.1.

Characterizing Extract Composition ......................................................... 186

8.3.2.

Cell Viability Assay .................................................................................. 191

8.3.3.

Cellular Antioxidant Activity in H2O2-stimulated Caco-2 cells ............... 193

8.3.4.

Effects on Pro-Inflammatory IL-8 Cytokine Production .......................... 195

8.3.5.

Effects on Intracellular Antioxidant Enzyme and Glutathione Activities 198

8.3.6. Assessing Bioavailability via Transport Assay Using Caco-2 Cell
Monolayers .............................................................................................................. 205
8.3.7.
9.

Conclusions ............................................................................................... 209

CHAPTER 9: OVERALL CONCLUSIONS AND RECOMMENDATIONS ........ 210
9.1.

Overall Conclusions ......................................................................................... 210

9.2.

Future Recommendations................................................................................. 213

10. REFERENCES .................................................................................................................. 215

xi

LIST OF FIGURES

Figure 2.1. Molecular structure of benzoic acid and cinnamic acid. ................................xv
Figure 3.1. Detailed phenolic (A) and anthocyanin (B) extraction and fractionation
protocol. .............................................................................................................................33
Figure 3.2. Total phenolic content (TPC) in the seed coats of regular-darkening (RD) and
non-darkening (ND) cranberry bean RILs cultivated in three greenhouses, GH1, GH2 and
GH3 ....................................................................................................................................38
Figure 3.3. Representative HPLC-DAD chromatograms of the free phenolic (FP; A) and
alkaline-hydrolysed phenolic (BHP; B) fractions of regular-darkening (RD) and nondarkening ND cranberry bean seed coat extracts along with standard mixture detected at
280 nm. Representative chromatograms of the free anthocyanin (AC) fractions and
conjugated anthocyanidin (AHA) (C) fractions of RD cranberry bean seed coat extracts
along with standard mixture detected at 520 nm. ..............................................................48
Figure 3.4. Antioxidant capacity (ORAC; A) and antioxidant reducing ability (FRAP; B)
of regular-darkening (RD) and non-darkening (ND) cranberry bean seed coat extracts
(FP, BHP and AHP).. .........................................................................................................50
Figure 4.1. Formation of HMF, MMF and EMF during thermal acid hydrolysis of
conjugated polyphenols in food samples. ..........................................................................57
Figure 4.2. Representative HPLC-DAD chromatograms of standard mixture of 5hydroxymethyl-2-furan-2-carbaldehyde (HMF), furfural, 5-methoxymethylfuran-2carbaldehyde (MMF), 5-ethoxymethylfuran-2-carbaldehyde (EMF) and profiles of
selected grains (cranberry beans, quinoa, lentil and buckwheat seed) extracts following
acid hydrolysis methanol and ethanol solutions. ...............................................................69
Figure 4.3. Representative HPLC-DAD chromatograms of standard mixture of 5hydroxymethyl-2-furan-2-carbaldehyde (HMF), 5-methoxymethylfuran-2-carbaldehyde
(MMF), 5-ethoxymethylfuran-2-carbaldehyde (EMF) and profiles of selected fruits and
vegetable (cucumber, carrot and apple) extracts following acid hydrolysis in ethanol and
mthanol solutions. ..............................................................................................................70
Figure 4.4. LC-ESI-MS spectra of A. HMF; B. MMF; and C. EMF from hydrolysis of
quinoa seeds scanned from m/z 50–1200 in enhanced resolution positive-ion auto
MS/MS mode. ....................................................................................................................71
Figure 5.1. Five regular-darkening (Hooter, CBX9148, Etna, Red Rider and CRD) and
two non-darkening (CBX9151 and CND) cranberry beans used in this study.. ................85

xii

Figure 5.2. Total phenolic content (TPC; A) and total proanthocyanidin content (PAC;
B) in the crude extracts of RD and ND cranberry bean cultivars. .....................................96
Figure 5.3. Representative HPLC-DAD chromatograms of free (FP), conjugated (BHP)
and bound (BPB) phenolic fractions from the regular-darkening (RD) cranberry bean
cultivar, Red Rider, and standards mixture (280 nm; A). Representative HPLC-DAD
chromatograms of crude extract containing anthocyanins in the RD cranberry bean
cultivar, Red Rider, along with standards mixture (520 nm; B). .....................................102
Figure 5.4. Antioxidant activities as measured by H-DPPH, H-FRAP and H-ORAC of 7
cranberry bean cultivars including regular-darkening (RD) and non-darkening (ND)
cranberry bean seeds from free (FP), conjugated (BHP and AHP), and bound (BPB and
BPA) phenolic fractions. ..................................................................................................111
Figure 5.5. Lipophilic antioxidant activities of 7 cranberry bean cultivars as measured by
L-DPPH, L-FRAP and L-ORAC. ....................................................................................113
Figure 6.1. Raw Red Rider cranberry beans before (0d) and after (21d) greenhouse postharvest darkening for 21 d ...............................................................................................125
Figure 6.2. Total phenolic content (TPC; A), total flavonoid content (TFC; B), total
proanthocyanidin content (PAC; C) and antioxidant activity (ORAC; D) in crude extracts
of Red Rider seeds before (0d) and after (21d) post-harvest darkening under greenhouse
conditions.. .......................................................................................................................128
Figure 6.3. Representative HPLC-DAD chromatograms of free phenolic (FP) of regulardarkening Red Rider cranberry beans before (0d) and after (21d) greenhouse post-harvest
darkening monitored at 280 nm. ......................................................................................131
Figure 6.4. Representative HPLC-DAD chromatograms of conjugated phenolic (BHP)
and bound phenolic (BPB) of regular-darkening Red Rider cranberry beans monitored at
280 nm. ............................................................................................................................132
Figure 7.1. Effect of pressure-cooking on phenolic content (TPC; A, TFC; B, PAC; C)
and antioxidant activity (ORAC; D) of 70% MeOH crude extract except for PAC which
was extracted by 65% acetone .........................................................................................153
Figure 7.2. Representative HPLC-DAD chromatograms monitored at 280 nm of free
(FP; A), conjugated (BHP; B) and bound (BPB; C) phenolic fractions from pressure
soaked and cooked regular-darkening Red Rider (RRC) cranberry bean cultivar. In vitro
gastrointestinal digested phenolics from RRC (D) and non-darkening (CNDC; E) cranberry
beans were also monitored at 280 nm. .............................................................................157
Figure 7.3. Folin-Ciocalteu assay to determine total phenolic content (n=3) (TPC) of free
(FP), conjugated (BHP) and bound (BPB) phenolic fractions from pressure soaked and

xiii

cooked regular-darkening Red Rider (RDC) and non-darkening (CNDC) cranberry beans
along with their respective raw seeds (RRR and CNDR)..................................................158
Figure 7.4. Total phenolic content (TPC) of the in vitro gastrointestinal digestion fraction
from pressure soaked and cooked regular-darkening Red Rider (RDC) and non-darkening
(CNDC) cranberry beans, as determined by Folin-Ciocalteu assay. ................................161
Figure 7.5.Thermograms (A) and enthalpy (B) of raw Red Rider (RRR) and nondarkening (CNDR) cranberry beans as determined by differential scanning calorimetry,
n=3. ..................................................................................................................................167
Figure 7.6. In vitro digestibility of pressure-cooked Red Rider (RRC) and non-darkening
(CNDC) cranberry beans as determined using the Englyst method, n=4. ........................171
Figure 8.1. Representative HPLC-DAD chromatograms monitored at 280 nm of the
phenolic-rich extracts of pressure-cooked Red Rider and non-darkening cranberry (CND)
beans. ...............................................................................................................................188
Figure 8.2. Caco-2 cell WST-1 viability assay following incubation with 200, 1000 and
5000 µg/mL of the phenolic-rich extracts of pressure-cooked Red Rider and nondarkening cranberry (CND) beans relative to control......................................................192
Figure 8.3. Cellular antioxidant activities (CAA) of the phenolic-rich extracts of
pressure-cooked Red Rider and non-darkening cranberry (CND) beans. Caco-2 cells were
treated with 50, 100 , 500 µg/mL of extracts for 30 min. ................................................194
Figure 8.4. Effect of the phenolic-rich extracts of pressure-cooked Red Rider and nondarkening cranberry (CND) beans on TNF-α-induced interleukin (IL)-8 released from
Caco-2 cells... ...................................................................................................................197
Figure 8.5. Effect of the phenolic-rich extracts of pressure-cooked Red Rider and nondarkening cranberry (CND) beans on endogenous antioxidant enzyme activities in H2O2stimulated Caco-2 cells.. ..................................................................................................203
Figure 8.6. Relative bioavailability of individual compounds from phenolic-rich extracts
of pressure-cooked Red Rider and non-darkening cranberry (CND) beans ....................208

xiv

LIST OF TABLES

Table 3.1. Free and Conjugated Phenolic Acid (mg/g) in the Seed Coats of Regular - and
Non-Darkening Cranberry Beans ......................................................................................41
Table 3.2. Negative Ion ESI Tandem Mass Data (m/z), Retention Time (tR)1, absorption
spectra (λmax), and Product Ions (m/z) of Phenolic Acids and Flavonoids in Regular- and
Non-Darkening Cranberry Beans ......................................................................................42
Table 4.1. Proton NMR data of 5-HMF, MMF and EMF produced during acid hydrolysis
of aqueous methanol or ethanol mixture of quinoa seed flower ........................................67
Table 4.2. Concentrations of HMF, MMF and EMF in the hydrolysate of grain samples
subjected to 2 N HCl hydrolysis at 85 °C for 2 h in 70% methanol or ethanol. ................74
Table 4.3. Concentrations of HMF and MMF in the hydrolysates of quinoa seeds and the
influence of temperature and duration of one-pot reaction in the presence of 70%
methanol and 2 N HCl. ......................................................................................................75
Table 4.4. ORAC, TPC and FRAP values of HMF, MMF and EMF authenticated
standards. ...........................................................................................................................78
Table 5.1. HPLC-DAD-MS identification and concentration (µg/g dry bean) of
individual phenolics in free, conjugated and bound forms and lipophilic antioxidants in
regular darkening cultivars of whole cranberry beans .....................................................103
Table 5.2. HPLC-DAD-MS identification and concentration (µg/g dry bean) of
individual phenolics in free, conjugated and bound forms and lipophilic antioxidants in
non-darkening cultivars of whole cranberry beans ..........................................................104
Table 5.3. Fatty acid composition (relative %) of lipophilic extracts from different
cranberry bean cultivars ...................................................................................................107
Table 6.1. Concentration of phenolic compounds in whole raw Red Rider beans before
(0d) and after (21d) post-harvest darkening.....................................................................133
Table 7.1. Concentration of free, conjugated and bound phenolics in whole raw and
cooked non-darkening cranberry beans (CND) and regular-darkening cranberry beans
(Red Rider; RR) ...............................................................................................................156
Table 7.2. Concentration of phenolics of cooked non-darkening cranberry beans (CND)
and regular-darkening cranberry beans (Red Rider; RR) after simulated in vitro
gastrointestinal digestion .................................................................................................162

xv

Table 7.3. Concentration of bound phenolics in residues of cooked non-darkening
cranberry beans (CND) and regular-darkening cranberry beans (Red Rider; RR) released
by carbohydrases ..............................................................................................................165
Table 8.1. Major compounds detected and quantified in RR and CND purified extracts
using HPLC-DAD/MS .....................................................................................................189
Table 8.2. Minor compounds detected in RR and CND purified extracts by HPLCMS/MS .............................................................................................................................190

xvi

LIST OF ABBREVIATIONS
AAE
AAPH
AC
AHA
AHP
AhR
ANOVA
ARE
BHP
BPA
BPB
C3G
CAA
CA
CAT
CAT GLC
CDCl3
CGC
CNDC
CNDR
COX
Cul3
CYN
DCFH-DA
DE/EA
DMAC
DPPH
ECAT
EGU
ELISA
EMF
FA
FAME
FAO
FBG
FDU
FP
FRAP
GAE
GC
GI
GOPOD
GPx
GR

L-ascorbic acid equivalent
2,2’-azobis-(2-methylpropionamidine) dihydrochloride
Anthocyanin fraction
Acid-hydrolysed conjugated anthocyanin fraction
Acid-hydrolysed conjugated phenolic fraction
Aryl hydrocarbon receptor
Analysis of variance, one-way
Antioxidant response element
Alkaline-hydrolysed conjugated phenolic fraction
Acid-hydrolysed bound phenolic fraction
Alkaline-hydrolysed bound phenolic fraction
Cyanidin-3-O-glucoside
Cellular antioxidant activity
Catechin
Catalase
Catechin glucoside
Deuterated chloroform
Canadian Grain Commission
Cooked non-darkening
Raw non-darkening
Cyclooxygenase
Cullin 3
Cyanidin
Dichlorofluorescin diacetate
Diethyl ether/ethyl acetate
4-dimethylaminocinnamaldehyde
2, 2-diphenyl-1-picrylhydrazyl
Epicatechin
Endoglucanase units
Enzyme-linked immunosorbent assay
5-ethoxymethyl2-furan-2-carbaldehyde
Ferulic acid
Fatty acid methyl ester
Food and Agriculture Organization of the United Nations
Fungal β-glucanase units
Ferment depectinization units
Free phenolic fraction
Ferric-reducing antioxidant power
Gallic acid equivalent
Gas chromatography
Gastrointestinal
Glucose-oxidase-peroxidase
Glutathione peroxidase
Glutathione reductase
xvii

GSH
GSSG
HAT
HBA
HMF
HPLC-DAD
IL
KEAP1
KMF
LC-ESI-MS
LOD
LOQ
LOX
LPS
MMF
MS
NC
ND
NF-κB
NHANES
NMR
NO
Nrf2
ORAC
OD
P3G
PA
PAC
PC
PHD
PLG
PPO
PROC
RD
RDS
RIL
RMCD
ROS
RRC
RRR
RS
SA
SAS
SD
SDS

Glutathione
Glutathione disulfide
Hydrogen atom transfer
p-hydroxybenzoic acid
5-hydroxymethyl2-furan-2-carbaldehyde
High performance liquid chromatography-Diode array detector
Interleukin
Kelch like ECH-associated protein 1
Kaempferol
Liquid chromatography-Electron spray ionization-mass
spectrometry
Limit of detection
Limit of quantification
Lipoxygenase
Lipopolysaccharide
5-methoxymethyl2-furan-2-carbaldehyde
Mass spectrometry
Negative control
Non-darkening
Nuclear factor kappa B
National Health and Nutrition Examination Survey
Nuclear magnetic resonance
Free radical nitric oxide
Nuclear factor (erythroid-derived 2)-like 2
Oxygen radical absorbing capacity
Optical density
Pelargonidin-3-O-glucoside
Protocatechuic acid
Total proanthocyanidin content
p-coumaric acid
Post-harvest darkening
Pelargonidin
Polyphenol oxidase
Procyanidin
Regular-darkening
Rapidly digestible starch
Recombinant inbred lines
Randomly methylated-β-cyclodextrin
Reactive oxygen species
Cooked Red Rider
Raw Red Rider
Resistant starch
Sinapic acid
Statistical Analysis System
Slow-darkening
Slowly digestible starch
xviii

SET
SOD
Tc
TE
TEER
TFC
TNF
To
Tp
TPC
TPI
TPTZ
tR
TRP
TSC
TT10
UK
WST-1
XRE

Single electron transfer
Superoxide dismutase
Conclusion of gelatinization
Trolox equivalent
Transepithelial electrical resistance
Total flavonoid content
Tumor necrosis factor
Onset of gelatinization
Peak gelatinization
Total phenolic content
Total phenolic index
1,3,5-tri(2-pyridyl)-2,4,6-triazine
Retention time
Tryptophan
Total starch content
Transparent Testa 10
Unknown
Water-soluble tetrazolium
Xenobiotic response element

xix

1. CHAPTER 1: INTRODUCTION

The common bean (Phaseolus vulgaris L.) is a herbaceous plant grown for its edible dry
seed or for its unripe fruit pods. Although both are commonly referred to as “beans”, of
interest here are the leguminous grains known as dry beans. These include pinto, red
kidney and cranberry beans just to name a few. In terms of its botanical classification,
Phaseolus species are members of the legume family Fabaceae. Beans have been
adapted for cultivation in a wide geographic area spanning from 52°N to 32°S latitude
and in elevations over 3000 meters above sea level in some regions (van Schoonhoven,
Voysest, et al., 1991). Dry beans are essentially grown on all continents, and top
producers include Myanmar, India, and Brazil according to the latest Food and
Agriculture Organization of the United Nations (FAO) statistics from 2012
(www.fao.org).

In Canada, dry bean production ranks as the third largest leguminous plant produced and
is an integral crop adding to the $33 billion agri-food industry in Ontario (Bekkering
2014). Most of dry beans production is found in Western Canada with Ontario producing
27% of the total Canadian production tons of dry beans (357,000 metric tonnes)
(Agriculture and Agri-Food Canada, 2016). Most of the Canadian produced dry beans are
then exported to the United States (29%) and the United Kingdom (20%) (StatsCan
2012). Beans importance extends globally to 23 million tonnes harvested worldwide in
2012 and valued at approximately US$11 billion according to the FAO. In all of North
America, dry bean production totaled 2 million tonnes in 2012; however, consumption
has been on the decline. In India and Mexico, over a period of 30 years spanning 1960 –
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1990, dry bean consumption decreased 40% and 24%, respectively (Messina 1999). In
the United States, dry beans are often ignored in daily diets despite awareness of their
nutritional benefits. In fact, less than 8% of Americans reported consuming beans on any
given day according to 1999 – 2002 data from NHANES (Mitchell, Lawrence, et al.,
2009).

Dry bean consumption should be further encouraged as many studies have shown health
benefits derived from its consumption (Messina 2014, Brummer, Kaviani, et al., 2015,
Chen, Dupuis, et al., 2015b, Chen, Tang, et al., 2015c, Monk, Lepp, et al., 2016). Dry
beans are widely considered to be a near perfect food due to their high protein contents,
large amounts of fibre, complex carbohydrates as well as vitamins and phytochemical
antioxidants (Tharanathan and Mahadevamma 2003, Chen, Tang, et al., 2015c). The
health benefits from consuming dry beans have largely been attributed to its dietary fiber
content (Deschasaux, Pouchieu, et al., 2014) however, there are extensive reports on the
health promoting properties of phytochemicals, including polyphenols, found in dry
beans (Wu, Beecher, et al., 2004, García-Lafuente, Moro, et al., 2014, Chen, Tang, et al.,
2015c). In fact, the consumption of dry beans has shown to be a critical factor in
promoting longevity (Darmadi-Blackberry, Wahlqvist, et al., 2004), decrease the
incidence of gastric cancer (Hernández-Ramírez, Galván-Portillo, et al., 2009), protective
effects on colon health during colitis (Monk, Lepp, et al., 2016) and plays a role in
modulating incidences of various chronic diseases due to the protective effects of
phenolic compounds acting as antioxidants (García-Lafuente, Moro, et al., 2014).
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Although phenolic compounds in dry beans provide various biological functions to the
plant as well as health benefits to the consumers, these same compounds are involved
with the post-harvest darkening trait (PHD) (Beninger, Gu, et al., 2005, Chen, Tang, et
al., 2015c). PHD occurs at the seed coat level in light coloured varieties such as cranberry
beans, also known as Romano or Borlotti beans, and has a detrimental impact on the
marketability of the seeds as darkening has been associated with the hard-to-cook trait
and is therefore believed to be expired (Stanley 1992). This phenomenon is accelerated
during storage under high temperature, high humidity and high light exposure conditions
(Park and Maga 1999). In chapter 19 of The Canadian Grain Commission (CGC) Official
Grain Grading Guide, colour is one factor used in assessing seed quality
(www.grainscanada.gc.ca). It is worth noting that although storage-induced hardening
leads to darkening, not all darkened beans are hard (Stanley 1992).

This review will discuss the health benefits derived from the consumption of
phytochemicals found in dry beans and the dichotomy that exists between their roles in
promoting health and PHD.
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2. CHAPTER 2: LITERATURE REVIEW
2.1. Phenolic Compounds
2.1.1. Classification of phenolic compounds

Plants produce a wide variety of secondary phenolic (polyphenolic) metabolites which
have important roles in plant defence against pathogens and insects, plant physiology,
and plant quality but are not considered essential for primary plant metabolism and
development(Naczk and Shahidi 2006). More than 8000 phenolic compounds and over
6000 flavonoids have been discovered with known chemical structures (Harborne and
Baxter 1993). Structurally speaking, phenolic compounds are a group of compounds
comprised of aromatic rings and hydroxyl groups with differing substituents. Phenolics
are divided into at least 10 different classes on the basis of the number of carbons in the
molecule and the structural elements linking the phenol rings (Harborne and Baxter
1993). An alternative classification method has been proposed by Bate-Smith and Swain
(1962) whereby phenolic compounds are grouped in “common” to “less common”
categories. Others have adopted this method of classification and grouped phenols into
three families including “widely distributed phenols”, “phenols that are less widely
distributed”, and “phenolics constituents present as polymers” (Ribéreau-Gayon 1972).

Notable groups of phenolics include flavonoids, phenolic acids, tannins, stilbenes and
lignans. Molecules that do not possess a polyphenol structure and have a single phenol
ring are referred to as simple phenolics, phenolic acids and phenolic alcohols. Phenolic
acids may be present in the form of aglycones (free phenolic acids), esters, glycosides or
bound complexes with plant components via ester, ether or acetal bonds (Ross, Beta, &
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Arntfield, 2009; Chalas, et al., 2001). Phenolic acids can be divided into two subgroups,
hydroxybenzoic and hydroxycinnamic acids (Figure 2.1). Hydroxybenzoic acids possess
a common C6-C1 structure and are characterized by the presence of a carboxyl group
substituted on a phenol. Hydroxycinnamic acids are aromatic compounds with a threecarbon side chain (C6-C3).

Flavonoids are low molecular weight compounds consisting of two aromatic rings linked
by a 3-carbon bridge. The fifteen carbon molecule (C15) is arranged in a C6-C3-C6
configuration. The two aromatic rings are derived from the acetate/malonate pathway and
from phenylalanine through the shikimate pathway (Bravo 1998). Flavonoids have an A-,
B-, and C- ring commonly depicted with the A-ring on the left, B-ring on the right and
the C-ring in the middle (Figure 2.1). The A-ring is derived from the condensation of
three malonyl-CoA molecules explaining why most flavonoids are meta-dihydroxylated
or meta-trihydroxylated on the A-ring. The B-ring originates from p-coumaroyl-CoA and
is typically mono-hydroxylated, ortho-dihydroxylated, or vic-trihydroxylated. Flavonols
and flavones are a common class of flavonoids found in many fruits and vegetables.
Flavones can be characterised by the presence of an unsaturated carbon-carbon bond and
contain a ketone group in the B-ring. Flavonol and flavone derivatives are naturally
occurring and are distinct on the basis of number and distribution of hydroxyl groups and
nature of alkylation and glycosylation of these groups. Quercetin and kaempferol are the
most widely encountered flavonoids in plants and are part of the flavone subclass.
Hydroxylation occurs at both the 3’- and 4’-positions in the case of quercetin and at the
4’-position only in the case of kaempferol. Sugar residues linked to hydroxyl group or
direct linkage to an aromatic carbon atom are commonly observed and gives rise to
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flavonoid glycosides. Binding of sugar residues occur at the preferred 3 position,
however binding can also be observed at the 7 position and in rare cases the 4’-, 3’ or 5’positions (Herrmann, 1988). Glucose is the most common sugar residue but others
include galactose, rhamnose, xylose and rutinose (Rice-Evans, 1996).

Flavonoids

also

include

anthocyanidins,

anthocyanins

and

proanthocyanidins.

Anthocyanidins are pyrilium cation and are the aglycones to the water-soluble glycoside
anthocyanins. Condensed tannins or proanthocyanidins are polymeric flavonoids made up
of flavan-3-ol units joined by carbon-carbon bonds. Flavan-3-ols are sometimes referred
to as flavanols or catechins and include compounds such as the single-molecule
(monomer) catechin and isomer epicatechin and together form the building blocks
responsible for procyanidin (type of proanthocyanidin) condensation and polymerisation.
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Phenolic acids

Cinnamic acid

Benzoic acid

Flavonoids

Basic flavonoid backbone

Anthocyanidin

Flavan-3-ol

Flavone

Flavonol
Figure 2.1. Molecular structure of phenolic acids and flavonoids.
7

2.1.2. Phenolics in dry beans

Analysis of phenolic compounds in dry beans typically relies on extraction using an
aqueous organic solvent, hydrolyzing with an acid or base to release insoluble and bound
compounds followed by high performance liquid chromatography with diode array and
electrospray ionization mass spectrometric detection (HPLC-DAD-ESI/MS). The various
compounds can be identified based on retention times, UV/Vis (ultraviolet/visible)
spectral data and mass spectra information compared to an authenticated standard. The 10
major US commercial market classes of dry beans were profiled for their polyphenolic
content. These classes included: black, pinto, light and dark red kidney, pink, navy, great
northern, alubia, cranberry and small red Mexican beans (Lin, Harnly, et al., 2008).
Within each market class, several varieties were analyzed and a long list of phenolics
emerged including flavonoids (flavonols, anthocyanins and anthocyanidins) and phenolic
acids. Flavonoids detected included flavonols such as myricetin, quercetin and
kaempferol along with their respective glucosides. Anthocyanidins included delphinidin,
petunidin, malvidin, cyanidin and pelargonidin and their respective glucosides. The study
was only able to detect hydroxycinnamic acids and their derivatives and no
hydroxybenzoic acids were detected. The various market classes are more evidently
distinguished based on their flavonoid contents as all contained a similar composition of
phenolic acids. Cranberry, great northern and navy beans were all found to be void of any
flavonoid content while being indistinguishable in terms of phenolic acid composition
compared with the other classes (Luthria and Pastor-Corrales 2006, Lin, Harnly, et al.,
2008). Only black and small red Mexican beans contained anthocyanins and
anthocyanidins after hydrolysis. Similarly, others have also reported the presence of
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anthocyanins in black beans including delphinidin-3-glucoside, malvidin-3, 5diglucoside, petunidin-3-glucoside, malvidin-3-galactoside and malvidin-3-glucoside (Xu
and Chang 2009). In a study done on the seed coats of slow- (SD) and regular-darkening
(RD) pinto beans, flavonols including kaempferol and its glucosides were found to be
more prevalent in RD pinto beans (Beninger, Gu, et al., 2005). In the seed coats of nondarkening (ND) and RD cranberry beans, various types of flavonoids and flavonoid
polymers were detected including procyanidins, catechin, propelargonidin, cyanidin-3-Oglucoside and pelargonidin-3-O-glucoside (Chen, Bozzo, et al., 2015a). Similar to the
Beninger, et al., study, flavonoids were mainly present in the seed coats of RD cranberry
beans. The seed coats of ND beans were barren of phenolics, however, in whole ND
cranberry beans, phenolic acids were detected including ferulic acid, p-coumaric acid and
sinapic acid (Chen, Tang, et al., 2015c). Other studies have detected the presence of
phenolic compounds including flavonoids and anthocyanins by means of in vitro
spectrophotometric methods such as the Folin-Ciocalteu and total flavonoid assays
(Cardador-Martínez, Loarca-Piña, et al., 2002, Oomah, Cardador-Martínez, et al., 2005,
Espinosa-Alonso, Lygin, et al., 2006, Rocha-Guzmán, González-Laredo, et al., 2007,
Rocha-Guzmán, Herzog, et al., 2007, Sutivisedsak, Cheng, et al., 2010).

2.1.3. Conjugated and bound phenolics

Phenolic acids and flavonoids are the most common classes of phenolics and may exist in
nature in free, soluble conjugated (glycosides) and insoluble (bound) forms. In fact,
phenolic acids occur mostly in nature in the insoluble or bound forms, whereas,
flavonoids are typically present as glycosides with sugar moieties attaching through an
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OH group (O-glycosides) or through carbon-carbon bonds (C-glycosides) (AcostaEstrada, Gutiérrez-Uribe, et al., 2014). Insoluble phenolics can form covalent bonds with
cell wall structural components such as lignin, pectin, cellulose, hemicellulose and
structural proteins. These phytochemicals at the cell wall level play important functional
roles providing a physical and chemical barrier protecting the plant from pathogens and
attack by insects and animals as well as possessing antibacterial, antifungal and
antioxidant functions (Liu 2007). Phenolic acids can attach themselves to the cell wall
components such as lignin through hydroxyl groups in the aromatic ring thereby forming
ether linkages. They can also attach via ester linkages with structural polysaccharides and
proteins through their carboxylic groups (Liyana-Pathirana and Shahidi 2006, Liu 2007).

In cranberry beans, conjugated and bound phenolics released by alkaline hydrolysis
included p-coumaric acid, ferulic acid, sinapic acid, p-hydroxybenzoic acid and
kaempferol (Chen, Tang, et al., 2015c). In pinto beans, alkaline hydrolysis released
similar phenolic acids including protocatechuic acid, p-hydroxybenzoic acid, p-coumaric
acid, ferulic acid and sinapic acid (Ross, Beta, et al., 2009). In black beans, alkaline
hydrolysis released the following bound phenolics: gallic acid, protocatechuic acid, phydroxybenzoic acid, caffeic acid, syringic acid, p-coumaric acid, ferulic acid and sinapic
acid (Ross, Beta, et al., 2009). Alkaline hydrolysis performed on various bean classes
including pinto, great northern, navy, black, dark red kidney, light red kidney, red
Mexican, cranberry, pink and alubia beans all show the presence of p-coumaric acid,
ferulic acid and sinapic acid (Luthria and Pastor-Corrales 2006).
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Acid hydrolysis is sometimes performed in the extraction of insoluble phenolics and
aglycones (Takeoka, Dao, et al., 1997, Luthria and Pastor-Corrales 2006, Soong and
Barlow 2006, Lin, Harnly, et al., 2008, Ross, Beta, et al., 2009, Repo-Carrasco-Valencia,
Hellström, et al., 2010). The authors of one study reported the presence of unknown
compounds ‘X’ and ‘Y’ following acid hydrolysis in both pinto and black beans (Ross,
Beta, et al., 2009). These compounds are in fact furan molecules produced by
dehydration of sugar molecules under hydrothermal acidic conditions (Chen, Tang, et al.,
2014). These furan compounds are readily detected by HPLC-DAD at 280 nm and as
such, are often misidentified as phenolic compounds monitored at the same wavelength.

2.2. Post-Harvest Darkening
2.2.1. Conditions

The importance of seed coat colour in dry beans can be mainly highlighted in three ways.
Firstly, seed coat colour is a criterion used by the CGC to assess seed quality
(www.grainscanada.gc.ca). Secondly, darkening of the seed coat leads consumers to
presume that the seeds have hardened leading to the textural defect known as hard-tocook seeds (Stanley 1992). Lastly, consumers have developed specific preferences to
bean traits including colour to the extent that regions in Mexico can be defined based on
their consumers’ preference of various bean varieties and colour (Castellanos, Guzman
Maldonado, et al., 1997). Genetic and environmental factors can influence PHD both in
terms of rate and extent. The extent of PHD includes non-darkening (ND), slowdarkening (SD) and regular-darkening (RD) phenotypes. The extent of PHD occurring
during storage is controlled by at least two genes including the well-known J gene that
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determines whether a bean will darken or not and the lesser known Sd gene which is
responsible for the rate of darkening (Elsadr, Wright, et al., 2011). Beans with recessive jj
alleles at the J locus are completely resistant to darkening and are considered ND. Beans
carrying a dominant allele, Sd, will have the RD phenotype, while homozygous
individuals carrying recessive sdsd alleles will darken at a slower rate and are SD (JunkKnievel, Vandenberg, et al., 2008, Elsadr, Wright, et al., 2011). Environmental factors
accelerating PHD include exposure to light, high temperature, and humidity during
storage (Martín-Cabrejas, Esteban, et al., 1997, Junk-Knievel, Vandenberg, et al., 2007,
Nasar-Abbas, Siddique, et al., 2009, Siqueira, Pereira, et al., 2014). Controlling and
minimizing the rate of PHD using modified atmosphere packaging techniques has proven
to be effective in faba beans when flushed with nitrogen prior to storage (Nasar-Abbas,
Plummer, et al., 2008). RD cranberry beans stored in the dark at freezing temperatures of
-20°C showed no PHD when stored for long periods of time prior to analyses (Chen,
Tang, et al., 2015c).

2.2.2. Mechanism of PHD

The mechanisms governing PHD are still poorly understood due to the complexity of
reactions involving both enzymatic catalysis and auto-oxidation of the derived products,
all in a biological system no less. Differences in phenolic composition were observed in
numerous studies between RD, SD, and ND cranberry and pinto beans (Beninger, Gu, et
al., 2005, Marles, Vandenberg, et al., 2008, Chen, Bozzo, et al., 2015a, Chen, Tang, et al.,
2015c). A clear difference emerges from these studies and that is the accumulation of
flavonoids, including proanthocyanidins, kaempferol, catechin and epicatechin in RD
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beans compared to SD and ND lines which lacked these compounds. These compounds
appear to be substrates involved in a polyphenol oxidase (PPO)-mediated reaction
resulting, in quinone products that can be further modified to protein moieties and other
flavonoid polymers (Hernández, Alegre, et al., 2006). These quinone adducts can yield
complex cross-linked coloured products through subsequent auto-oxidation reactions
(John and Chang 1995). There is evidence that a rapid conversion of flavonoids to
oxidized or cross-linked quinone by enzymatic oxidation and coupled oxidation leading
to the formation of brown polymers (Pourcel, Routaboul, et al., 2007). Three enzymes,
laccase (EC 1.10.3.2), catechol oxidase (EC 1.10.3.1) and peroxidase (EC 1.11.1.7),
appear to be involved in flavonoid oxidation. Of these three, laccase and catechol oxidase
belong to the PPO group of enzymes. In Arabidopsis, browning of the seed coat is the
result of oxidation of epicatechin by a laccase enzyme known as TRANSPARENT
TESTA 10 (TT10) and leads to the formation of a brown oxidized epicatechin derivative
(Pourcel, Routaboul, et al., 2005). Laccase activity on procyanidins remains to be
investigated. Mutants show an increase in soluble procyanidins and epicatechin that are
not oxidized. It is important to note that tt10 null mutant lacking laccase activity in
Arabidopsis seeds, are still able to slowly turn brown during postharvest storage and
eventually resemble wild-type seeds possibly by autoxidation. The TT10 protein and
epicatechin substrate are compartmentalized and require transport for browning to occur.
In early seed developmental stages, epicatechin accumulates in the vacuole and migrates
towards the cell wall during senescence. Similarly, TT10 transits from the secretory
pathway and is delivered into the apoplast where epicatechin can interact with TT10 and
become oxidized and polymerized. Transport of flavan-3-ols requires the tt19 gene which
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encodes a glutathione S-transferase and is equally as important in the browning reaction
as the laccase enzyme. This is evidenced by a similar delay in browning by tt19 mutants
compared to tt10 mutants (Kitamura, Shikazono, et al., 2004). A similar reaction is
observed in grapes as its polyphenol oxidase acts on catechin to form the corresponding
quinones (Guyot, Vercauteren, et al., 1996). These highly reactive quinones may oxidize
and polymerize other compounds leading to coloured secondary reaction products. It is
therefore important to consider not only the initial enzymatic reaction of phenols but
subsequent reactions. In fact, the formation of brown pigments is probably the result of
successive oxidation reactions leading to more complex oxidation levels.

2.3. Health Benefits
2.3.1. Antioxidant

Free radicals are molecules or molecular fragments containing one or more unpaired
electrons thus making them extremely reactive. In living systems, radicals derived from
an oxygen source represent the main class of species generated. Reactive oxygen species
(ROS) can be produced from endogenous and exogenous sources. Endogenous sources
include the mitochondria, cytochrome P450 enzymes, peroxisomes, and inflammatory
cell activation (Inoue, Sato, et al., 2003).

Elevated levels of ROS leads to oxidative stress has been linked to many chronic and
degenerative diseases including cancer (Visconti and Grieco 2009), heart disease
(Heitzer, Schlinzig, et al., 2001), Alzheimer’s disease (Markesbery 1997), Parkinson’s
disease (Jenner 2003) and contributes significantly to the aging process (Cadenas and
Davies 2000). The latter forms the central dogma in the ‘Free Radical Theory of Aging’
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and has been challenged in recent years by a process known as mitochondrial hormesis
which proposes that an increase in ROS in the mitochondria results in an adaptive
response leading to stress tolerance and ultimately reducing oxidative stress and
increased lifespan (Ristow and Zarse 2010). ROS, in fact, have a beneficial role in
cellular response to noxia, for example, in the defence against infectious agents and in the
function of cellular signalling systems (Poli, Leonarduzzi, et al., 2004). In contrast,
elevated levels of ROS can lead to damage of the cell structures, including membrane
lipids, proteins and nucleic acids (Halliwell 1996). Oxidative stress is countered by the
presence of non-enzymatic antioxidants in addition to antioxidant enzymes. It is still
therefore widely recognized that a balance between oxidants and antioxidants should be
maintained in healthy organisms.

Phenolic compounds including polyphenols have garnered much interest recently owing
to their antioxidant capacity and potential beneficial implications in human health.
Phenolic compounds can act as antioxidants by terminating free radical chain propagation
and chelating redox-active metal ions that catalyze lipid peroxidation. Phenols can
interfere with oxidation of lipids by donating a hydrogen atom to radicals and producing
a phenoxy radical intermediate that is relatively stable and quench further initiation of
radical reactions. In dry beans, phenolic compounds are abundant and there have been
several reports of their antioxidant capacities (Cardador-Martínez, Loarca-Piña, et al.,
2002, Beninger and Hosfield 2003, Beninger, Gu, et al., 2005, Heimler, Vignolini, et al.,
2005, Oomah, Cardador-Martínez, et al., 2005, Luthria and Pastor-Corrales 2006, RochaGuzmán, González-Laredo, et al., 2007, Rocha-Guzmán, Herzog, et al., 2007, Lin,
Harnly, et al., 2008, Oomah, Blanchard, et al., 2008, Chen, Bozzo, et al., 2015a, Chen,
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Dupuis, et al., 2015b, Chen, Tang, et al., 2015c). In fact, in a list of antioxidant activities
in commonly consumed vegetables, dry beans ranked the highest both in terms of
lipophilic and hydrophilic antioxidants (Wu, Beecher, et al., 2004). Antioxidant activity
is generally quantified using the oxygen radical absorbance capacity assay (ORAC), the
ferric reducing antioxidant power assay (FRAP) and the 2, 2-diphenyl-1-picrylhydrazyl
assay (DPPH). These various in vitro spectrophotometric methods target specific modes
of radical attenuation mechanisms. The ORAC method utilizes a peroxyl radical
generator, 2,2’-azobis(2-amidinopropane) dihydrochloride and inhibition of peroxyl
radical induced oxidation of fluorescein is measured by fluorescence detection (Cao,
Alessio, et al., 1993). This method relies on the hydrogen atom transfer (HAT)
mechanism and reflects chain breaking and free radical quenching by hydrogen donation
(Prior, Wu, et al., 2005). The FRAP assay estimates total antioxidant activity via the
reduction of ferric-tripyridyltriazine (Fe3+-TPTZ) to a reduced coloured product in low
pH conditions for iron solubility (Benzie and Strain 1996). This approach offers no
information regarding radical quenching by HAT but instead the reaction mechanism is
single electron transfer based (SET). Under certain conditions, polyphenols with high
FRAP values have in fact been shown to possess pro-oxidant capacity as reduced states
of transition metals are known to be active propagators of radical chains by decomposing
hydroperoxides and promoting lipid oxidation (Cao, Sofic, et al., 1997, Macáková,
Mladěnka, et al., 2012). Lastly, a dark purple-coloured, stable free-radical nitrogen
molecule known as 2, 2-diphenyl-1-picrylhydrazyl (DPPH) has dual roles as both the
radical generator and antioxidant probe to measure the reducing ability of antioxidants.
The reaction with antioxidants is mainly electron transfer based although DPPH colour
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loss measured at 515 nm can occur via either radical reaction (HAT) or reduction (SET).
Steric accessibility is a major factor as smaller molecules have better access to the radical
site and will have higher apparent antioxidant capacity. The DPPH molecule is vastly
different compared to the peroxyl radicals involved in lipid peroxidation and therefore
many antioxidants that would react with peroxyl radicals do not display the same
efficiency when reacting with DPPH mainly due to steric hindrance (Brand-Williams,
Cuvelier, et al., 1995).

The antioxidant potential of phenolic compounds greatly depends on their structure. In a
study on different coloured genotypes of dry beans, it was observed that the presence of
more hydroxyl groups on the flavonoid nucleus significantly improved its metal ion
complexing ability (Beninger and Hosfield 2003). In fact, the 3-hydroxy-4-keto group is
the strongest metal complexing group (Letan 1966). The quercetin and kaempferol
glycosides identified in the previous study were all glycosylated at the 3-postion and this
absence of a free hydroxyl group at the 3-position greatly reduced their ability to chelate
metals and thus reduce their overall antioxidant capacity (Beninger and Hosfield 2003).
When individual phenolic compounds were characterized across various lines of
cranberry beans and the extracts were assayed using ORAC, FRAP and DPPH
antioxidant assays, specific compounds that contributed most to antioxidant were
determined (Chen, Tang, et al., 2015c). Assays quantifying total phenolic content (TPC)
and total proanthocyanidin content displayed strong correlation with all three antioxidant
assays since both quantifying assays and activity assays rely on similar reaction
mechanisms. Data from HPLC separation and quantification was used to determine
catechin had the strongest correlation with all three antioxidant assays (r2 = 0.98) (Chen,
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Tang, et al., 2015c). Bound hydroxycinnamic acids such as, p-coumaric, ferulic, and
sinapic acid, showed insignificant contributions to antioxidant activity while phydroxybenzoic acid positively correlated with antioxidant activity in all three assays (r2
⩾ 0.92) (Chen, Tang, et al., 2015c).

2.3.2. Anti-inflammation

Many of the beneficial biological properties of phenolic compounds cannot be solely
explained by their free radical scavenging antioxidant activity. Investigations into the
specific mechanisms of these molecules have demonstrated cell signal modulating effects
during the process of inflammation (García-Lafuente, Guillamón, et al., 2009).
Inflammation is characterized by the innate immune system response to microbial
infection or tissue injury. Clinical signs of inflammation have been established since the
Greek and Roman era and are evidenced by rubor (redness), calor (heat), tumor
(swelling), and dolor (pain) (Harada, Sekido, et al., 1994). At the inflammation site,
extravasation of plasma and accumulation of leukocytes occur. Leukocyte recruitment is
governed by the presence of cell type-specific leukocyte chemotactic factors produced at
the site of injury. In fact, there exists a large number of low-molecular weight leukocyte
chemotactic cytokines (chemokines) that are chemoattractants to specific types of
leukocytes. If not resolved, pro-inflammatory factors can create a perpetual molecular
feedback loop thus maintaining the inflammatory process and can lead to the onset of
chronic illnesses and cancer (Schett, Elewaut, et al., 2013). The immune system can
however be modified by diet and naturally occurring food chemicals such as vitamins and
flavonoids (Middleton, Kandaswami, et al., 2000). In studies measuring the effects of
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various treatments on inflammation, different markers are used to assess efficacy. The
markers of inflammation may include cytokines, such as interleukins (IL) and tumour
necrosis factor-α (TNF-α), protein complexes such as nuclear factor kappa-light-chainenhancer of activated B cells (NF-κB), enzymes such as cyclooxygenase (COX) and
lipoxygenase (LOX) and the free radical nitric oxide (NO). COX and LOX are major
enzymes controlling the two metabolic routes of the eicosanoid biosynthesis pathway.
The precursor to this pathway is arachidonic acid, a polyunsaturated 20-carbon fatty acid.
Arachidonic acid is metabolized by the COX pathway into prostaglandins and
thromboxane A2. Alternatively, arachidonic acid can be metabolized by the LOX
pathway to hydroperoxyeicosateraenoic acids, hydroxyeicosateraenoic acids and
leukotrienes (Yoon and Baek 2005). These two proteins (LOX and COX) are important
in controlling the intensity and duration of inflammation-associated pain, and the
occurrence of fever, swelling and heat.

Coloured bean hulls extracted with acetone and water displayed overall antiinflammatory activity as evidenced in the inhibition of COX and LOX enzymes (Oomah,
Corbé, et al., 2010). The inhibition of COX and LOX has been attributed to the presence
of polyphenols (Seeram, Momin, et al., 2001, Yoon and Baek 2005, Banerjee 2006).
Bean-based diet fed to mice during hyperplastic/dysplastic stages of colon carcinogenesis
showed an attenuation in serum levels of IL-6 (Mentor-Marcel, Bobe, et al., 2009). This
provides evidence supporting the attenuation of colon carcinogenesis is associated with
changes in inflammatory cytokines. Protein hydrolysates of common bean have also been
postulated as having an effect on the inhibition of inflammation in lipopolysaccharide
(LPS)-induced RAW 264.7 macrophage cells. Hydrolysates of pinto beans showed
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inhibition of COX-2 expression, prostaglandin E2 production, inducible nitric oxide
synthase expression and NO production as well as significant inhibition on the
transactivation of NF-κB (Oseguera-Toledo, de Mejia, et al., 2011). Similar results were
obtained from methanolic extracts of round purple beans and white kidney beans (GarcíaLafuente, Moro, et al., 2014). The inflammatory process was observed in macrophage
RAW 246.7 cells induced by LPS. Pretreatment with the phenolic rich bean extracts
reduced NO production. This inhibitory effect on NO production can be attributed to the
inhibition of iNOS mRNA expression following pretreatment with the legume extracts
(García-Lafuente, Moro, et al., 2014). Phenolic rich extracts from beans also inhibited the
mRNA expression of other key mediators in inflammation such as IL-1β, IL-6 and TNFα genes in stimulated macrophages RAW 246.7, with coloured beans showing higher
inhibition rates than white beans. This could be explained by the fact that round purple
beans contained higher phenolic levels as well as containing bioactive compounds that
were absent in white kidney beans such as catechin derivatives, proanthocyanidins,
flavonols and anthocyanidins (García-Lafuente, Moro, et al., 2014). Short-chain fatty
acids, from colonic fermentation of dietary fibres, such as butyrate has long been linked
to attenuating inflammation (Scheppach, Sommer, et al., 1992). Polyphenols may play a
direct role in modulating inflammatory pathways and promote the production of shortchain fatty acids following in vitro fermentation (Veeriah, Hofmann, et al., 2007,
Hernández-Salazar, Osorio-Diaz, et al., 2010).
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2.3.3. Colorectal Health and Cancer
Based on data from Canadian Cancer Statistics 2015, colorectal cancer had the 3rd highest
incidence rate and the 2nd highest mortality rate by cancer in Canada. In the United
States, colorectal cancer is the second leading cause of cancer death (Jemal, Murray, et
al., 2005). The onset of colorectal cancer stems from the development of neoplastic
adenomatous polyps and advanced adenomas exhibiting villous histology or high-grade
dysplasia (Shinya and Wolff 1979, Leslie, Carey, et al., 2002, Nusko, Mansmann, et al.,
2002). Dietary interventions involving fruit and vegetable diets have shown promising
protective effects against colorectal cancer (Smith-Warner, Elmer, et al., 2002). Many
studies fail to study dry beans as a separate category and instead use a category for all
types of legumes which includes a wide variety of foods with diverse phytochemical
compositions (Michels, Giovannucci, et al., 2000, Smith-Warner, Elmer, et al., 2002). It
has been proposed that consumption of vegetables may play a greater role in the
attenuation of the progression of adenomas to carcinomas instead of preventing the initial
development of adenomas (Smith-Warner, Elmer, et al., 2002). In a study on the
recurrence of advanced colorectal adenomatous polyps in subjects with a previous history
of diagnoses with colorectal cancer, inflammatory bowel disease, or a polyposis
syndrome, increased consumption of dry beans showed the greatest inverse association
with advanced adenoma recurrence compared to other fruits and vegetables studied
(Lanza, Hartman, et al., 2006). Fermentation products such as butyrate, a short-chain
fatty acid produced from nondigestible carbohydrates in dry bean with help from colonic
microflora,

have demonstrated antineoplastic

and anti-inflammatory properties

(Scheppach, Sommer, et al., 1992, Henningsson, Margareta, et al., 2001, Tong, Yin, et
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al., 2004). Dry beans are also low glycemic index foods meaning their consumption
results in reduced carbohydrate absorption rate of lowering of postprandial glycemic and
insulinemic responses (Jenkins, Wolever, et al., 1981). Epidemiological studies have
consequently shown that low-GI diets are correlated with a reduced risk of colorectal
cancer (Franceschi, Masco, et al., 2001, Oh, Willett, et al., 2004). Lastly, the emergence
of scientific data on the chemopreventative properties of phenolics should also be
considered since bioactive constituents in dry beans are prominent and may play a key
role in the anticarcinogenic properties and protective effects previously shown
(Theodoratou, Kyle, et al., 2007, Araújo, Gonçalves, et al., 2011, Nunez-Sanchez,
Gonzalez-Sarrias, et al., 2015). Several animal studies using azoxymethane-induced rats
and mice showed consumption of a bean-based diet composed of navy and/or black beans
reduced colon carcinogenesis markers such as dysplasia, adenomas, adenocarcinomas,
lesions, and tumour multiplicity (Hughes, Ganthavorn, et al., 1997, Bennink 2002, Bobe,
Barrett, et al., 2008, Vergara-Castaneda, Guevara-Gonzalez, et al., 2010). Non-digestible
fractions from common beans can be fermented in the large intestine and have been
shown to induce molecular changes in the Tp53 pathway in the early stages of colon
carcinogenesis as induced by azoxymethane (Hayde, Ramon, et al., 2012). In all, 72
genes related to the Tp53-mediated signalling pathway involved in apoptosis, cell-cycle
regulation and arrest, inhibition of proliferation and inflammation, and DNA repair were
modulated in Sprague-Dawley rats fed non-digestible bean fractions (Hayde, Ramon, et
al., 2012). In most circumstances, the specific anticarcinogenic compounds within dry
beans responsible for the attenuation of carcinogenesis have not been identified.
Therefore, it is unclear whether dietary fiber, phytochemicals or other components within
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dry beans are primarily responsible for the anticarcinogenic properties of beans. One
study showed that the ethanolic extract from cooked navy beans, presumably containing
mainly polyphenols, showed the greatest attenuation compared to cooked whole bean and
the insoluble fraction (Bobe, Barrett, et al., 2008).

Colorectal health relies on a symbiotic relationship between the gut microbiota and the
host immune system in preserving the integrity of the intestinal barrier and to attenuate
inflammatory responses that could lead to the development of chronic colorectal diseases
such as inflammatory bowel disease (IBD), obesity and colon cancer (Round and
Mazmanian 2009, De Filippo, Cavalieri, et al., 2010, Zhu, Michelle Luo, et al., 2011,
Harris, Kassis, et al., 2012). Mice fed bean diets prior to the induction of colitis by
exposure to dextran sodium sulphate in the drinking water showed increased caecal shortchain fatty acid and faecal phenolic compound concentrations as well as reduced mRNA
expression of colonic and circulating inflammatory cytokines and increased levels of
anti-inflammatory IL-10 (Zhang, Monk, et al., 2014). In fact, in healthy untreated mice,
bean diets displayed enhanced microbial activity, gut barrier integrity and antimicrobial
defense response when compared to mice fed basal diets (Monk, Zhang, et al., 2015).
This led to an increased anti-inflammatory response during induced colitis demonstrating
beneficial colon-health effects and extenuating colitis severity following bean
consumption. Cranberry beans with varying responses to darkening (ND and RD) have
previously been shown to possess significantly different levels of phenolic contents
(Chen, Tang, et al., 2015c). This difference, however, did not appear to affect gut health
and attenuation of colitis based on the markers assessed in one study (Monk, Lepp, et al.,
2016).
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2.4. Hypothesis and Objectives

Hypothesis
A) Relationship exists between levels and profiles of polyphenol contents and postharvest darkening in cranberry beans.
B) Differences in polyphenol content can have an impact on potential health benefits
derived from non-darkening and regular-darkening cranberry beans.

Objectives

1. To optimize the extraction and analysis of phenolics in ND and RD cranberry beans

2. To analyze and characterize phenolic profiles and elucidate potential mechanism in the
PHD of cranberry beans via simulated lighting conditions

3. To assess the potential for health benefits (i.e. antioxidant capacities and bioaccessibility/-availability) of compounds extracted from RD and ND cranberry beans
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3. CHAPTER 3: FREE AND CONJUGATED PHENOLIC COMPOUNDS AND
THEIR

ANTIOXIDANT

ACTIVITIES

IN

REGULAR

AND

NON-

DARKENING CRANBERRY BEAN (PHASEOLUS VULGARIS L.) SEED
COATS
Published: Chen, P.X., Bozzo, G.G., Freixas-Coutin, J.A., Marcone, M.F., Pauls, P.K.,
Tang, Y., Zhang, B., Liu, R., Tsao, R. 2015. Free and conjugated phenolic compounds
and their antioxidant activities in regular and non-darkening cranberry bean (Phaseolus
vulgaris L.) seed coats. Journal of Functional Foods, 18: 1047-1056.
DOI:10.1016/j.jff.2014.10.032

3.1. Introduction

Edible dry beans (Phaseolus vulgaris L.) is a valuable crop with over 23 million tons
harvested worldwide in 2012 and valued at approximately US$11 billion (FAOSTAT
2012). Dry bean seeds are considered to be a near perfect food due to its high protein,
fibre and complex carbohydrate contents, as well as vitamins, minerals and antioxidants.
Dry beans are diversified into different market classes on the basis of their shape and
colour. These include cranberry beans (also known as Romano beans) which are
characterized by seed coats with streaks and patches of red against a cream coloured
background. Cranberry beans are said to have a creamy chestnut-like flavor. The light
background is susceptible to browning or postharvest darkening in response to high
temperature, high humidity and light exposure during postharvest storage (Park and Maga
1999). Seed coat darkening has a negative impact on the marketability of dry beans
because darkening is believed to be associated with a hard-to-cook trait and hence require
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extended cooking times (Hincks and Stanley 1987, Srisuma, Hammerschmidt, et al.,
1989, Stanley 1992, Martín-Cabrejas, Esteban, et al., 1997). Bean darkening is most
prevalent in cultivars with a high phenolic content in the seed coat, and browning degree
is proportional to the level of phenolics (Srisuma, Hammerschmidt, et al., 1989, MartínCabrejas, Esteban, et al., 1997, Beninger, Gu, et al., 2005, Luthria and Pastor-Corrales
2006, Marles, Vandenberg, et al., 2008, Nasar-Abbas, Siddique, et al., 2009).

Plants produce a wide array of phenolics with various biological functions, including
protection against UV exposure and oxidative stress (Naczk and Shahidi 2006). Phenolic
compounds represent natural chemicals comprised of one or more aromatic rings. These
can then be classified on the basis of number of aromatic rings, structural elements
linking these rings as well as substituents attached to the rings (Harborne 1999). Notable
groups commonly found in plants include phenolic acids (hydroxybenzoic and
hydroxycinnamic acids) and flavonoids (flavonols, anthocyanins, flavan-3-ols, and
proanthocyanidins). Beninger, et al., (2005) determined rapid darkening CDC Pintium
pinto bean seed coat contained a higher concentration of flavonoids, specifically
kaempferol and proanthocyanidins, compared to the slow darkening 1533-15 pinto bean
line. A recent survey of whole seed phenolic profiles of various common bean market
classes revealed the presence of similar types of phenolic acids, but was distinguished on
the basis of their flavonoid constituents as no flavonoids occurred in the cranberry bean
variety sampled (Lin, Harnly, et al., 2008). However, cranberry beans are still susceptible
to postharvest darkening. Oxidation of flavonoids and/or phenolic acids yields reactive
quinones and/or semiquinones which may contribute to the browning of fruit and seeds
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(Jiang, Duan, et al., 2004, Pourcel, Routaboul, et al., 2005, Marles, Vandenberg, et al.,
2008).

Phenolics are one of the most important groups of dietary antioxidants and are linked to
reduced risk of many chronic diseases including cancer, cardiovascular diseases and
diabetes (Tsao 2010). Dry beans rank high on the list of commonly consumed foods rich
in antioxidant activities (Wu, Beecher, et al., 2004, Dueñas, Hernández, et al., 2006).
Previous studies on the phenolic profiles of plant foods based their analyses on extracts
obtained from hydrophilic solvent/water mixtures (e.g. 65% acetone). This procedure is
not sufficient to completely extract phenolic compounds, including those conjugated to
small peptides or oligosaccharides (Yokotsuka and Singleton 1995, Saulnier, Crépeau, et
al., 1999, Sun, Zhang, et al., 2012). Typically, plant food-derived phenolic conjugates are
released upon acid or alkaline hydrolysis (Kim, Tsao, et al., 2006, Sun, Zhang, et al.,
2012). Therefore, the objective of this study was to provide a complete profile of
extractable phenolics, including free and conjugated forms in RD and ND cranberry bean
seed coat and to assess their contribution to antioxidant activities using ORAC and FRAP
assays. We believe this to be the first report describing the detection and quantification of
individual

flavonoids,

specifically anthocyanins,

flavonols

and

flavanols

and

proanthocyanidins in cranberry beans.

3.2. Materials and Methods
3.2.1. Reagents and solvents

HPLC-grade chemicals and solvents were obtained from EMD Chemicals (Gibbstown,
NJ), VWR (Mississauga, ON) and Caledon Labs (Georgetown, ON) unless otherwise
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specified. Standard reference compounds (e.g., protocatechuic acid, p-hydroxybenzoic
acid, p-coumaric acid, ferulic acid, catechin, epicatechin, kaempferol, procyanidins,
anthocyanins and furans) were obtained from Sigma-Aldrich (Oakville, ON). Reagents
for antioxidant and total polyphenol assays [1,3,5-tri(2-pyridyl)-2,4,6-triazine (TPTZ), Lascorbic acid, gallic acid, Folin-Ciocalteu’s phenol reagent, fluorescein, Trolox and 2,2’azobis-(2-methylpropionamidine) dihydrochloride (AAPH)] were also purchased from
Sigma-Aldrich (Oakville, ON). Acids were of ACS (American Chemical Society) grade
and supplied by Fisher Scientific (Nepean, ON). Sodium acetate, ferric chloride
hexahydrate, sodium phosphate monobasic and sodium phosphate dibasic were purchased
from Caledon Labs (Georgetown, ON, Canada). Distilled and deionized water was
obtained in house from a Thermo Scientific Barnstead Nanopure ultrapure water
purification system (Ottawa, ON).

3.2.2. Plant materials

Cranberry bean RD and ND recombinant inbred lines (RILs) were generated at the
University of Guelph from a cross between a darkening parental line ‘Etna’ and a ND
parental line ‘Wit-rood’ (Elsadr, Wright, et al., 2011). RD and ND cranberry bean RIL
seeds were cultivated in each of three separate greenhouses, and harvested at the mature
dry stage (seed length ranging from 7-10 mm) of development. The seed coat of
harvested beans from either RIL exhibited a cream coloured background with pink to red
streaks and patches. Seed coats were decorticated manually following overnight soaking
using dH2O in the dark at 2°C. Soaking water did not contain any phenolics, as verified
by HPLC-DAD. Cranberry bean seed coats were lyophilized and ground to a powder
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using a Black and Decker Smartgrind coffee grinder prior to metabolite extraction.
Lyophilized seed coat powder was stored at 2°C under darkness.

3.2.3. Phenolic extraction
3.2.3.1.

Solvent extraction

Soluble phenolics were extracted according to Figure 3.1A. Seed coat powder (100 mg)
was extracted in 5 mL of 65% acetone (v/v) by vortexing for 10 s using an IKA MS1
Minishaker (IKA Works, Wilmington, NC), followed by ultrasonication for 15 min
(VWR, Mississauga, Ontario, Canada) and rotational-mixing for 2 h at ambient
temperature using a Roto-Shake Genie rotator (Scientific Industries, Bohemia, NY). The
supernatant of the crude extract was collected after centrifugation at 2450 g for 5 min
(IEC Centra CL3R Refrigerated Centrifuge, Thermo Electron Corp., Waltham, MA,
USA) and was used for quantification of total phenolic content (TPC), as described
below. A 1.5 mL aliquot of the supernatant fraction was dried under vacuum with a
Savant Speed Vac Concentrator attached to a Labconco CentriVap Cold Trap.

3.2.3.2.

Free and conjugated phenolic extraction

The crude extract residue was resuspended in 0.5 mL of 10 mM HCl (pH 2) and free
phenolics (FP) partitioned against 1 mL of diethyl ether-ethyl acetate (DE/EA, 1:1, v/v)
three separate times by vortex and organic layers were pooled. Alkaline and acid
hydrolysis allows the release of phenolic compounds from esters and glycoside linkages.
Alkaline hydrolysis of conjugated phenolics present in the remaining aqueous layer was
performed by addition of 250 µL of 6 M NaOH (final concentration of 2 N) and mixing
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by roto-shaking for 16 h at ambient temperature. The hydrolysate was acidified to pH 2
with 215 µL of 12 M HCl, and liberated phenolics were extracted with DE/EA as
described above. The resulting organic layer was used for analysis of base-hydrolysable
phenolics (BHP). The remaining aqueous fraction was hydrolysed in 2 M HCl (final
concentration) at 85 °C for 1 h, cooled to ambient temperature and partitioned with
DE/EA; the organic layer yielded acid-hydrolysable phenolics (AHP). FP, BHP and AHP
fractions were evaporated under N2 and residues were reconstituted in 80% methanol. In
all cases, the resuspended material was passed through Phenex-NY syringe filters (4mm,
i.d.; 0.2µm particle size; Sigma-Aldrich Co., Oakville, Ontario) prior to HPLC and LCESI-MSn analyses.

3.2.3.3.

Anthocyanin extraction

A detailed anthocyanin extraction protocol is provided in Figure 3.1B. For anthocyanins,
seed coat powder (300 mg) was extracted with 12 mL of 70% MeOH containing 1%
acetic acid (HAc) (v/v), by vortexing for 10 s, followed by ultrasonication for 15 min and
rotational shaking for 2 h. The extraction was repeated twice, centrifuged at 2450 g for 5
min and supernatants were pooled, forming the anthocyanin (AC) fraction. To quantify
anthocyanidins (acid hydrolysable anthocyanins, AHA), a 5 mL aliquot of the
anthocyanin extract was acidified to 2 M HCl and hydrolysed at 85 °C for 1 h. Each
hydrolysed anthocyanin fraction was passed through a 0.45 µm PVDF syringe filter
(Acrodisc, Gelman Laboratory, Ann Arbor, MI) prior to HPLC and LC-ESI-MSn
analyses.
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3.2.4. Total phenolic content analysis

The Folin-Ciocalteu assay was employed to determine total phenolic content (TPC) of
RD and ND cranberry beans crude seed coat extracts using a UV/Vis Biotek Powerwave
XS2 microplate reader (Biotek, Winooski, VT) (Singleton and Rossi 1965, Li, Deng, et
al., 2012). The reaction was initiated by the addition of 125 µL of Folin-Ciocalteu phenol
reagent (10-fold dilution) to 25 µL crude extract within a well of a 96-well microplate
(Greiner Bio-One GmbH, Frickenhausen, Germany). Following 10 min incubation at
room temperature, the reaction was terminated by the addition of 125 µL of 7.5% sodium
carbonate (w/v). After 30 min, TPC was determined at an absorbance of 765 nm, and
compared to a range of authentic gallic acid standards (GA; 3.7-500 mg). Controls assays
included the measurement of TPC in the absence of phenol reagent. TPC was expressed
as milligram of GA equivalents (GAE) per gram dry weight of seed coat (mg GAE/g
DW). For each seed coat extract, assays were performed in triplicate.
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Figure 3.1. Detailed phenolic (A) and anthocyanin (B) extraction and
fractionation protocol.
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3.2.5. HPLC analysis

Phenolic acids and flavonoids, including anthocyanins were analysed with an Agilent
1100 series HPLC system (Agilent, Waldbronn, Germany) equipped with a model
G1329A auto sampler, a model G1322A degasser, a model G1311A quaternary solvent
delivery system and a model G1315B diode-array detector and separated on a Kinetex
XB C18 column (100 x 4.60 mm, 2.6µm, Phenomenex Inc., Torrance, CA). Analysis was
performed using ChemStation software. Phenolic acids and flavonoids were eluted with a
gradient of solvent B (methanol/acetonitrile, 95:5) in solvent A (formic acid/water, 5:95)
of 0-80%, 0-40 min; 80–100%, 40 – 42 min; 100%, 42–44 min; 100–0%, 44–44.5 min;
0%, 44.5-50 min at a flow rate of 0.7 mL/min. HPLC-DAD was monitored at 280, 360
and 520 nm. Peak areas were identified and quantified by comparison of retention time
(tR) and UV absorption spectra to known amounts (0.78 - 200 mg/L; R2=0.99) of
authentic standards. Injection volume was 7 µL. Their identities were confirmed by LCESI-MSn, as described below. HPLC-DAD limit of detection (LOD) for each authentic
standard was based on the concentration yielding a UV/Vis detectable signal to noise
ratio of 3. LOD ranged between 0.04 - 0.09 µg/g for phenolic acids and 0.07 - 0.24 µg/g
for flavonoids.

3.2.6. Liquid

chromatography-electrospray

ionization-tandem

mass

spectrometry (LC-ESI-MS n)

Identities of phenolic compounds detected by HPLC-DAD were confirmed by LC-ESIMSn with a Dionex UHPLC UltiMate 3000 LC interfaced to an amaZon SL ion trap mass
spectrometer (Bruker Daltonics, Billerica, MA), and separated on an Agilent Poroshell
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120 C18 column (150 x 4.6 mm, 2.7 µm). Phenolic compounds were eluted with a
gradient of solvent B (acetonitrile containing 0.1% formic acid) in solvent A (water
containing 0.1% formic acid) of 0 - 98% in 30 min at a flow rate of 0.4 mL/min. MS/MS
was performed with capillary voltage of 4.5 kV and a drying temperature of 220 °C. The
drying gas flow rate was set to 10 L/min with nebulizer pressure at 40 psi. Nitrogen was
used as both nebulizing and drying gas; helium was used as collision gas at 60 psi. For
anthocyanins and AHA, UV detection was performed at 520 nm and MS/MS analysis
was performed in enhanced resolution positive ion mode, with the mass-to-charge ratio
(m/z) scanned in the range 50 – 1200 m/z. For the monitoring of phenolic compounds,
UV detection was at 280 nm and MS/MS analysis was performed in enhanced resolution
negative ion mode and scanned from 100–1500 m/z. In either case, the Smart Parameter
Setting (SPS) was used to automatically optimize the trap drive level for precursor ions.
The instrument was externally calibrated with the ESI TuneMix, Agilent.

3.2.7. Antioxidant Activity Assays
3.2.7.1.

Oxygen radical absorbing capacity (ORAC)

The ORAC assay was conducted according to reported protocols with slight
modifications (Li, Deng, et al., 2012a). To each well of a 96-well microplate, 25 μL of an
appropriately diluted sample, blank or a series of Trolox standard solutions (6.25, 12.5,
25, 50 and 100 µmol/L) were added and mixed with 150 μL of working fluorescein
solution (8.68 × 10-5 mM in phosphate buffer, pH 7.4), and incubated for 30 min at 37 °C.
Subsequently, 25 μL of AAPH (153 mM in phosphate buffer) was added to each well to
initiate the reaction. Fluorescence (excitation wavelength set to 485 nm and emission
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wavelength at 520 nm) was read every minute for 120 min on a plate reader equipped
with an automatic thermostatic holder (PLX 800, Bio-Tek Instruments, Inc., Winooski,
VT, USA). A calibration curve plots the calculated differences of area under the
fluorescein decay curve between the blank and the sample and results were expressed as
µmol Trolox equivalent (TE) per gram sample (µmol TE/g) (r2=0.998).

3.2.7.2.

Ferric-reducing antioxidant power (FRAP)

Ferric-reducing antioxidant power (FRAP) of cranberry bean seed coat extracts was
determined according to previously reported procedures (Li, et al., 2012a). Briefly, 10 μL
cranberry bean extract was mixed with 300 μL of ferric-TPTZ reagent (prepared by
mixing 300 mM acetate buffer, pH 3.6, 10 mM TPTZ in 40 mM HCl and 20 mM
FeCl3•6H2O at a ratio of 10:1:1 (v/v/v)) and allowed to react at room temperature for 2 h.
The absorbance was read at 593 nm on a UV/Vis Biotek Powerwave XS2 microplate
reader. FRAP value was expressed as μmol of L-ascorbic acid equivalent (AAE) per
gram sample (μmol AAE/g) following a comparison to a linear range (62.5, 125, 250,
500, 750, and 1000 μM; r2 = 1.0) of L-ascorbic acid standard.

3.2.8. Statistical Analyses

Seed coat powder from RD and ND cranberry beans harvested from each of three
separate greenhouses were extracted and analysed in triplicate. Data were analysed using
a one-way analysis of variance (ANOVA) and significant differences were considered at
p < 0.05. All statistical analyses were performed with the Statistical Analysis System
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(SAS) program (SAS Institute, Carey, NC) and figures were plotted using SigmaPlot ver.
12.5. (Systat Software Inc, Germany).

3.3. Results and Discussion
3.3.1. Total phenolic content of crude extract

The seed coat represents approximately 10% of the total seed weight and contains the
highest concentration of phenolic compounds (Dueñas, Hernández, et al., 2006). In
general, TPC (measured as mg GAE/g) of RD cranberry bean seed coats was
approximately 25-fold higher than in ND RIL (Figure 3.2., p < 0.05). For either
genotype, there was no statistical difference in seed coat TPC among the three
greenhouses. The high TPC of RD seed coats is similar to that of black soybean seed
coats (Xu and Chang 2008).
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Figure 3.2. Total phenolic content (TPC) in the seed coats of regular-darkening
(RD) and non-darkening (ND) cranberry bean RILs cultivated in three
greenhouses, GH1, GH2 and GH3. TPC is expressed as mg gallic acid equivalent
(GAE)/g seed coat ± standard deviation (n=3) on a dry weight basis. Bars sharing
identical letters above are not significantly different at 5% (p < 0.05).
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3.3.2. Free phenolics

Phenolic acids and flavonoids within the FP, BHP and AHP fractions were first identified
and quantified by HPLC-DAD followed by comparisons of their tR and UV/Vis spectra to
known amounts of authentic standards (Figure 3.3., Table 3.1. & 3.2.). The identities of
each individual compound were confirmed, separately, by LC-ESI-MSn (Table 2).
Flavonols and flavan-3-ols accumulate in whole seeds of various common bean market
classes, but are relatively unknown for the whole seed and seed coat of cranberry beans
(Luthria and Pastor-Corrales 2006, Lin, Harnly, et al., 2008). The present study provides
evidence of the flavan-3-ol catechin in the seed coat of RD cranberry beans following
HPLC-DAD analysis; this compound was absent in seed coats of ND beans (Figure
3.3A). Catechin was the most predominant flavonoid in the FP fraction of RD cranberry
beans, and it was found at levels 2.5 to 6.5 fold higher, respectively, than dimeric and
trimeric proanthocyanidins (Figure 3.3A, Table 3.1.).

Proanthocyanidins (also known as condensed tannins) are comprised of oligomers and
polymers of flavan-3-ol subunits linked mainly through B-type linkages (Gu, Kelm, et al.,
2003). A procyanidin dimer and a propelargonidin dimer were identified in RD cranberry
bean seed coats with molecular masses [M-H]- of 577.2 and 561.3, respectively (Figure
3.3A, Table 3.2.). The 16 Da difference between these proanthocyanidins suggests the
absence of a hydroxyl group in the propelargonidin dimer. Retro-Diels-Alder
fragmentation of procyanidin and propelargonidin dimers produced an [M-H]- ion of
425.2 in both cases, corresponding to the loss of the B ring on the top unit of the dimer.
Loss of 136 Da in propelargonidin dimer following RDA cleavage would indicate the
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presence of a single hydroxyl group on the top unit B ring whereas a loss of 152 Da in
procyanidin dimer would suggest the presence of two hydroxyl groups. Subsequent
elimination of water results in the m/z 407.2 fragment in both procyanidin and
propelargonidin dimers. Heterocyclic ring fission resulted in a loss of 126 Da indicating
the presence of a 1,3,5-trihydroxybenzene structure within ring A of both dimers.
Quinone-Methide cleavage of the interflavan bond produced fragment ions of 287.2 and
289.2, indicating the presence of a (epi)catechin  (epi)catechin linkage in procyanidin
dimers. Quinone-Methide cleavage of the propelargonidin dimer yielded fragment ions
m/z of 271.2 and 289.2 suggesting a (epi)afzelechin  (epi)catechin connection in the
properlargonidin dimer. In addition, LC-ESI-MSn analysis of the RD seed coat extract FP
fraction confirmed the identity of the procyanidin dimer to be of B1 type when compared
to its authenticated standard. A procyanidin trimer was also confirmed with spectral mass
features identical to an authentic procyanidin C1 standard (Table 3.2.). Proanthocyanidin
dimers and trimer were absent in the ND line. To the best of our knowledge, this is the
first report describing the presence of any proanthocyanidin oligomers in cranberry bean
seed coats. Proanthocyanidin flavan-3-ols are important precursors for the brown
pigments in Arabidopsis seed coats (Pourcel, Routaboul, et al., 2005). The findings that
proanthocyanidins and catechin are present in mature dry cranberry bean RD seed coats,
but are absent in the seed coats from ND cranberry beans suggests that they may be
involved in the darkening phenomenon in a similar way as reported for pinto bean
darkening (Beninger, Gu, et al., 2005).
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Table 3.1. Free and Conjugated Phenolic Acid, Flavan-3-ol, Flavonol and Anthocyanidin Composition (mg/g) in the
Seed Coats of Regular - and Non-Darkening Cranberry Beans
Regular-Darkening

Procyanidin dimer
Procyanidin dimer B1
Catechin
Propelargonidin dimer
Procyanidin trimer C1
Protocatechuic acid
p-hydroxybenzoic acid
Epicatechin
p-coumaric acid
Ferulic acid
Kaempferol

Cyanidin-3-O-glucoside
Pelargonidin-3-Oglucoside
Cyanidin
Pelargonidin

FPa
1.040 ± 0.077
0.775 ± 0.083
3.706 ± 0.421
0.332 ± 0.052
0.495 ± 0.047
0.004 ± 2.00E-4
-

BHPb
0.144 ± 0.004
0.255 ± 0.042
0.217 ± 0.014
0.239 ± 0.041
0.013 ± 3.00E-4
0.028 ± 0.002
0.002 ± 0.002
0.034 ± 0.003
Regular-Darkening

ACd
0.003 ± 1.85E-4
0.015 ± 5.39E-4

AHAe
-

ACd
-

NonDarkening
BHPb
0.021 ± 4.00E-4
0.067 ± 0.003
NonDarkening
AHAe
-

-

1.746 ± 0.281
0.436 ± 0.047

-

-

AHPc
-

FPa
0.011 ± 4.42E-4
-

AHPc
-

a

Free phenolic fraction; bAlkaline-hydrolysable phenolic fraction; cAcid-hydrolysable phenolic fraction; d Anthocyanin fraction; eAcid hydrolysable
anthocyanin fraction; Data are expressed as means ± standard deviation (n=3). Identified and quantified using individual authenticated standards.
Proanthocyanidins quantified using catechin standard curve.
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Table 3.2. Negative Ion ESI Tandem Mass Data (m/z), Retention Time (tR), absorption spectra (λmax), and Product Ions (m/z)
of Phenolic Acids and Flavonoids in Regular- and Non-Darkening Cranberry Beans
tR
(min)2

λmax (nm)

Molecular
weight

[M-H]-/[M]+

Product ions

Free phenolics
1
Procyanidin dimer

7.72

245, 280

578

577.2

2

Procyanidin dimer

8.48

245, 280

578

577.2

3
4

Catechin
Propelargonidin dimer

9.92
10.51

245, 280
245, 280

290
562

289.1
561.3

13.27
17.77
15.78
17.12

245, 280
320, 300sh
520
520

866
194
449
433

865.2
193.1
/449
/433

425.2, 407.2, 451.2,
287.2, 289.2
425.2, 407.2, 451.2,
287.2, 289.2
245.1
425.2, 407.2, 435.2,
289.2, 271.2
575.3, 287.2
149
287
271

5.74
8.68
9.92
13.85
15.59
17.77
29.97

260, 294
256
245, 280
244, 280
320
320, 300sh
265, 368

154
138
290
290
164
194
286

153.1
137.1
289.1
289.1
163
193.1
285.1

21.31
23.40

530
530

287
271

Peak #

5
6
7
8

Compounds1

Procyanidin trimer
Ferulic acid
Cyanidin-3-O-glucoside
Pelargonidin-3-Oglucoside
Alkaline hydrolysed phenolics
9
Protocatechuic acid
10
p-hydroxybenzoic acid
3
Catechin
11
Epicatechin
12
p-coumaric acid
6
Ferulic acid
13
Kaempferol
Acid hydrolysed anthocyanidins
14
Cyanidin
15
Pelargonidin

/287
/271

109
93.1
245.1
245.1
149
151
214.0, 248.0
146.1, 211.0, 254.8,
276.1

1

All the compounds were identified by UV/Vis spectral data and tR compared to standards using HPLC-DAD and ion mass and fragment ions confirmed
using LC-ESI-MS. 2 Retention times based on HPLC-DAD analysis.
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3.3.3. Conjugated Phenolics

Additional flavonoids including catechin, epicatechin and kaempferol in RD seed coats
(peaks 3, 11 and 13; Figure 3.3B) were quantified upon alkaline hydrolysis of seed coat
extracts. Previous research indicates that alkaline hydrolysis of whole cranberry beans
yields p-coumaric, ferulic and sinapic acids (Luthria and Pastor-Corrales 2006, Lin,
Harnly, et al., 2008). In the present study, ferulic acid was identified in FP (peak 6;
Figure 3.3A) and BHP fractions (peak 6; Figure 3.3B) of seed coat extracts, irrespective
of their darkening phenotype. Alkaline hydrolysis yielded p-coumaric acid from RD and
ND seed coats (peak 12; Figure 3.3B). Sinapic acid was identified in the RD BHP
fraction, following LC-ESI-MSn, as a molecular mass of m/z 223 eluting at 18.59 min
provided a [M-H]- fragment ion of 179, indicating a loss of CO2 from the carboxylic acid
group of sinapic acid. The concentration of sinapic acid was below the UV/Vis
absorbance LOD and, therefore, could not be quantified. Protocatechuic acid and phydroxybenzoic acid were the predominant conjugated phenolic acids in RD seed coats
(Table 3.1.). In either case, LC-ESI-MSn revealed the presence of fragment ions m/z 109
and 93.1, respectively, corresponding to the loss of CO2; these were exclusive to the BHP
fraction of RD cranberry beans seed coats (Peaks 9 and 10; Figure 3.3B). The possibility
remains that these phenolic acids were in conjugated forms with water-soluble
components such as peptides and oligosaccharides (Yokotsuka and Singleton 1995,
Saulnier, Crépeau, et al., 1999, Sun, Zhang, et al., 2012), as they were absent in the FP
fraction and recovered in the BHP fraction upon alkaline hydrolysis of the aqueous phase.
Protocatechuic and p-hydroxybenzoic acids have not been previously identified in
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cranberry beans, although they were found in whole pinto beans at much lower
concentrations ranging from 0.017-0.026 and 0.013-0.043 mg/g, respectively (Ross, Beta,
et al., 2009, Xu and Chang 2009). Discrepancies between our reported values and those
described in the scientific literature may be due in part to different extraction procedures
and the use of whole seeds versus excised seed coats.

Sequential acid hydrolysis of the aqueous layer remaining after DE/EA partitioning did
not yield additional phenolic compounds for either RD or ND bean seed coat (Table 3.1.).
However, acid hydrolysis produced a peak eluting at 4.77 min with λmax of 280 nm; LCESI-MSn analysis of AHP from both RD and ND seeds identified this as 5hydroxymethyl-2-furfural (HMF) (Chen, Tang, et al., 2014)

HPLC-DAD analysis of RD seed coat revealed the presence of unidentified peaks (UK1
– UK5, Figure 3.3.), with absorption spectra typical of phenolics; all displayed unique
retention times (tR’s) and mass spectral data relative to authentic phenolic acid standards.
A predominant peak (UK4) present in the BHP of RD seed coats displayed an absorption
maximum at 292 nm with tapering from 320 to 350 nm, similar to the flavanone,
naringenin. LC-ESI-MSn in negative mode displayed a molecular ion at m/z 471 and a
daughter ion at m/z 271 near the LC-UV peak of UK4, suggesting it may be a naringenin
derivative.

3.3.4. Anthocyanins and anthocyanidins

Only two major anthocyanins, cyanidin-3-O-glucoside and pelargonidin-3-O-glucoside
were apparent in RD seed coats, albeit at low concentrations relative to other detected

44

phenolics (Figure 3.3C, Table 3.1.). Acid hydrolysis of anthocyanin (AC) extracts yielded
anthocyanidins (AHA fraction), cyanidin and pelargonidin, with respective molecular
masses in positive ion [M]+ mode of 287 and 271 (Table 3.2.; Figure 3.3C). Acid
hydrolysis was carried out in this study due to the instability of anthocyanins in alkaline
conditions. However, the low concentration of anthocyanins does not correspond to the
582 and 29-fold respective increases in cyanidin and pelargonidin upon acid hydrolysis.
AHA levels of RD seed coats may be indicative of in vitro proanthocyanidin degradation
(Table 3.1.). Under strong acid hydrolysis conditions, proanthocyanidins depolymerize to
their monomeric subunits catechin and epicatechin, and subsequent oxidation yields
anthocyanidins (Porter, Hrstich, et al., 1985, Wellmann, Griesser, et al., 2006). However,
on an equimolar basis the amount of proanthocyanidins present in the FP fraction does
not fully account for the entire concentration of anthocyanidins detected within the AHA
fraction. Therefore, a portion of anthocyanidins detected in AHA may have been present
in conjugated forms attached to water-soluble components in the crude extract such as
peptides and oligosaccharides and released only after acid hydrolysis of the AC fraction
(Yokotsuka and Singleton 1995, Saulnier, Crépeau, et al., 1999, Sun, Zhang, et al., 2012).
No monomeric or oligomeric flavonoids (catechin, epicatechin, proanthocyanidins or
anthocyanins) in the FP, AC or AHA fractions were found in ND seed coat (Table 3.1.).

Previous studies found no anthocyanins or any flavonoids in cranberry beans (Lin,
Harnly, et al., 2008). By contrast, our data showed the existence of many subgroups of
flavonoids both in their free and conjugated forms. Anthocyanidins in RD seed coat
released upon acid hydrolysis, had concentrations similar to those measured in fresh
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strawberry and bilberry (Nyman and Kumpulainen 2001) and even higher than those
reported for small red bean (Wu, Beecher, et al., 2006).
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Figure 3.3. Representative HPLC-DAD chromatograms of the free phenolic (FP; A)
and alkaline-hydrolysed phenolic (BHP; B) fractions of regular-darkening (RD) and
non-darkening ND cranberry bean seed coat extracts along with standard mixture
detected at 280 nm. Representative chromatograms of the free anthocyanin (AC)
fractions and conjugated anthocyanidin (AHA) (C) fractions of RD cranberry bean
seed coat extracts along with standard mixture detected at 520 nm. Phenolic
acronyms: Proc, procyanidin; CA, catechin; FA, ferulic acid; PA, protocatechuic acid;
HBA, p-hydroxybenzoic acid; ECAT, epicatechin; PC, p-coumaric acid; KMF,
kaempferol; C3G, cyanidin-3-O-glucoside; P3G, pelargonidin-3-O-glucoside; CYN,
cyanidin; PLG, pelargonidin; UK, unknown.
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3.3.5. Antioxidant activities

The Wit-rood source of the ND trait in cranberry bean lacks the capacity to undergo
accelerated darkening in response to UVC light (Elsadr, Wright, et al., 2011). A
fundamental question arises as to whether or not the health promoting phytochemicals are
compromised in ND cranberry beans. Oxidative stress is associated with many chronic
diseases, and dry beans have been found to possess relatively high antioxidant capacities
compared to commonly consumed foods. In this study, RD seed coats possessed higher
antioxidant activity relative to ND germplasm (Figure 3.4.). ORAC of FP derived from
RD seed coats was 49 and 130% higher than BHP and AHP fractions, respectively
(Figure 3.4A). The prevalence of monomeric and oligomeric flavonoids within the FP
extract may account for the high level of antioxidant activity. Compared to whole raw
pinto, ORAC activity measured in the seed coat of RD cranberry beans is 400% higher
(Xu and Chang 2009). FP of ND seed coats contained no ORAC activity, although minor
amounts were revealed in their BHP fraction which may be due in part to the presence of
p-coumaric and ferulic acid conjugates.
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Figure 3.4. Antioxidant capacity (ORAC; A) and antioxidant reducing ability
(FRAP; B) of regular-darkening (RD) and non-darkening (ND) cranberry bean
seed coat extracts (FP, BHP and AHP). ORAC results are expressed as µmole
Trolox equivalent (TE)/g seed coat ± standard deviation (n=3) on a dry weight
basis. FRAP results are expressed as µmole L-ascorbic acid equivalent (AAE)/g
seed coat ± standard deviation (n=3) on a dry weight basis. Bars sharing identical
letters above are not significantly different at 5% (p < 0.05).
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With respect to the FRAP assay, high antioxidant activity was apparent for FP of the RD
seed coat and up to 1.7-fold that of hydrolysed phenolic fractions; no activity was
apparent for ND cranberry beans (Figure 3.4B). Similar FRAP activity was exhibited in
other grain samples such as quinoa seeds (Tang, Li, et al., 2015). The absence of
phenolics and the apparent ORAC or FRAP activities in the AHP fractions of either of
the two cranberry beans suggests that these antioxidant activities may be associated with
furans formed as a result of degradation of sugar molecules during high temperature acid
hydrolysis. Furan derivatives were identified in the acid hydrolysis in this study and may
react to the ORAC and FRAP reagents at high concentrations (data presented in Chapter
4).

3.4. Conclusions

While the phenolic content of cranberry beans has been studied, a comprehensive profile
of the phenolic composition, including the identification of novel compounds is provided
here. TPC was markedly higher in the RD relative to ND cranberry bean RIL seed coats.
When examined in detail, individual phenolic compounds, such as protocatechuic acid, phydroxybenzoic acid, and monomeric and oligomeric flavonoids were exclusive to the
RD line. The identities of respective phenolic compounds were confirmed by LC-ESI-MS
and they were quantified using HPLC-DAD. Phenolics found in the free form included
soluble monomers (flavan-3-ols), soluble oligomers (proanthocyanidins), anthocyanins
(cyanidin-3-O-glucoside and pelargonidin-3-O-glucoside) and ferulic acid. In addition,
conjugated phenolics extracted following alkaline hydrolysis included phenolic acids
(protocatechuic acid, p-hydroxybenzoic acid, p-coumaric acid and ferulic acid) as well as
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flavonoids (kaempferol, catechin and epicatechin). This is the first report of individual
flavonoids in cranberry beans. The absence of flavonoids in the seed coat of the ND
cranberry bean RIL seed coats may coincide with the absence of darkening. Results from
the ORAC and FRAP assays suggest that FP and BHP contribute to the antioxidant
activity of RD seed coats; activity associated with AHP may be due to the interaction
with furan derivatives formed during acid hydrolysis. Further research on the oxidation of
these phenolic compounds will assist in defining the biochemical mechanisms governing
cranberry bean darkening and provide potential means to limit or inhibit oxidative
darkening process that affect bean quality. Furthermore, this may lead to an
understanding of the dichotomy that exists between the role of phenolics, specifically
catechin and proanthocyanidins, in darkening and potential health benefits of the
cranberry bean seed coat.
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EFFECTS ON PHENOLIC CONTENT AND ANTIOXIDANT CAPACITY
Published: Chen, P.X., Tang, Y., Zhang, B., Liu, R., Marcone, M.F., Li, X., Tsao, R.
2014. 5-Hydroxymethyl-2-furfural and derivatives formed during acid hydrolysis of
conjugated and bound phenolics in plant foods and the effects on phenolic content and
antioxidant capacity. Journal of Agricultural and Food Chemistry, 62(20): 4754-4761.
DOI: 10.1021/jf500518r

4.1. Introduction

Plants produce a wide variety of secondary metabolites known as phenolic compounds or
polyphenols which possess various biological functions in plants including phytoalexins,
attractants for pollinators, plant pigmentation, antioxidants and protection against UV
light (Naczk and Shahidi 2006, Tsao 2010). Extraction of phenolic compounds depends
on the specific forms in which they are present in plants. Extractable phenolics can be in
free or in conjugated forms; the latter are generally soluble glycosides of phenolic acids
and flavonoids (Khoddami, Wilkes, et al., 2013). Many phenolic compounds are
insoluble, being bound to cell wall polymers through ester and glycosidic links and are
therefore not extractable using organic solvents alone (Khoddami, Wilkes, et al., 2013).
Hydrolysis under alkaline, acidic or enzymatic conditions is often performed to release
these bound phenolics (Tsao 2010). Typical acid hydrolysis conditions for cleaving
glycosidic bonds of conjugated phenolic acids or flavonoids to obtain their respective
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aglycones involve heating at high temperature (> 80°C) for 1-3 h in an aqueous methanol
or ethanol solution containing 2-4 N HCl (Nyman and Kumpulainen 2001, Naczk and
Shahidi 2004).

Chemical hydrolysis under acid and alkaline conditions has been a major tool commonly
used when studying conjugated and bound phenolics in many food crops. The HPLCDAD phenolic profiles of plant-derived acid hydrolysates consistently showed at least
one or two major peaks, dependent on solvent used, and eluting at comparable retention
times as certain benzoic acids when monitored at 280 nm (Ross, Beta, et al., 2009). In
fact, acid hydrolysis performed by other investigators of dry bean (Phaseolus vulgaris L.)
(Lin, Harnly, et al., 2008, Ross, Beta, et al., 2009), quinoa (Chenopodium quinoa Willd.)
(Repo-Carrasco-Valencia, Hellström, et al., 2010), red clover (Trifolium pretense L.)
(Tsao, Papadopoulos, et al., 2006), wheat bran (Kim, Tsao, et al., 2006), and cranberry
juice (Chen, Zuo, et al., 2001) all showed the presence of peaks bearing LC-UV
characteristics similar to that of simple phenolic acids. Our efforts in identifying the
structures of these peaks have led to the conclusion that these peaks are not those of
phenolics. Such misidentification of phenolics in the literature can lead to significant
overestimation of total phenolic content, and could affect the outcome of chemical
antioxidant assays (Murkovic and Pichler 2006, Ross, Beta, et al., 2009, Khoddami,
Wilkes, et al., 2013).

Under similar hydrothermal acidic conditions, sugar molecules (e.g., fructose, glucose,
sucrose) undergo dehydration reactions to form 5-hydroxymethyl-2-furfural (HMF), 1,
(Figure 4.1.) (Murkovic and Pichler 2006, Chheda and Dumesic 2007). This furanic
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compound can also be formed during the Maillard Reaction (Surh and Tannenbaum
1994), therefore it is found in many processed foods, particularly sugar or starch-rich
foods (Bordajandi, Gómara, et al., 2010, Capuano and Fogliano 2011). Like other furan
derivatives, HMF has been found to induce a significant number of chromosome
aberrations and a lowering of mitotic activity (Nässberger 1990). HMF and its derivatives
have found their use as intermediates for the production of plastics, polymers,
pharmaceuticals and transportation fuel. The ability to produce HMF from carbohydraterich biomass is of great interest (Li, Liu, et al., 2013). Reaction conditions can dictate the
formation of methyl or ethyl ethers of HMF such as 5-methoxymethylfuran-2carbaldehyde (MMF), 2, or 5-ethoxymethylfuran-2-carbaldehyde (EMF), 3 (Huber,
Iborra, et al., 2006, Balakrishnan, Sacia, et al., 2012). MMF and EMF can be converted to
a wide range of mono- and dialkoxymethyl ethers for biofuels (Huber, Iborra, et al.,
2006), and have been used for the synthesis of novel biomass-based vinyl polymers
(Mascal and Nikitin 2008, Yoshida, Kasuya, et al., 2008, Ras, Maisuls, et al., 2009).

In our current study, we have identified major compounds in the acid hydrolysates of
cranberry bean (Phaseolus vulgaris L.), quinoa (Chenopodium quinoa Willd), lentil (Lens
culinaris L.) and buckwheat (Fagopyrum esculentum Moench) seed extracts to be HMF,
and its methyl and ethyl ethers. Previous report on the acid hydrolysis of flax seed led to
the accurate identification of HMF; however, its derivatives remained unknown (Li,
Yuan, et al., 2008). In this study, we have obtained evidence for the formation of HMF
and its derivatives MMF and EMF, in model systems and in actual food samples using
HPLC-DAD-ESI-MS/MS, and NMR. Overestimation of total phenolic content and
antioxidant capacity in these food extracts due to HMF and its derivatives was
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investigated using in vitro chemical methods. Our results will help others to accurately
assess the phenolic composition of food, especially those in bound or conjugated forms,
and the antioxidant and other biological activities of acid hydrolysis products.

56

2
1

3
Figure 4.1. Formation of HMF, MMF and EMF during thermal acid hydrolysis of
conjugated polyphenols in food samples.
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4.2. Methods and Methods
4.2.1. Chemicals and reagents

HPLC-grade acetonitrile was obtained from EMD Chemicals (Gibbstown, NJ),
anhydrous ethyl alcohol (ethanol) from Commercial Alcohols (Brampton, ON) and
methanol from Caledon Labs (Georgetown, ON). MMF standard was obtained from
Enamine LLC (Monmouth Jct, NJ). Hydrochloric acid (HCl) and sodium carbonate was
supplied by Fischer Scientific (Nepean, ON). Formic acid, 2-diphenyl-1-picryhydrazyl
radical (DPPH), fluorescein, Folin-Ciocalteu reagent, L-ascorbic acid, 2,4,6-tri(2pyridyl)-s-triazine, 2,2’-azobis(2-amidino-propane) dihydrochloride, 6-hydroxy-2,5,7,8tetramethlchroman-2-carboxylic acid (Trolox), anhydrous methylene chloride, deuterated
chloroform (CDCl3), gallic acid, catechin, furfural, HMF, EMF, fructose, glucose,
sucrose and inulin standards were obtained from Sigma-Aldrich Chemical Co. (St. Louis,
MO). Distilled and deionized water was obtained in house from a Thermo Scientific
Barnstead Nanopure ultrapure water purification system (Ottawa, ON).

4.2.2. Food materials
Whole cranberry bean seeds, ‘Hooter’, were kindly provided by Dr. Peter Pauls,
Department of Plant Agriculture, University of Guelph. Quinoa, lentil, and buckwheat
seeds were purchased from local stores. Fruit and vegetables including apple, cucumber
and carrot, were also purchased from local stores. The grain samples were ground
directly using a commercial grinder (Stanley Black & Decker Inc, New Britain, CT). The
fruits samples were lyophilized using Bulk Tray Dryer (Labconco, Kansas City, MO,
USA) prior to grinding. The powdered samples were kept at -20 °C until analysed.
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4.2.3. Extraction and acid hydrolysis

Briefly, powdered plant materials (0.25 g) were accurately weighed and mixed with 10
mL of 2 N HCl in either 70% methanol or 70% ethanol (v/v). The mixture was vortexed
for 10 s using a minishaker (IKA Works, Wilmington, NC), sonicated for 15 min (VWR,
Mississauga, ON) and then shaken by rotatory mixing at room temperature for 2 h
(Scientific Industries, Bohemia, NY). Hydrolysis was carried out at 85 °C for 1 h using
hot water bath (IKA, Wilmington, NC) and the extract was syringe filtered using 0.45 µm
PVDF filters (Sigma-Aldrich Co., St. Louis, MO) prior to HPLC analysis. Effect of
hydrolysis duration and temperature on HMF and MMF formation was further studied by
adjusting reaction time (30, 60, 120 min) and temperature (65, 75, 85, 95 °C) in a model
system using quinoa seeds. All extractions were carried out in triplicate.

4.2.4. Identification and quantitation with HPLC

HPLC analysis was carried out using an Agilent 1100 series HPLC system (equipped
with a model G1329A auto sampler, a model G1322A degasser, a model G1311A
quaternary solvent delivery system and a model G1315B diode-array detector) and using
Agilent ChemStation software. The analytical column used was a Phenomenex Luna
phenyl-hexyl 5 U (250 x 4.6 mm). The binary mobile phase consisted of 5% formic acid
in water (v/v) (solvent A) and 95% methanol: 5 % acetonitrile (v/v) (solvent B). The
gradient solvent system used was as follows: 0-40 min, 80% B; 40–42 min, 80%–100%
B; 42–44 min, 100% B; 44–44.5 min, 100%–0% B. Peaks were monitored at 280 nm.
Flow rate was kept at 1.0 mL/min for a run time of 50 min.
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HMF, MMF and EMF were first identified by comparing the retention time and UV
absorption spectrum of individual peaks with those of the standards. Quantitation was
performed with external standards using HPLC analysis data and establishing a standard
curve by plotting peak areas against the concentrations (0.78 – 200 mg/L) of the
standards.

4.2.5. Liquid chromatography-mass-spectrometry analysis.

Quinoa seed sample from previously described extraction and acid hydrolysis was
injected into a Dionex UHPLC UltiMate 3000 liquid chromatograph interfaced to an
amaZon SL ion trap mass spectrometer (Bruker Daltonics, Billerica, MA). A C18 column
(Agilent Poroshell 120 2.7 micron particle size, 150 mm x 4.6 mm) was used for
chromatographic separation. The initial mobile phase conditions were 0.1 % formic acid
in water (v/v; mobile phase A) and 0.1% formic acid in acetonitrile (v/v; mobile phase B).
The gradient went to 98% solvent B, with flow rate maintained at 0.4 mL/min, in 30 min.
The mass spectrometer electrospray capillary voltage was maintained at 4.5 kV and the
drying temperature at 220 °C with a flow rate of 10 L/min. Nebulizer pressure was 40
psi. Nitrogen was used as both nebulizing and drying gas and helium was used as
collision gas at 60 psi. The mass-to-charge ratio was scanned across the range m/z 50–
1200 in enhanced resolution positive-ion auto MS/MS mode. The Smart Parameter
Setting (SPS) was used to automatically optimize the trap drive level for precursor ions.
The instrument was externally calibrated with the ESI TuneMix (Agilent). UV
monitoring was at 280 nm for HMF derivatives.
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4.2.6. NMR preparation and analysis.

HMF, MMF and EMF formed during extraction under thermal acidic conditions of
quinoa seeds were prepared using 2 N HCl in deionized water, methanol and ethanol,
respectively in separate experiments as described above. Samples were neutralized using
sodium bicarbonate prior to liquid-liquid extraction with methylene chloride. The organic
layer was subsequently dried over magnesium sulfate and filtered with anhydrous
methylene chloride rinses. The resulting extract was dried using rotary evaporation in
vacuo. Prior to acquisition of NMR spectra, each dried sample was mixed with CDCl 3.
1

H NMR spectra were recorded on a Bruker Avance 400 MHz spectrometer equipped

with a Cryoplatform® Prodigy cryoprobe. Chemical shift (δ) values for 1H NMR spectra
are reported in parts per million (ppm) from tetramethylsilane with the solvent resonance
as the internal standard (CDCl3: 7.24 ppm).

4.2.7. Total phenolic and flavonoid contents

Total phenolic (TPC) and total flavonoid (TFC) content of authenticated HMF, MMF and
EMF standards was determined using a model EL 340 UV/Vis microplate reader (Biotek,
Inc., Winooski, VT, USA). A modified Folin-Ciocalteu assay was employed to determine
TPC value measured at 765 nm against reagent blank (Li, Deng, et al., 2012a). TPC was
expressed as milligrams of gallic acid equivalents per gram standard (mg GAE/g)
determined using standard calibration curve of gallic acid with linear range of 0.0156 –
0.500 mg/mL (r2 = 0.999).
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Total flavonoid content (TFC) was determined using a modified 96-well microplate
method (Herald, Gadgil, et al., 2012). Absorbance was measured at 510 nm and TFC
value was expressed as milligrams of catechin equivalents per gram standard (mg CAE/g)
using calibration curve of (+)-catechin with linear range of 0.0156 – 0.5 mg/mL (r =
0.999).

4.2.8. Antioxidant assays
Radical DPPH scavenging activity (DPPH) and ferric-reducing antioxidant power
(FRAP) of authenticated HMF, MMF and EMF standards were determined using a
UV/Vis microplate reader (Biotek, Inc., Winooski, VT, USA) (Herald, Gadgil, et al.,
2012, Li, Deng, et al., 2012). DPPH value was expressed as micromoles of Trolox per
gram standard (μmol TE/g) calculated based on Trolox standard calibration curve.
Absorbance was measured at 517 nm against reagent blank. FRAP value was expressed
as micromoles of ascorbic acid equivalent (AAE) per gram standard (μmol AAE/g).
DPPH and FRAP values were determined using respective Trolox and L-ascorbic acid
standard curves with linear range of 62.5 – 1000 μM (r = 1.0).
Oxygen radical absorbing capacity (ORAC) of authenticated HMF, MMF and EMF
standards were measured using fluorescence method. Excitation wavelength was set to
485 nm and emission wavelength was 520 nm (Li, Deng, et al., 2012a). A PLX 800
fluorescence spectrophotometer equipped with an automatic thermostatic holder (BioTek, Inc., Winooski, VT, USA) was used. ORAC value was expressed as micromoles of
Trolox per gram standard (μmol TE/g) calculated based on Trolox standard calibration
curve with linear range of 6.25 – 100 μM (r = 0.973).
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4.2.9. Statistical analyses

Significant differences among grain samples and standards for each of the parameters
were assessed with a one-way analysis of variance (ANOVA test) using SPSS Version
18.0 statistical package for Windows (IBM, Chicago, IL). Statistical differences among
the means were evaluated using LSD test at the p  0.05 level to evaluate statistically
significant differences.

4.3. Results and Discussion
4.3.1. Detection and Identification of HMF and HMF Derivatives

Acid hydrolysis of plant materials contain major peaks that are early eluting and detected
at 280 nm. These compounds tend to be mistaken for phenolic acids bearing similar
retention times (Ross, Beta, et al., 2009). Our results show that these peaks are in fact
furans and not phenolic compounds and that this distinction should be made clear in order
to prevent the overestimation or interference when quantitating phenolics or assaying for
chemical antioxidant activity.

Figure 4.2. shows a representative chromatogram overlay of the acid hydrolysis products
of cranberry bean, quinoa, lentil and buckwheat seeds along with a standard reference
mixture consisting of HMF and its derivatives measured at 280 nm. In fruit and vegetable
samples (carrot, cucumber and apple), HMF and its derivatives were also identified and
were produced at significantly higher levels compared to grain samples (Figure 4.3). The
high concentration of HMF, MMF and EMF in fruit and vegetable samples is due to high
levels of carbohydrate sugars acting as substrate (Li, Liu, et al., 2013). Plant materials
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and acidic solvent solution were refluxed at 85 °C for 1-3 h (final HCl concentration 2
N). These conditions are commonly used for hydrolysis of various plant materials in the
extraction of aglycones or bound phenolics from various plant materials (Mattila and
Kumpulainen 2002, Soong and Barlow 2006). Sequential and direct 2 N HCl hydrolysis
of dry beans also undoubtedly yielded HMF and its derivative product in a previous
report by Ross, et al., although this finding remained unreported (Ross, Beta, et al.,
2009). The authors noted that these compounds (denoted X and Y) co-eluted with gallic
acid and protocatechuic acid, respectively, however the UV spectra did not agree. HMF
has also previously been reported in flaxseed extracts following 40 – 140 min acid
hydrolysis (final HCl concentration of 1 N) at 95 °C (Li, Yuan, et al., 2008). However,
the structure and identity of derivative products remained unknown. In our current study,
extraction and hydrolysis of cranberry bean, quinoa, lentil, buckwheat seeds in a solution
of 70% methanol (v/v) in 2 N HCl produced 3 major peaks, corresponding to HMF,
furfural, and MMF upon HPLC separation and detection at 280 nm. Similarly, the
presence of 70% ethanol (v/v) in 2 N HCl produced 3 major peaks in all samples tested
detected at 280 nm.

It is likely that the formation of HMF in our study was the result of a dehydration
reaction converting sugars to HMF (Figure 4.1.) (Li, Liu, et al., 2013). This is all the
more likely as cranberry bean seeds previously soaked in water, therefore leaching them
of their sugar content, only contained trace amounts of HMF upon acid hydrolysis. This
was verified by subjecting fructose, glucose, sucrose and inulin standards to acid
hydrolysis conditions and detecting the formation of HMF (data not shown).
Additionally, the conversion of HMF to its respective derivatives MMF and EMF in the
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presence of methanol and ethanol has previously been established (Chheda and Dumesic
2007, Lanzafame, Temi, et al., 2011, Balakrishnan, Sacia, et al., 2012). The identity of
HMF, MMF and EMF in all samples studied was verified by comparing retention times
and UV spectra against authenticated standard (Figure 4.2.).

ESI-MS analysis of quinoa seeds hydrolysed in acidic conditions showed that the peak
corresponding to HMF, 1 (tR 9 min) (Figure 4.2.) had an abundance of molecular ions
with m/z 127 [M+H]+, m/z 148.9 [M+Na]+, and MS/MS fragment m/z 109 (Figure 4.4.),
matching it with authenticated HMF standard. The fragment ion m/z 109 is likely formed
after loss of a water molecule (H2O). The secondary product formed in the presence of
methanol (tR 12 min) (Figure 4.2.) showed a molecular ion of m/z 141 [M+H]+, m/z 162.9
[M+Na]+, and a fragment ion of m/z 109 and was identified as MMF, 2. In the presence
of ethanol, EMF, 3 (tR 13.5 min) (Figure 4.2.) was identified and showed molecular mass
of m/z 155 [M+H]+ and m/z 177 [M+Na]+; exactly one CH2 (m/z 14 ) unit more than
MMF. The same fragment ion of m/z 109 was observed (Figure 4.4.). This common
fragment ion is from the furan (C6H5O2-) backbone structure, further confirming these
three peaks are furan derivatives. In the case of MMF, fragmentation resulted in a loss of
m/z 32 (CH3-OH) while EMF lost m/z 46 (CH3-CH2-OH). MMF and EMF were produced
from pure HMF under the same thermal acidic conditions in aqueous methanol and
ethanol, respectively, as opposed to actual food samples such as quinoa. All MS data for
the HMF, MMF and EMF formed during thermal acidic reaction matched those of the
standards, further supporting the identification of the HMF derivatives.
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HMF and its derivatives MMF and EMF were prepared from quinoa seeds under optimal
conditions so as to maximize yield and purity of each individual compound for 1H NMR
analysis for further structural confirmation (Table 4.1.). NMR spectra show the presence
of a furanic ring in all samples denoted by the presence of protons at C3 and C4. Other
common protons include a pair of protons on C6 and a single proton on C7. NMR data of
HMF also was previously reported and results are comparable (Serra-Cayuela, Castellari,
et al., 2013). However samples were dissolved in D2O. In the present study we used
CDCl3 which allowed for the weak signal of the hydroxyl proton attached to C6 of HMF
to be intensified. Distinguishing structural features of MMF and EMF are observed by the
presence of methyl protons on C8 in the case of MMF and methylene protons (C8) and
methyl protons (C9) are present in EMF (Table 4.1., Figure 4.1.).
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Table 4.1. Proton NMR data of 5-HMF, MMF and EMF produced during acid hydrolysis
of aqueous methanol or ethanol mixture of quinoa seed flower
1

H-NMR data, δ (ppm)

Proton

HMF, 1

MMF, 2

EMF, 3

C3-H

7.22 (d, 1, H)

7.18 (d, 1, H)

7.20 (d, 1, H)

C4-H

6.52 (d, 1, H)

6.49 (d, 1, H)

6.51 (d, 1, H)

C6-H

4.71 (s, 2, H)

4.44 (s, 2, H)

4.51 (s, 2, H)

C6-OH

2.62 (s, 1, H)

-

-

C7-H

9.58 (s, 1, H)

9.54 (s, 1, H)

9.59 (s, 1, H)

C8-H

-

3.40 (s, 3, H)

3.57 (q, 2, H)

C9-H

-

-

1.22 (t, 3, H)
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Previous reports have thoroughly demonstrated the production of EMF from the
etherification of HMF with ethanol (Lanzafame, Temi, et al., 2011, Balakrishnan, Sacia,
et al., 2012). This one-pot reaction is catalyzed under heat and addition of organic acids
producing EMF which is a good candidate as a bio-fuel alternative due to its high energy
potential (Mascal and Nikitin 2008). MMF is not as useful and popular as EMF as biofuel alternative, however its precursor methanol is widely used in the extraction of
polyphenols from plant matter (Nässberger 1990, Gao and Mazza 1994, Ameur,
Tyrstram, et al., 2006, Murkovic and Pichler 2006, Lin, Harnly, et al., 2008, Ross, Beta,
et al., 2009, Balakrishnan, Sacia, et al., 2012). Extraction of phenolic compounds in the
presence of alcohol, acid and heat may catalyze the formation of HMF and its furanic
derivatives that are otherwise unidentified and may impact identification of co-eluting
phenolic compounds. Identification of HMF, MMF and EMF as described above led us to
the hypothesis that during the acid hydrolysis of conjugated plant polyphenols, a methyl
or ethyl ether was formed through further acid catalyzed condensation between the
methanol or ethanol molecule and the HMF molecule (Figure 4.1.).
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Figure 4.2. Representative HPLC-DAD chromatograms of standard mixture of 5-hydroxymethyl-2-furan-2carbaldehyde (HMF), furfural, 5-methoxymethylfuran-2-carbaldehyde (MMF), 5-ethoxymethylfuran-2-carbaldehyde
(EMF) and profiles of selected grains (cranberry beans, quinoa, lentil and buckwheat seed) extracts following acid
hydrolysis methanol and ethanol solutions.
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Figure 4.3. Representative HPLC-DAD chromatograms of standard mixture of 5-hydroxymethyl-2-furan-2-carbaldehyde
(HMF), 5-methoxymethylfuran-2-carbaldehyde (MMF), 5-ethoxymethylfuran-2-carbaldehyde (EMF) and profiles of selected
fruits and vegetable (cucumber, carrot and apple) extracts following acid hydrolysis in ethanol and methanol solutions.
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Figure 4.4. LC-ESI-MS spectra of A. HMF; B. MMF; and C. EMF from hydrolysis of
quinoa seeds scanned from m/z 50–1200 in enhanced resolution positive-ion auto
MS/MS mode.
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4.3.2. HMF, MMF and EMF Formation as Affected by Temperature,
Duration and Solvent Conditions

Table 4.2. shows the amount of HMF and derivatives produced in a one-pot reaction
involving quinoa, buckwheat, lentils and beans at 85 °C for 2 h in the presence of either
acidified aqueous methanol or ethanol. The results suggest that MMF is produced more
readily than EMF. Buckwheat in the presence of methanol, yielded significantly less
MMF compared to the other samples tested (p < 0.05). This may be due to buckwheats
relatively low sugar content (Tahir and Farooq 1985, Vidal-Valverde, Frias, et al., 2002).
While other catalysts are commonly used such as Al3+ and Z-SBA-15, HCl provides
higher EMF yield (93%) in one-pot reaction in hydrothermal conditions (Lanzafame,
Temi, et al., 2011, Li, Liu, et al., 2013).

The effects of temperature and duration of reaction on the formation of HMF and MMF
were further studied using quinoa seeds (Table 4.3.). At temperature extremes (65 °C and
95 °C), HMF formation was not favoured. Increasing the reaction time slightly increased
HMF yield at 65 °C but reduced the yield at 95 °C. Increasing the temperature to 75 °C
and 85 °C produces the highest concentration of HMF in quinoa seeds and is optimal
when reaction duration is between 0.5 – 1 h. Further increase in time or temperature of
hydrolysis resulted in decreased HMF content mirrored by the increased MMF content.
Optimal MMF production was observed at 95 °C for 30 min. However, increased
reaction duration may compensate for lowered reaction temperature. Low water content
typically favours HMF production as the formation of one mole of HMF from one mole
of fructose or glucose releases three moles of water therefore the presence of too much
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water may inhibit the reaction producing HMF (Kroh 1994). HMF formation generally
starts at an average water activity of 0.40 independent of temperature (Ameur, Tyrstram,
et al., 2006). In our study, water content was kept consistent amongst all the samples as
the reaction took place in sealed glass vials and in a closed system preventing loss of
water due to evaporation at high temperatures.

73

Table 4.2. Concentrations of HMF, MMF and EMF in the hydrolysate of grain samples
subjected to 2 N HCl hydrolysis at 85 °C for 2 h in 70% methanol or ethanol.
Methanol
Samples

Ethanol

HMF, 1
(µg/mL)

MMF, 2
(µg/mL)

HMF, 1
(µg/mL)

EMF, 3
(µg/mL)

Quinoa

0.88 ± 0.16a

9.86 ± 0.79E

5.54 ± 0.38d

5.31 ± 0.41C

Buckwheat

0.36 ± 0.01a

2.06 ± 0.05A

4.57 ± 0.00c

3.09 ± 0.34B

Lentil
0.49 ± 0.02a
8.22 ± 0.55D
4.66 ± 0.75c
3.74 ± 0.54B
Cranberry
Beans
0.61 ± 0.00a
9.77 ± 0.04E
3.72 ± 0.11b
5.34 ± 0.01C
n = 3. Results are reported as mean ± SD. Values followed by the same letter (casesensitive) are not significantly different p < 0.05).
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Table 4.3. Concentrations of HMF and MMF in the hydrolysates of quinoa seeds and the influence of temperature and
duration of one-pot reaction in the presence of 70% methanol and 2 N HCl.
Temp.
(°C)

HMF, 1 (µg/mL)

MMF, 2 (µg/mL)

65

0.5 h
3.52 ± 0.21c

1h
4.05 ± 0.22d

2h
4.35 ± 0.08de

0.5 h
1.82 ± 0.29a

1h
3.57± 0.48b

2h
9.28 ± 0.19c

75

5.20 ± 0.46f

5.20 ± 0.02f

4.11 ± 0.28d

4.43 ± 0.32b

11.10 ± 0.82d

16.34 ± 2.34ef

85

4.82 ± 0.61ef

3.28 ± 0.30c

1.26 ± 0.05a

14.90 ± 0.52e

16.91 ± 0.94f

15.82 ± 0.83ef

95
2.08 ± 0.10b
1.70 ± 0.26ab
1.65 ± 0.03ab
20.86 ± 0.83g
17.07 ± 0.82f
15.02 ± 0.51e
n = 3. Results are reported as mean ± SD. Values followed by the same letter for the same compound (HMF and MMF treated
separately) are not significantly different (p < 0.05).
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4.3.3. Effect of HMF, MMF and EMF on in vitro Chemical Assays

Colorimetric assays such as TPC and TFC are commonly used to quantitate general
classes of phenolic compounds (Kim, Tsao, et al., 2006, Naczk and Shahidi 2006).
However, these assays are not necessarily highly specific to the phenolic or flavonoid
groups, and are often interfered by other co-existing chemical classes. Because acid
hydrolysis is a common practice in studying phenolics, and HMF and its ether derivatives
can be formed under the hydrolysis conditions, the effect of these compounds on the TPC
and TFC content must be studied to avoid overestimation. Similarly, HMF derivatives
may also affect the total antioxidant capacity in chemical based assays (Table 4.4.).
When HMF, MMF and EMF standards were examined in both TPC and TFC assays, no
interfering effect was found below 200 µg/mL. However, the effect was compound- and
concentration-dependent. For example, MMF showed a TPC value of 2.9 mg GAE/g at
625 µg/mL. EMF and HMF only began to show TPC values at 1250 and 2500 µg/mL,
respectively. In terms of the antioxidant assays, while HMF and its derivatives MMF and
EMF did not show any antioxidant activity in DPPH and FRAP assays at concentrations
below 200 µg/mL, they did significantly affect the ORAC assay even at the lowest
concentration tested (1.563 µg/mL), and the effect was also dose-dependent. At elevated
concentrations, however, HMF, MMF and EMF began to show FRAP values as well. At
625 µg/mL, MMF and EMF showed 7.71 and 10.32 µmol AAE/g, respectively, while
HMF did not show any interference with the FRAP assay until 1250 µg/mL. The effect
of these compounds on FRAP values was also dose-dependent.

This should be

considered in future studies as concentrations of HMF, MMF and EMF can reach >2500
µg/mL during common acid hydrolysis assisted extraction procedures for many food
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samples (data not shown). ORAC is one of the most frequently used antioxidant assay
methods. At its lowest concentration tested (1.563 µg/mL), HMF displayed antioxidant
activity comparable to that previously reported in the insoluble-bound phenolic extract in
quinoa seeds extracted in 3 M HCl at 80°C for 2 h (Laus, Gagliardi, et al., 2012). This
would suggest that the presence of HMF in the acid hydrolysate could be contributing to
the majority if not all of the reported antioxidant activity misappropriated to insolublebound phenolics. Chemical antioxidant assays function on the basis of two major
mechanisms, hydrogen atom transfer (HAT) and single electron transfer (SET) (Naczk
and Shahidi 2006). ORAC exploits the HAT reaction mechanism while FRAP relies
totally on an SET based reaction mechanism and DPPH colour loss occurs through either
an HAT or SET reaction. DPPH acts both as the radical probe and oxidant and is limited
by its steric accessibility favouring smaller molecules. The structure of HMF contains a
hydroxyl group that has hydrogen atom donating potential and some electron-dense
groups such as double bonds, an aldehyde group, and an oxygenated furan ring (Li, Li, et
al., 2009). DPPH activity in HMF was previously reported and the activity was time- and
dose-dependent (Li, Li, et al., 2009, Zhao, Chen, et al., 2013).
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Table 4.4. ORAC, TPC and FRAP values of HMF, MMF and EMF authenticated
standards.
ORAC (μmol TE/g)
µg/mL

HMF

MMF

EMF

1.563

5.21 ± 0.18

3.28 ± 0.70

3.81 ± 1.28

3.125

5.32 ± 0.44

6.65 ± 0.96

4.62 ± 2.21

6.25

7.45 ± 1.46

6.89 ± 0.25

5.08 ± 0.70

12.5

7.98 ± 0.46

7.22 ± 1.62

5.30 ± 0.77

25

13.91 ± 1.45

10.81 ± 1.40

5.68 ± 0.53

50

19.17 ± 0.32

16.87 ± 1.46

8.66 ± 1.50

100

31.59 ± 0.23

30.17 ± 1.13

15.33 ± 2.32

200

38.33 ± 0.51

50.54 ± 1.25

31.55 ± 1.58

TPC (mg GAE/g)
µg/mL

HMF

MMF

EMF

625

0

2.90 ± 0.12

0

1250

0

8.01 ± 0.18

4.91 ± 0.13

2500

3.97 ± 0.08

17.11 ± 1.26

10.02 ±0.56

5000

9.04 ± 0.23

36.02 ± 0.94

19.89 ± 0.98

FRAP( μmol AAE/g)
µg/mL

HMF

MMF

EMF

625

0.00

7.71 ± 0.20

10.32 ±0.78

1250

0.00

21.15 ± 0.26

20.22 ± 0.47

2500

5.29 ± 0.35

57.43 ± 0.72

46.85 ± 1.95

5000

10.14 ± 0.44

100.37 ± 0.81

109.71 ± 2.94

n = 3. Results are reported as mean ± SD.
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4.4. Conclusions

The present study revealed that HMF can be produced from hydrothermal acid hydrolysis
of plant materials during extraction of phenolic aglycones or bound phenolics. When the
extraction was in aqueous methanol or ethanol, two of the most frequently used solvent
systems for phenolic extraction, the hydrolysis conditions favoured the production of
MMF or EMF, respectively. HMF and its two ethereal derivatives were confirmed by
HPLC-DAD-ESI-MS/MS, and NMR. Under the same conditions, methanol was more
reactive than ethanol with HMF, forming higher concentrations of MMF than EMF in
different foods. Formation of HMF and its derivative products are dependent on
temperature and reaction duration. Indisputable identification of HMF and its ethereal
derivatives in the hydrolysate of plant foods helps avoid misidentification as phenolics;
this is particularly important when using acid hydrolysis to study aglycones and bound
phenolics. Misidentification can lead to overestimation when using HPLC in quantifying
phenolic compounds as HMF and its derivatives also show absorption at 280 nm, at
which wavelength many phenolics are detected. HMF, MMF and EMF also displayed a
dose-dependent response to ORAC at low concentrations (≥ 1.563 µg/mL) and to TPC
and FRAP at high concentrations (≥ 625 µg/mL). Caution must therefore be taken when
using in vitro chemical assays to assess antioxidant activity and phenolic content of plant
materials after acid hydrolysis.
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5. CHAPTER 5: CHARACTERIZATION OF FREE, CONJUGATED AND
BOUND PHENOLICS AND LIPOPHILIC ANTIOXIDANTS IN REGULARAND NON-DARKENING CRANBERRY BEAN SEEDS (PHASEOLUS
VULGARIS L.)
Published: Chen, P.X., Tang, Y., Marcone, M.F., Pauls, P.K., Zhang, B., Liu, R., Tsao, R.
2015. Characterization of free, conjugated and bound phenolics and lipophilic
antioxidants in regular and non-darkening cranberry beans (Phaseolus vulgaris L.). Food
Chemistry, 185: 298-308DOI: 10.1016/j.foodchem.2015.03.100

5.1. Introduction

Dry beans (Phaseolus vulgaris L.) is considered a valuable crop found in diets around the
world providing an important source of protein, dietary fiber, complex carbohydrates,
vitamins and minerals. Consumption of dry beans and other legumes has many benefits
including maintenance and even improvement of human health and wellness. In fact,
consumption of legumes was the most critical factor when compared to other food classes
in determining longevity according to one study (Darmadi-Blackberry, Wahlqvist,
Kouris-Blazos, Steen, Lukito, Horie, et al., 2004). Recent reports have shown that diets
comprised of pulses can significantly lower LDL-cholesterol levels (Ha, Sievenpiper, de
Souza, Jayalath, Mirrahimi, Agarwal, et al., 2014), reduce the risk of prostate cancer
(Deschasaux, Pouchieu, His, Hercberg, Latino-Martel, & Touvier, 2014), and inhibit
mammary cancer development even at relatively low bean intake levels (Thompson,
Mensack, Jiang, Zhu, Lewis, McGinley, et al., 2012). According to the authors of
comprehensive reviews, there is “enough data to substantiate claims regarding health
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benefits” (e.g. reduced incidences of various cancers, reduced LDL cholesterol levels,
improved cardiovascular health, reduced risk of cardiovascular diseases and diabetes) and
the consumption of dry beans (Messina, 2014).

Many of the nutritional benefits from consuming beans have been largely attributed to its
dietary fiber content (Deschasaux, Pouchieu, His, Hercberg, Latino-Martel, & Touvier,
2014; Trinidad, Mallillin, Loyola, Sagum, & Encabo, 2010). Dry bean phytochemicals,
including polyphenols, have garnered limited attention in comparison; however, there
may be evidence to warrant further interest. A recent study and review suggests that
interactions between bound polyphenols and dietary fiber allow the release of
antioxidants in the colon and imparting protective and health-related benefits (SauraCalixto, 2011; Zhang, Monk, Lu, Zarepoor, Wu, Liu, et al., 2014b). This is due to
phenolic compounds containing a hydrophobic aromatic ring and hydrophilic groups such
as carboxylic acid and hydroxyl groups which are capable of forming both ether and ester
linkages as well as hydrogen bonding to cell wall polysaccharides. As such, phenolic
compounds in plants may exist in free, soluble conjugated and insoluble-bound forms
(Jung, Jeon, & Bock, 2002; Madhujith & Shahidi, 2009), although soluble conjugated
phenolics in foods have not received as much attention as free and bound forms. In a
study comparing antioxidant activity of free extracts from common foods, dry beans
ranked highest on the list of commonly consumed vegetables in terms of both lipophilic
and hydrophilic antioxidant activities (Wu, Beecher, Holden, Haytowitz, Gebhardt, &
Prior, 2004). Epidemiological studies on the consumption of polyphenols from beans
have shown a protective effect against gastric cancer in a Latin American population
(Hernández-Ramírez, Galván-Portillo, Ward, Agudo, González, Oñate-Ocaña, et al.,
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2009). In vitro studies have also shown that phenolic compounds found in beans may
play a role in modulating incidences of various chronic diseases by the protective effects
of antioxidants (Garcia-Lafuente, Moro, Manchon, Gonzalo-Ruiz, Villares, Guillamon, et
al., 2014). Studies on lipophilic phytochemicals such as fatty acids, carotenoids and
tocopherols in dry beans are rather limited (Wu, Beecher, Holden, Haytowitz, Gebhardt,
& Prior, 2004). There is therefore demand for a comprehensive analysis of the bioactive
phytochemicals found in dry beans and antioxidant activities derived from all forms of
free, conjugated and bound phenolics and lipophilic components such as tocopherols and
carotenoids.

Polyphenols in dry beans are also involved in seed coat colour which plays an important
role in determining consumer preference and seed quality assessments by the Canadian
Grain Commission. To illustrate the importance of seed coat colour, consider that regions
in Mexico can be defined based on consumer preference of bean seed coat colour.
Cranberry, or Romano, beans are known for their streaks and patches of red against a
light cream background. Much like other light varieties, cranberry beans are susceptible
to darkening while in storage, as affected by exposure to light, elevated temperature and
high humidity (Elsadr, Wright, Pauls, & Bett, 2011). Seed coat darkening has an impact
on the commercial viability of the seeds as darkened beans are presumed to require
extended cooking times and are recognised as being hard-to-cook (Stanley, 1992).
Flavonoid oxidation is suggested to be involved in the browning of other fruits and seeds,
including dry beans (Marles, Vandenberg, & Bett, 2008; Pourcel, Routaboul, Kerhoas,
Caboche, Lepiniec, & Debeaujon, 2005). Cranberry beans can be susceptible to
darkening however, a study on common dry bean phenolics from various market classes
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failed to identify any flavonoids in the cranberry bean variety sampled (Lin, Harnly,
Pastor-Corrales, & Luthria, 2008). In the PHD of pinto beans, the involvement of
flavonoids, specifically catechin and kaempferol has also been suggested (Beninger, Gu,
Prior, Junk, Vandenberg, & Bett, 2005).

The present study is therefore carried out to examine all hydrophilic and lipophilic
phytochemicals and in vitro antioxidant activity of cranberry bean cultivars, aiming to
obtain further insights into the health-promoting components of cranberry beans.
Moreover, as the development of ND cranberry bean cultivars becomes increasingly
important, the present study also intends to find out how the phytochemical composition
and antioxidant activities differ from the RD cranberry beans. ND cultivars are able to
resist seed coat colour change regardless of adverse storage conditions as compared to
RD cultivars (Elsadr, Wright, Pauls, & Bett, 2011). Our study included 2 ND and 5 RD
cultivars to determine whether or not health-promoting phytochemicals, especially the
different fractions of phenolics, have been compromised in ND cranberry beans in
response to preserving seed coat aesthetics. This study aims to further explore the
dichotomy between phenolics and its role as precursors to health and darkening in
cranberry beans.

5.2. Materials and Methods
5.2.1. Reagents and solvents

HPLC-grade chemicals and solvents were obtained from EMD Chemicals (Gibbstown,
NJ), VWR (Westchester, PA) and Caledon Labs (Georgetown, ON, Canada) unless
otherwise specified. Sodium acetate, ferric chloride hexahydrate, standard reference
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compounds (gallic acid, protocatechuic acid, p-hydroxybenzoic acid, p-coumaric acid,
ferulic acid, catechin, epicatechin, kaempferol, proanthocyanidins, anthocyanins, furans,
L-ascorbic

acid,

α-,

Trolox,

β-,

γ-,

and

δ-tocopherols)

and

reagents

4-

dimethylaminocinnamaldehyde (DMAC), 1,3,5-tri(2-pyridyl)-2,4,6-triazine (TPTZ), 2, 2diphenyl-1-picrylhydrazyl (DPPH), Folin-Ciocalteu reagent, randomly methylated-βcyclodextrin

(RMCD)

fluorescein,

and

2,2’-azobis-(2-methylpropionamidine)

dihydrochloride (AAPH)] were obtained from Sigma-Aldrich (Oakville, ON, Canada).
Standard all-trans-lutein and all-trans-zeaxanthin were purchased from Indofine
(Hillsborough, NJ). Standard fatty acid methyl esters (FAMEs) were obtained
commercially (mixture 463, Nu-Chek-Prep, Inc., Elysian, MN). Acids were of ACS
(American Chemical Society) grade and supplied by Fisher Scientific (Nepean, ON,
Canada). Distilled and deionized water was generated in house using a Thermo Scientific
Barnstead Nanopure Ultrapure Water Purification System (Ottawa, ON, Canada).

5.2.2. Bean materials

Five RD (Hooter, CBX9148, Etna, Red Rider and CRD) and two ND (CBX9151 and
CND) cranberry beans were studied (Figure 5.1.). Samples were harvested between 2012
and 2014 from Elora Research Station, in Elora, ON and obtained through partnership
with Applied Bean Genomics & Bioproducts, University of Guelph (Guelph, ON,
Canada). Seeds were sorted for any defects including split seeds, blackened seeds and
any foreign materials. Original raw beans were stored at - 20 °C in sealed plastic bags
prior to experiments.
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Red Rider

Etna

Hooter

CBX9151

CRD

CND

CBX9148
Figure 5.1. Five regular-darkening (Hooter, CBX9148, Etna, Red Rider and CRD) and
two non-darkening (CBX9151 and CND) cranberry beans used in this study. Seeds
were harvested between 2012 and 2014 from Elora Research Station, in Elora, ON and
obtained through partnership with Applied Bean Genomics & Bioproducts.
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5.2.3. Extraction of free and conjugated phenolics

Raw whole cranberry beans were ground to powder separately using an IKA M 20
Universal mill (IKA, Wilmington, NC). The powdered beans were accurately weighed
(1.0 g) and extracted in 15 mL of 70% MeOH containing 1% HCl (v/v) by vortexing for
10 s using an IKA MS1 Minishaker (IKA Works, Wilmington, NC), followed by
ultrasonication for 15 min (VWR, Mississauga, Ontario, Canada) and rotational-mixing
for 2 h using Roto-Shake Genie (Scientific Industries, Bohemia, NY) at ambient
temperature (22 ˚C). The supernatant of the extraction mixture was collected after
centrifugation at 2450 g for 5 min (IEC Centra CL3R Refrigerated Centrifuge, Thermo
Electron Corp., Waltham, MA) and the extraction was repeated twice more. The
supernatant containing solvent-solubilized compounds were combined and referred to as
the crude extract and later used for the total phenolic content (TPC) assay.

A 5 mL aliquot of the crude extract was evaporated to dryness using a Savant Speed Vac
Concentrator attached to a Labconco CentriVap Cold Trap, and resuspended in 1.0 mL of
10 mM HCl (pH 2), and partitioned against 5 mL of diethyl ether-ethyl acetate (DE/EA,
1:1, v/v) three separate times by vortex. The pooled organic layer contained free phenolic
compounds (FP). To the remaining aqueous layer, 250 µL of 10 N NaOH (final
concentration of 2 N) was added and mixed by roto-shaking for 16 h at ambient
temperature. The hydrolysate was acidified to pH 2 with 250 µL of 12 N HCl, and
liberated phenolics were extracted with DE/EA as described above. The resulting organic
layer contains conjugated phenolics and was used for analysis of base-hydrolysable
phenolics (BHP). The remaining aqueous fraction was subsequently hydrolysed in 2 N
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HCl (final concentration) at 85 °C for 1 h. The solution was cooled down to ambient
temperature and re-partitioned with DE/EA; the organic layer yielded acid-hydrolysable
phenolics (AHP). FP, BHP and AHP fractions were evaporated under N2 and residues
were reconstituted in 500 µL 70% methanol. In all cases, the resuspended sample was
passed through Phenex-NY syringe filters (4mm, i.d.; 0.2µm pore size; Sigma-Aldrich
Co., Oakville, Ontario) prior to further analyses. All extractions were carried out in
triplicate

5.2.4. Bound phenolic extraction

The dry residue (~1.0 g) remaining after removal of the crude extract was hydrolysed for
bound phenolics by resuspending in 15 mL 2 N NaOH and vortexing for 10 s, followed
by ultrasonication for 15 min and rotational-mixing for 16 h at ambient temperature. The
pH of the extraction mixture was set to 2 by adding 12 N HCl and partitioned with 15 mL
DE/EA three separate times as previously discussed. The pooled organic layer contains
bound phenolics released by alkaline hydrolysis (BPB fraction). The remaining extraction
mixture was hydrolysed in 2 N HCl (final concentration) at 85 °C for 1 h and partitioned
with DE/EA three separate times. This contained acid released bound phenolics (BPA
fraction). All fractions were evaporated under N2, reconstituted in 500 µL 70% methanol
and Phenex-NY syringe filtered prior to further analyses.

5.2.5. Total phenolic content analysis (TPC)

Folin-Ciocalteu assay was employed to determine the TPC of RD and ND cranberry
beans crude extracts using a UV/Vis Biotek Powerwave XS2 microplate reader
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measuring at 765 nm (Biotek, Winooski, VT). Standard curve was generated using a
range of authentic gallic acid standards (GA; 7.81 – 500 µg/mL; r2 = 0.99). Controls
included the measurement of TPC in the absence of phenol reagent and blanks to account
for the extracting solvent. TPC was expressed as milligram of gallic acid equivalents per
gram seed (mg GAE/g).

5.2.6. Total proanthocyanidin (PAC) content analysis

Total PAC was determined following the 4-dimethylaminocinnamadehyde (DMAC)
colorimetric method (Prior, Fan, Ji, Howell, Nio, Payne, et al., 2010). Briefly, 0.3 g
sample was extracted in 20 mL 75% acetone containing 0.5% glacial acetic acid (v/v).
DMAC (0.5 g) was dissolved in 500 mL 75% EtOH containing 12.5% HCl (v/v) to make
up the DMAC reagent and was prepared fresh daily. Quantification was done using a
calibration curve generated from serial dilutions of procyanidin B2 (1.56 – 100 µg/mL; r2
= 0.99) dissolved in 80% EtOH. Absorbance was taken within 15 min of adding the
DMAC reagent using a UV/Vis Biotek Powerwave XS2 microplate reader (Biotek,
Winooski, VT) set to read at 640 nm. Results were expressed as milligram of PAC per
gram seed (mg/g).

5.2.7. HPLC analysis of phenolic compounds

Phenolic compounds were analysed with an Agilent 1100 series HPLC system equipped
with an auto sampler, a degasser, a quaternary pump, a diode-array detector (DAD),
ChemStation software, and separated on a Kinetex XB C18 column (100 x 4.60 mm, 2.6
µm, Phenomenex Inc., Torrance, CA). The binary mobile phase consisted of 5% formic
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acid in water (v/v) (solvent A) and 95% methanol mixed with 5% acetonitrile (v/v)
(solvent B). The solvent gradient was as follows: 0–40 min, 0–80% B; 40–42 min, 80–
100% B; 42–44 min, 100% B; 44–44.5 min, 100–0%. Injection volume was 7 μL and the
flow rate was constantly kept at 0.7 mL/min for a total run time of 50 min. Peaks were
monitored at 280, 360 and 520 nm. Peaks were tentatively identified by matching the
retention time (tR) and UV absorption spectra with the standards, and their identities were
confirmed by LC-ESI-MSn, as described below. Quantification was done using standard
curves generated from individual compounds in serial dilutions (0.78 - 200 mg/L;
r2=0.99). Limit of detection (LOD) (signal/noise ≥ 3) was 0.04 - 0.09 µg/g for phenolic
acids and 0.07 - 0.24 µg/g for flavonoids.

5.2.8. Liquid chromatography-electrospray ionization-mass spectrometry
(LC-ESI-MSn)

Identities of phenolic compounds detected by HPLC-DAD were confirmed by LC-ESIMSn with a Dionex UHPLC UltiMate 3000 LC interfaced to an amaZon SL ion trap mass
spectrometer (Bruker Daltonics, Billerica, MA), and separated on an Agilent Poroshell
120 C18 column (150 x 4.6 mm, 2.7 µm). The mobile phase conditions comprised 0.1%
formic acid in water (v/v) (solvent A) and 0.1% formic acid in acetonitrile (v/v) (solvent
B). The gradient went to 98% solvent B in 30 min. The flow rate was maintained at 0.4
mL/min. MS/MS was performed with capillary voltage of 4.5 kV and a drying
temperature of 220 °C. The drying gas flow rate was set to 10 L/min with nebulizer
pressure at 40 psi. Nitrogen was used as both nebulizing and drying gas; helium was used
as collision gas at 60 psi. For anthocyanins, UV-Vis detection was set at 520 nm and
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MS/MS analysis was performed in enhanced resolution positive ion mode, with the massto-charge ratio (m/z) scanned in the range 50 – 1200 m/z. For the monitoring of phenolic
compounds, UV detection was at 280 nm and MS/MS analysis was performed in
enhanced resolution negative ion mode and scanned from 100–1500 m/z. In either case,
the Smart Parameter Setting (SPS) was used to automatically optimize the trap drive level
for precursor ions. The instrument was externally calibrated with the ESI TuneMix,
Agilent.

5.2.9. Extraction of lipophilic components

Each cranberry bean powder sample was accurately weighed (5.0 g) and extracted with
75 mL hexane using an automated Soxtec extraction system (Soxtec System 2050,
Tecator AB, Hdganas, Sweden). Powdered samples were first immersed in boiling
solvent (150 °C) for 30 min followed by 80 min reflux and pre-dry for 30 min. After
cooling and drying, the lipophilic extract was weighed and rinsed with hexane three
times, topped to 15 mL and stored at -80 °C until analysis.

5.2.10. Analyses of tocopherols by HPLC

Lipophilic extracts were analyzed for tocopherols and tocotrienols using an Agilent
Technology 1100 series HPLC system equipped with a Phenomenex silica column (250 ×
4.6 mm, 5 μm i.d., Torrance, CA), a DAD and a fluorescence detector, in accordance
with previous study (Zhang, Deng, Tang, Chen, Liu, Ramdath, et al., 2014a). The DAD
was set at 295 nm, and the fluorescence detector was set at λexcitation = 290 nm and λemission
= 330 nm. The isocratic mobile phase was 10% tert-butyl methyl ether in hexane (v/v),
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and the flow rate was kept constant at 1.0 mL/min for a total run time of 25 min. Samples
were syringe filtered using Phenex-NY filters and 10 μL was injected for analysis.

5.2.11. Analyses of carotenoids by HPLC

Carotenoids in the lipophilic extracts were identified and quantified following methods
described by Zhang, et al., (2014a) using the Agilent Technology 1100 series HPLC
system equipped with an YMC C30 Carotenoid column (250 × 4.6 mm, 5 μm) (Waters,
Mississauga, ON) at 35 °C and a DAD set to 452 nm. Carotenoids were identified based
on matching retention time, similarity in elution order and UV/vis spectra with those of
the standards and data reported in the literature. Carotenoids were quantified based on
their respective calibration curves. Samples were syringe filtered using Phenex-NY filters
and 10 μL was injected for analysis.

5.2.12. Analysis of fatty acids by GC

A 1 mL aliquot of the lipophilic extract was dried under gentle stream of N 2 to remove
hexane. The fatty acid methyl esters (FAMEs) of samples were analyzed by GC (Model
5890, Hewlett-Packard, Palo Alto, CA) using a CP-Sil 88 WCOT fused silica column
(100 m × 0.25 mm i.d. × 0.2 μm film thickness; Chrompack, Middleburg, Netherlands)
after methylation with NaOCH3/Methanol (1 mg/L) and drying over anhydrous sodium
sulfate. The column was operated at 45 °C for 4 min initially, followed by an increase to
175 °C at a rate of 13 °C/min, and then held for 27 min, followed by an increase to 215
°C at 4 °C/min, where it was held for 31 min for a total run time of 80 min (Zhang, et al.,
2014a). Flame ionization detector (FID) was used.
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5.2.13. Antioxidant Assays
5.2.13.1.

Oxygen radical absorbing capacity (ORAC) assay

The ORAC assay was conducted for hydrophilic extracts (H-ORAC) according to
reported protocols with slight modifications (Li, Deng, Wu, Liu, Loewen, & Tsao,
2012a). Lipophilic extracts (L-ORAC) were dried under N2 and dissolved to appropriate
concentrations using 7% randomly methylated beta-cyclodextrin (RMCD; w/v) in
acetone:water 1:1 (v/v) in accordance with previously established protocol (Huang, Ou,
Hampsch-Woodill, Flanagan, & Deemer, 2002). Fluorescence (at λexcitaiton = 485 nm and
λemission = 520 nm) was read every minute for 120 min on a plate reader equipped with an
automatic thermostatic holder (PLX 800, Bio-Tek Instruments, Inc., Winooski, VT,
USA). A calibration curve plots the calculated differences of area under the fluorescein
decay curve between the blank and the sample. Results were expressed as µmol Trolox
equivalent (TE) per gram sample (µmol TE/g) (r2=0.998).

5.2.13.2.

Radical scavenging activity (DPPH) assay

The antiradical activity of cranberry bean extracts was determined by spectrophotometric
method as previously described (Li, Deng, Wu, Liu, Loewen, & Tsao, 2012a) using a
UV/Vis microplate reader (EL 340, Biotek, Inc., Winooski, VT). The hydrophilic extracts
containing mainly phenolics were diluted with 70% MeOH to appropriate dilutions while
the lipophilic extracts (L-DPPH) were dried under N2 and re-dissolved in 7% RMCD in
acetone/water (1:1 v/v). Briefly, 200 μL of a methanolic solution of DPPH (350 μM) was
mixed with 25 μL of the hydrophilic or lipophilic extract in a 96 well plate and compared
to a series of Trolox standard solutions (62.5 – 1000 μM; r2 = ≥ 0.98). The reaction
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mixture was allowed to incubate for 6 h at room temperature before the absorbance was
recorded at 517 nm. The DPPH antioxidant activity (H-DPPH for the hydrophilic and LDPPH for the lipophilic extract) was calculated as μmol Trolox equivalent per gram
cranberry bean (μmol TE/g).

5.2.13.3.

Ferric-reducing antioxidant power (FRAP) assay

FRAP activity of cranberry bean seed coat extracts was determined according to
previously reported procedures (Li, Deng, Wu, Liu, Loewen, & Tsao, 2012a). The
hydrophilic and lipophilic extracts were dissolved in the same respective solvents, i.e
70% MeOH and 7% RMCD in acetone/water (1:1 v/v), as for the DPPH assay. The
absorbance was read at 593 nm. FRAP value (H-FRAP for the hydrophilic and L-FRAP
for the lipophilic extract) was expressed as μmol of L-ascorbic acid equivalent (AAE) per
gram standard (μmol AAE/g) following a comparison to a linear range (62.5 – 1000 μM;
r2 = 1.0) of a commercial L-ascorbic acid standard.

5.2.14. Statistical analyses

All samples were extracted in triplicate. Concentrations were expressed as the means ±
standard deviation; n=3 independent extractions. Differences were considered as
significant at p ≤ 0.05. Data were analysed using a one factor analysis of variance
(ANOVA) with the Statistical Analysis System (SAS) program (SAS Institute, Carey,
NC) and figures were plotted using SigmaPlot ver. 12.5. (Systat Software Inc, Germany).
LSD Tukey was used to determine statistical differences.
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5.3. Results and Discussion
5.3.1. Total phenolic and proanthocyanidin contents of whole raw
cranberry beans

Total phenolic (TPC) and total proanthocyanidin (PAC) contents of soluble extracts from
raw cranberry beans were assessed (Figure 5.2A). TPC in the RD lines ranged between
2.82 – 4.15 mg GAE/g and was significantly higher (p < 0.05) than that in the ND lines
(CBX9151 and CND range between 0.67 – 0.81 mg GAE/g). TPC also displayed good
correlation with the total phenolic index (TPI; sum of concentrations of all individually
characterized compounds) (r2 = 0.88). TPC found in RD seeds were slightly higher than
that found in other dry beans such as Flor de Mayo and pinto beans (Cardador-Martinez,
Loarca-Pina, & Oomah, 2002; Espinosa-Alonso, Lygin, Widholm, Valverde, & ParedesLopez, 2006). Phenolic content in ND lines were on average 5-fold lower compared to
RD (Figure 5.2.). A similar trend was observed for kaempferol and PAC content between
SD and RD pinto beans (Beninger, et al., 2005). PAC content in dry beans has been
determined using common methods such as the vanillin-HCl method (Beninger, et al.,
2005) or the butanol-HCl method (Díaz, Caldas, & Blair, 2010). These methods,
however, suffer from lack of appropriate standards and interferences from anthocyanins
and

other

flavonoids

(Waterhouse,

dimethylaminocinnamadehyde

(DMAC)

Ignelzi,

&

Shirley,

2000).

colorimetric

method

for

The

total

4PAC

determination was used in our current study (Prior, et al., 2010). This method reads at
640 nm and is therefore less sensitive to interference from anthocyanins. Furthermore,
DMAC

reagent

reacts

only

with

compounds

containing

meta-substituted

dihydroxybenzene rings, a single bond at the 2,3-position of the C-ring and no carbonyl
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at C4 making it particularly sensitive to flavanols (Prior, et al., 2010). Total PAC in RD
lines ranged between 1.63 – 2.89 mg PAC/g and in the ND lines between 0.02 – 0.05 mg
PAC/g (Figure 5.2B). This constitutes a 60-fold difference on average which is a
significant difference compared to the difference between RD and ND in the TPC assays
(p < 0.05). This would suggest that the DMAC assay can provide a more specific
assessment of phenolic content. RD and ND varieties, in this case, are further
differentiated based on their total PAC content relative to TPC content alone.
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Figure 5.2. Total phenolic content (TPC; A) and total proanthocyanidin content (PAC;
B) in the crude extracts of RD and ND cranberry bean cultivars. TPC is expressed as mg
gallic acid equivalent (GAE)/g bean ± standard deviation (n=3). PAC is expressed as
mg/g bean ± standard deviation (n=3) and calculated based on procyanidin B2 standard
curve. Shared letters indicate no significant difference (p ≤ 0.05).
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5.3.2. Characterisation of free, conjugated and bound phenolics

Phenolic compounds were identified based on matching retention time and UV
absorbance spectra and mass spectrometric data with authentic standards (Figure 5.3.),
and quantified using standard curves generated for each specific compound by HPLCDAD (Table 5.1. & 5.2.). In the FP fraction, flavanols such as catechin and
proanthocyanidins were the dominant compounds (Figure 5.3A; peaks F1, F2, F3, F4 and
F5). Catechin concentration within RD lines ranged between 142.26 - 232.00 µg/g. In
contrast, catechin was detected in minute amounts and only in the CBX9151 ND cultivar.
This is a critical distinguishing factor between RD and ND cranberry beans. Flavanols are
a subclass of flavonoids and have not been identified in whole raw cranberry beans (Lin,
Harnly, Pastor-Corrales, & Luthria, 2008) prior to our recent report (Chen, Bozzo, et al.,
2015a). Prior thermal processing may account for this appreciable discrepancy, for
example, catechin has been identified in a study on cooked white and red beans but in
significantly lower concentrations when compared to the cranberry beans used in this
study (Laparra, Glahn, & Miller, 2008). Catechin and other flavanols were not found in
pinto beans (Beninger, et al., 2005; Espinosa-Alonso, Lygin, Widholm, Valverde, &
Paredes-Lopez, 2006; Xu & Chang, 2009). The presence of flavonoids in cranberry beans
is an important finding as PHD is believed to involve flavonoid oxidation (Pourcel,
Routaboul, Kerhoas, Caboche, Lepiniec, & Debeaujon, 2005). This is all the more
evident when comparing the concentrations of catechin and proanthocyanidin between
RD (Table 5.1.) and ND cranberry beans (Table 5.2.). The FP fraction also contained
small amounts of ferulic acid in both RD and ND lines. Anthocyanins, primarily
pelargonidin-3-O-glucoside followed by cyanidin-3-O-glucoside and its aglycone, were
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found in the crude extract of RD beans (Figure 5.2B; peaks F6, F7, and F8). Only Red
Rider, Hooter and Etna contained all three anthocyanins (Table 5.1). Flavonoids and
anthocyanins were previously characterised in cranberry bean seed coats at significantly
higher concentrations (Chen, Bozzo, et al., 2015a).

Conjugated phenolics are soluble components extractable by 70% MeOH, but remain in
the aqueous layer after partitioning with DE/EA. These compounds are conjugated
phenolics and considered to be bound to soluble oligosaccharides and peptides through
hydrophobic and covalent ester bonds, and can only be released upon alkaline hydrolysis
(Saura-Calixto, 2011). Conjugated and bound phenolics may play an essential role in
delivering antioxidants to the colon upon their release by bacterial microbiota (SauraCalixto, 2011; Zhang, et al., 2014b). Conjugated phenolics (BHP) in raw cranberry bean
seeds included p-coumaric, ferulic and sinapic acids (Figure 5.3A; peaks C1, C2, and C3)
and were found in both RD and ND lines (Tables 5.1 & 5.2). In fact, the highest
concentrations of conjugated p-coumaric and ferulic acid were found in the ND cultivar
CBX9151 (p < 0.05). These same phenolic acids were reported previously but not
quantified (Lin, Harnly, Pastor-Corrales, & Luthria, 2008). Subsequent acid hydrolysis
(AHP) did not release any further phenolic compounds, but yielded high concentrations
of furan products as established in our recent study (Chen, et al., 2014). HPLC profiles of
the different extractable phenolic fractions (FP, BHP and AHP) showed that while the
flavonoids were mainly found in free forms, phenolic acids were predominantly found in
conjugated forms. Quantitatively, the subtotals of conjugated phenolics (mainly BHP)
were similar to that of the free phenolics in the RD cranberry beans, but were up to 11fold higher than that of the free phenolics in the ND beans (Table 5.1. & 5.2.). This is a
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significant finding since conjugated phenolics extracted by aqueous organic solvents,
such as the acidified 70% MeOH used in this study, are not detected in a reversed-phase
HPLC system. Such conjugates are retained by the column and are not separated during
HPLC analysis for phenolics. This would suggest that commonly used analytical methods
for phenolics by direct injection of the crude extract into HPLC systems, can only
provide a partial characterization of compounds and this could lead to significant
underestimation of total extractable phenolic content of a particular food (EspinosaAlonso, et al., 2006; Laparra, Glahn, & Miller, 2008; Xu & Chang, 2009). Bound
phenolics are insoluble (or non-extractable) phenolics remaining in the residue following
the initial extraction by 70% MeOH. The dried residue was hydrolysed with alkaline
followed by acid and the released phenolics were back-extracted with DE/EA. Bound
phenolics released upon alkaline hydrolysis (BPB) contained p-hydroxybenzoic, pcoumaric, ferulic and sinapic acids and were found in both RD and ND cranberry beans
(Figure 5.3A; peaks B1, B2, B3, and B4). A flavonol, kaempferol, was also released as a
bound phenolic compound but only in RD seeds and in relatively small amounts (Figure
5.3A; peak B5). Levels of total bound phenolic concentrations were significantly higher
in RD cranberry beans than ND beans mainly due to the higher p-hydroxybenzoic acid
and kaempferol (p < 0.05) (Table 5.1.). Subsequent acid hydrolysis did not release any
additional phenolics in the BPA fraction.
The subtotals of bound phenolics (BPB) represented a significant portion (8 – 18 %) of
the total phenolic index including subtotals of the free (FP) and conjugated (BHP) (Table
5.1. & 5.2) (p < 0.05). Findings of the significant amount of conjugated and bound
phenolics (p < 0.05) as detected and quantified in the present study can help explain some
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of the current understandings that phenolics may be released in the colon and exerts
antioxidant and anti-inflammatory effects (Saura-Calixto, 2011; Zhang, et al., 2014b).
Our findings also suggest a need of method overhaul for the characterization and analysis
of phenolic compounds in plant foods such as common beans. A systematic approach not
only brings out the full potential of all possible phenolic compounds in a particular food,
but more importantly, the underestimated total phenolic composition can affect the
outcome of biological activities including health beneficial effects.
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Figure 5.3. Representative HPLC-DAD chromatograms of free (FP), conjugated
(BHP) and bound (BPB) phenolic fractions from the regular-darkening (RD) cranberry
bean cultivar, Red Rider, and standards mixture (280 nm; A). Representative HPLCDAD chromatograms of crude extract containing anthocyanins in the RD cranberry
bean cultivar, Red Rider, along with standards mixture (520 nm; B). Phenolic
acronyms: CA, catechin (F2); KMF, kaempferol (B5); FA, ferulic acid (F5, C2, B3);
HBA, p-hydroxybenzoic acid (F1, B1); PC, p-coumaric acid (C1, B2); SA, sinapic
acid (C3, B4); C3G, cyanidin-3-O-glucoside (F7); P3G, pelargonidin-3-O-glucoside
(F6); CYN, cyanidin (F8); UK, unknown.
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Table 5.1. HPLC-DAD-MS identification and concentration (µg/g dry bean) of individual phenolics in free, conjugated and
bound forms and lipophilic antioxidants in regular darkening cultivars of whole cranberry beans
Phenolic Fractions
Free phenolics
Procyanidin B1 dimer
Catechin
Procyanidin C1 trimer
Proanthocyanidin
Ferulic acid

tR
(min)

λmax
(nm)

[M-H]/[M]+

Red Rider

Concentration (µg/g whole raw bean, dry weight)
Hooter
CRD
CBX9148

Etna

8.25
9.53
12.92
15.02
17.15

577.2
289
865.2

41.00 ± 2.21b
142.26 ± 2.81c
23.77 ± 5.03bc
23.86 ± 4.28b
3.57 ± 0.46b

38.93 ± 2.49b
155.90 ± 15.35c
19.21 ± 2.61cd
15.30 ± 0.90c
1.53 ± 0.30c

43.55 ± 8.41b
147.21 ± 5.60c
12.76 ± 0.44d
30.24 ± 0.24ab
3.12 ± 0.10b

41.29 ± 1.98b
232.00 ± 3.24a
33.94 ± 5.42a
33.52 ± 5.71a
4.85 ± 0.48a

56.88 ± 7.38a
191.60 ± 4.40b
28.20 ± 1.31ab
35.29 ± 3.21a
4.84 ± 0.44a

/433

8.00 ± 0.60b

6.83 ± 0.52c

3.35 ± 0.22d

6.80 ± 0.54c

9.16 ± 0.43a

/449
/287

3.79 ± 0.16a
0.53 ± 0.01a
246.78 ± 15.56 c

3.66 ± 0.29a
0.58 ± 0.04a
241.94 ± 22.50c

trace
trace
240.23 ± 15.01c

3.12 ± 0.25b
trace
355.52 ± 17.62a

3.97 ± 0.08a
0.55 ± 0.01a
330.49 ± 17.26b

163
193.1

53.24 ± 0.63b
173.68 ± 0.81cd

50.67 ± 2.68b
186.91 ± 6.28b

41.99 ± 1.24c
182.41 ± 6.93bc

35.30 ± 0.64d
168.27 ± 2.30d

21.42 ± 0.89e
129.06 ± 4.97f

223

14.69 ± 1.03a
241.61 ± 2.47c

19.18 ± 1.31a
256.76 ± 10.27b

13.95 ± 0.08a
238.35 ± 8.25c

15.20 ± 0.25a
218.77 ± 3.19d

7.19 ± 0.55bc
157.67 ± 6.41f

137.1
163
193.1

64.89 ± 5.38ab
13.57 ± 1.39b
29.20 ± 0.86b

71.26 ± 3.43a
10.38 ± 0.85c
22.06 ± 0.99c

29.08 ± 4.89d
4.89 ± 0.64e
16.77 ± 1.12d

58.53 ± 5.46b
14.17 ± 1.97b
41.77 ± 2.56a

42.99 ± 4.43c
7.74 ± 0.74d
20.69 ± 1.44c

Pelargonidin-3-Oglucoside
Cyanidin-3-O-glucoside
F7
Cyanidin
F8
Subtotal free phenolics
Conjugated phenolics A
p-Coumaric acid
C1
Ferulic acid
C2

16.66

245, 280
245, 280
245, 280
245, 280
320,
300sh
520

15.30
20.96

520
530

14.48
16.74

320
320,
300sh

Sinapic acid
C3
Subtotal conjugated phenolics
Bound phenolics A
p-Hydroxybenzoic
B1
p-Coumaric acid
B2
Ferulic acid
B3

17.73

F1
F2
F3
F4
F5
F6

7.78
14.52
16.82

256
320
320,
300sh
246, 323
265, 368

193.1

Sinapic acid
17.84
223
2.31 ± 0.32a
1.79 ± 0.63c
1.82 ± 0.86ab
3.55 ± 0.74a
0.76 ± 0.10cd
B4
a
ab
ab
Kaempferol
29.97
285.1
0.37 ± 0.04
0.32 ± 0.02
trace
0.29 ± 0.03
0.27 ± 0.04b
B5
a
a
c
a
Subtotal bound phenolics
110.34 ± 7.99
105.81 ± 5.92
52.56 ± 7.51
118.31 ± 10.76
72.45 ± 6.75b
b
b
c
a
Total phenolic index (TPI)
598.73 ± 26.02
604.51 ± 38.69
531.14 ± 30.77
692.60 ± 31.57
560.61 ± 30.42bc
c
a
B
29.75
452
3.62 ± 0.14
trace
6.82 ± 0.29
trace
5.28 ± 0.30b
β-Carotene (ng/g)
e
g
b
d
B
4.10
298
18.30 ± 0.25
16.62 ± 0.27
24.87 ± 0.15
19.21 ± 0.41
27.53 ± 0.26a
γ-Tocopherol
A
Only the alkaline hydrolysable phenolics BHP and BPB were included in the subtotals of the conjugated and bound phenolics, respectively. No phenolics were detected
by subsequent acid hydrolysis. B -Carotene and -tocopherol were the only carotenoid and tocopherol detected, respectively. Values are mean ± SD, n = 3. n.d. = not
detected
(below detection limit). Trace: below quantitation limit. Values followed by the same letter in the same row (including Table 5.2.) are not significantly different (p <
0.05).
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Table 5.2. HPLC-DAD-MS identification and concentration (µg/g dry bean) of
individual phenolics in free, conjugated and bound forms and lipophilic antioxidants in
non-darkening cultivars of whole cranberry beans

Phenolic Fractions

tR
(min)

λmax
(nm)

[M-H]/[M]+

Concentration (µg/g whole raw bean,
dry weight)
CBX9151
CND

Free phenolics
F1

Procyanidin B1 dimer

8.25

245, 280

577.2

7.04 ± 0.84c

14.29 ± 0.37c

F2

Catechin

9.53

245, 280

289

2.60 ± 0.25d

n.d.

F3

Procyanidin C1 trimer

12.92

245, 280

865.2

n.d.

n.d.

F4

Proanthocyanidin

15.02

245, 280

14.98 ± 1.51c

23.53 ± 0.73b

F5

Ferulic acid

17.15

3.28 ± 0.15b

3.37 ± 0.10b

F6

16.66

/433

n.d.

n.d.

F7

Pelargonidin-3-Oglucoside
Cyanidin-3-O-glucoside

320,
300sh
520

15.30

520

/449

n.d.

n.d.

F8

Cyanidin

20.96

530

/287

n.d.

193.1

Subtotal free phenolics

27.90 ± 2.75

n.d.
d

41.19 ± 1.20d

Conjugated phenolics A
C1

p-Coumaric acid

14.48

320

163

61.89 ± 1.99a

20.38 ± 0.34e

C2

Ferulic acid

16.74

320,
300sh

193.1

223.45 ± 7.51a

147.07 ± 2.21e

C3

Sinapic acid

17.73

223

12.47 ± 0.72ab

4.49 ± 0.60c

297.81 ± 10.22a

171.94 ± 3.15e

8.48 ± 1.01e

4.47 ± 0.30e

Subtotal conjugated phenolics
Bound phenolics A
B1

p-Hydroxybenzoic

7.78

256

137.1

a

4.94 ± 0.06e

B2

p-Coumaric acid

14.52

320

163

18.48 ± 0.55

B3

Ferulic acid

16.82

193.1

40.02 ± 0.88a

11.07 ± 0.20e

B4

Sinapic acid

17.84

320,
300sh
246, 323

223

1.50 ± 0.06bc

0.03 ± 0.03d

B5

Kaempferol

29.97

265, 368

285.1

n.d.

n.d.

Subtotal bound phenolics

68.48 ± 2.50

Total phenolic index (TPI)

b

394.19 ± 15.47

20.51 ± 0.59d
d

233.64 ± 4.94e

β-Carotene (ng/g) B

29.75

452

4.11 ± 0.30bc

7.39 ± 1.06a

γ-Tocopherol B

4.10

298

17.30 ± 0.14f

22.06 ± 0.15c

A

Only the alkaline hydrolysable phenolics BHP and BPB were included in the subtotals of the conjugated and bound
phenolics, respectively. No phenolics were detected by subsequent acid hydrolysis. B -Carotene and -tocopherol
were the only carotenoid and tocopherol detected, respectively. Values are mean ± SD, n = 3. n.d. = not detected
(below detection limit). Trace: below quantitation limit. Values followed by the same letter in the same row (including
Table 5.1.) are not significantly different (p < 0.05).
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5.3.3. Characterisation of lipophilic phytochemicals

Lipophilic components of plant include essential fatty acids, tocopherols and carotenoids
which can act as bioactive components leading to improved human health (Ju, et al.,
2010; Li, et al., 2007; Zhang, et al., 2014a). Reports on fatty acid, tocopherol and
carotenoid content in dry beans are relatively scarce and lack information regarding their
contribution to the antioxidant activity (Boschin & Arnoldi, 2011; Mabaleha & Yeboah,
2004).

Oil content obtained from whole cranberry beans in the present study was higher than the
reported average for dry beans (Boschin & Arnoldi, 2011) (Table 5.3.). Although
common beans are not considered as oil seeds, its essential fatty acids composition is rich
in polyunsaturated fatty acids (PUFA), mainly omega-3 and omega-6 fatty acids. These
dietary PUFAs are relevant when considering their health benefits (Lavie, et al., 2009).
Oils of cranberry beans contained 69 – 77% PUFA which were mainly linoleic (18:2n-6)
and linolenic (18:3n-3) acids (Table 5.3.). This is comparable to results reported for other
dry beans (Mabaleha & Yeboah, 2004). Saturated fatty acids (SFA) ranged between 13 –
20% while monounsaturated fatty acids (MUFA) ranged between 8 – 12%. No significant
difference was observed between the fatty acids profiles of RD and ND seeds (Table
5.3.). The omega-6/omega-3 ratio is a key measurement describing a healthy diet.
According to one study, typical Western diets maintain a ratio of 15/1 – 16.7/1 which is
considered a risk factor leading to cardiovascular, cancer, inflammatory and autoimmune
syndromes (Simopoulos, 2002). The omega-6/omega-3 ratio in cranberry beans were
between 0.46 – 0.64, which is significantly below the suggested ratio of 5/1 for patients
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with asthma and rheumatoid arthritis, and 2.5/1 which was suggested to provide reduced
cancer cell proliferation in rectal and breast cells (Simopoulos, 2002). Although the fatty
acids have been reported previously in other dry beans (Mabaleha & Yeboah, 2004), its
high concentration in omega-3 PUFA leading to a low omega-6/omega-3 ratio should be
emphasized for their potential health benefits.
Only γ-tocopherol was found in both RD and ND seeds at a concentration ranging
between 16.62 – 27.53 µg/g, and no tocotrienols were detected (Table 5.1. & 5.2.). This
is similar to what have been reported for other common beans (Boschin & Arnoldi,
2011). Tocopherols are a class of lipid-soluble antioxidants protecting unsaturated fatty
acids from oxidation (Li, et al., 2007). Tocopherols are vitamin E homologues and exist
in different isoforms (α, β, γ, and δ). Although α-tocopherol is considered to be the main
contributor to vitamin E activity, γ –tocopherol is believed to be a better antioxidant
(Amarowicz & Pegg, 2008).

Carotenoid composition in dry beans has not been well studied and data related to
Phaseolus vulgaris is highly limited. In our study, only β-carotene was identified in small
amounts ranging between 3.62 – 7.39 ng/g in all cultivars except Hooter and CBX9148
where only trace amounts were detected (Table 5.1. & 5.2.). This is different from our
recent report in lentils, another legume seeds, which contained mainly lutein as the
predominant carotenoid and at higher concentrations (Zhang, et al, 2014a).

106

Table 5.3. Fatty acid composition (relative %) of lipophilic extracts from different cranberry bean cultivars

A

Fatty Acid

Red Rider A

Hooter A

CRD A

16:0
17:0
18:0
20:0
21:0
22:0
23:0
24:0
26:0
11:1n-2
16:1t
isomer
16:1t
17:1
18:1n-9c
18:1n-7c
18:1t-11
20:1n-15
20:1n-9
18:2n-6
18:2
18:3n-3
20:2n-6
22:3n-3
Others
Oil %
∑SFA
∑MUFA
∑PUFA
ω-6/ω-3

10.13 ± 0.15
0.14 ± 0.01
1.47 ± 0.07
0.40 ± 0.03
0.14 ± 0.02
0.64 ± 0.08
0.17 ± 0.02
0.50 ± 0.02
0.04 ± 0.00
0.06 ± 0.01

9.91 ± 0.09
0.15 ± 0.02
1.49 ± 0.04
0.48 ± 0.04
0.17 ± 0.03
0.84 ± 0.09
0.19 ± 0.01
0.56 ± 0.03
n.d.
0.05 ± 0.00

16.74 ± 0.26
0.17 ± 0.01
1.32 ± 0.05
0.24 ± 0.00
n.d.
0.54 ± 0.01
0.15 ± 0.00
0.71 ± 0.01
0.11 ± 0.01
0.13 ± 0.03

0.05 ± 0.00

0.06 ± 0.01

0.18 ± 0.02
0.08 ± 0.01
5.42 ± 0.07
2.49 ± 0.07
0.17 ± 0.02
0.15 ± 0.02
n.d.
29.64 ± 0.11
0.05 ± 0.00
47.15 ± 0.56
0.06 ± 0.01
n.d.
0.60 ± 0.03
1.92 ± 0.04
13.90 ± 0.42
8.61 ± 0.22
76.89 ± 0.68
0.63

0.20 ± 0.04
0.09 ± 0.00
6.61 ± 0.05
2.72 ± 0.04
0.11 ± 0.01
0.16 ± 0.02
n.d.
26.60 ± 0.15
n.d.
48.45 ± 0.61
0.06 ± 0.00
n.d.
0.83 ± 0.05
1.73 ± 0.02
14.08 ± 0.37
9.99 ± 0.17
75.11 ± 0.76
0.55

Cultivar
CBX9148 A

Etna A

CBX9151 B

CND B

10.07 ± 0.12
0.15 ± 0.01
1.96 ± 0.02
0.44 ± 0.03
0.19 ± 0.02
0.77 ± 0.03
0.17 ± 0.02
0.49 ± 0.02
n.d.
0.06 ± 0.00

10.21 ± 0.10
0.15 ± 0.00
1.90 ± 0.07
0.45 ± 0.01
0.13 ± 0.00
0.65 ± 0.02
0.15 ± 0.01
0.49 ± 0.02
0.06 ± 0.00
0.06 ± 0.01

9.29 ± 0.07
0.04 ± 0.00
1.53 ± 0.03
0.43 ± 0.02
0.18 ± 0.01
0.77 ± 0.05
0.19 ± 0.03
0.45
n.d.
0.04 ± 0.00

16.16 ± 0.55
0.18 ± 0.02
1.82 ± 0.05
0.30 ± 0.01
n.d.
0.53 ± 0.02
0.13 ± 0.00
0.62 ± 0.02
n.d.
0.11 ± 0.03

0.09 ± 0.01

0.11± 0.01

0.05 ± 0.00

0.06 ± 0.00

n.d.

0.25 ± 0.00
n.d.
6.68 ± 0.08
2.50 ± 0.01
0.21 ± 0.03
0.25 ± 0.02
0.17 ± 0.01
25.51 ± 0.04
n.d.
43.50 ± 0.23
n.d.
0.19 ± 0.04
0.29 ± 0.01
1.94 ± 0.03
20.23 ± 0.32
10.28 ± 0.11
69.20 ± 0.28
0.58

0.27 ± 0.01
0.08 ± 0.01
7.88 ± 0.07
2.92 ± 0.05
0.54 ± 0.02
0.15 ± 0.00
n.d.
23.79 ± 0.08
0.30 ± 0.08
48.70 ± 0.42
0.04 ± 0.00
n.d.
0.52 ± 0.02
1.86 ± 0.01
14.63 ± 0.31
12.02 ± 0.17
72.84 ± 0.58
0.49

0.22 ± 0.00
0.09 ± 0.00
6.39 ± 0.06
2.62 ± 0.07
0.13 ± 0.01
0.15 ± 0.01
n.d.
28.28 ± 0.04
0.06 ± 0.01
46.87 ± 0.78
0.05 ± 0.01
n.d.
0.61 ± 0.03
1.74 ± 0.02
14.46 ± 0.23
9.72 ± 0.16
75.25 ± 0.83
0.60

0.31 ± 0.02
0.09 ± 0.00
7.12 ± 0.11
3.20 ± 0.08
0.18 ± 0.02
0.17 ± 0.03
n.d.
23.65 ± 0.07
0.06 ± 0.00
51.28 ± 0.86
n.d.
n.d.
0.69 ± 0.04
1.79 ± 0.03
13.15 ± 0.21
11.17 ± 0.26
74.99 ± 0.93
0.46

0.27 ± 0.00
n.d.
6.77 ± 0.19
2.80 ± 0.07
0.27 ± 0.04
0.20 ± 0.02
0.15 ± 0.00
26.96 ± 0.06
n.d.
41.86 ± 0.98
n.d.
0.16 ± 0.02
0.40 ± 0.03
1.98 ± 0.06
20.00 ± 0.63
10.61 ± 0.28
68.98 ± 0.92
0.64

Regular darkening cultivars (RD); B Non-darkening cultivars (ND); n.d. not detected (below detection limit)
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5.3.4. Antioxidant activities

Antioxidant activities of both the hydrophilic (Figure 5.4) and lipophilic (Figure 5.5)
fractions were assessed using in vitro chemical model systems, i.e. DPPH, FRAP, and
ORAC assays, Values from TPC and TPI were used to assess contribution to antioxidant
activities by way of Pearson correlation statistics. Antioxidant activities of the crude
extracts from all three assays showed highly positive correlation with TPC (r2= 0.99 –
1.00) and TPI (r2= 0.68 – 0.87). Total PAC results also correlated positively with HDPPH, H-FRAP and H-ORAC showing r2 of 0.90, 0.89 and 0.87, respectively. Catechin
in the FP fraction displayed the strongest correlation (r2 = 0.98) with all three antioxidant
assays. ND seeds had significantly lower antioxidant activities (p < 0.05) due in large part
to the reduced amount of catechin and flavonoids in the FP fraction. The TPI subtotal of
free phenolic compounds displayed strong correlations with H-DPPH (r2 = 0.92), HFRAP (r2 = 0.91), and H-ORAC (r2 = 0.90). The TPI subtotals for all conjugated
phenolics in general showed weak correlation with antioxidant activities (r2 ≤ 0.46).
Conjugated phenolics in RD cranberry beans from the BHP fraction (p-coumaric, ferulic,
and sinapic acid) displayed significantly lower antioxidant activities (p < 0.05) compared
to FP with the exception of the Red Rider cultivar in the H-DPPH assay. Bound phenolics
(BPB) in RD beans, displayed stronger antioxidant activities (p < 0.05) when compared
to the ND beans. In the BPB fraction of RD and ND beans, hydroxycinnamic acids such
as, p-coumaric, ferulic, and sinapic acid, showed insignificant contributions to
antioxidant activity while p-hydroxybenzoic acid positively correlated with antioxidant
activity in all three assays (r2 ≥ 0.92). Antioxidant activities of the two acid hydrolysis
fractions AHP and BPA of cranberry beans were negligible and were likely due to furan
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compounds from acid hydrolysis which have been suggested to interfere with antioxidant
activity assays in a dose-dependent fashion (Chen, Bozzo, et al., 2015a). Similar
experiments on quinoa (Chenopodium quinoa Willd.) however, showed that the highest
antioxidant activities were from acid-released conjugated phenolics (AHP) (Tang, et al.,
2015).

Antioxidant activities of the lipophilic extracts of cranberry beans were assessed by LDPPH, L-FRAP and L-ORAC, and no difference was found between RD and ND seeds
(Figure 5.5.). The main lipophilic antioxidant component present in appreciable amount
in cranberry beans is γ-tocopherol. Tocopherols’ mode of action as an antioxidant relies
on the hydrogen atom transfer mechanism (Huang, et al., 2002). In our study, γtocopherol had the strongest correlation with L-ORAC (r2 = 0.97) which tests the reaction
between antioxidants and a peroxyl radical following the hydrogen atom transfer
mechanism. Strong positive correlation was also found between γ-tocopherol and LDPPH (r2 = 0.89) and L-FRAP (r2 = 0.89). No correlations were found between SFA,
MUFA and PUFA and antioxidant activity. This is consistent with previous reports on
fatty acids in lentils and nuts (Li, et al., 2007; Zhang, et al., 2014a). As well, the small
amount of β-carotene did not correlate with antioxidant activity. Overall lipophilic
antioxidant activity is lower than those reported for lentils (Zhang, et al., 2014a). This
should not discredit the health potential of lipophilic phytochemicals in cranberry beans
as the combined effects of lipophilic and hydrophilic compounds could manifest
synergistic antioxidant effects (Prieto & Vázquez, 2014).
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Figure 5.4. Antioxidant activities as measured by H-DPPH, H-FRAP and H-ORAC of 7
cranberry bean cultivars including regular-darkening (RD) and non-darkening (ND)
cranberry bean seeds from free (FP), conjugated (BHP and AHP), and bound (BPB and
BPA) phenolic fractions. Bar data are expressed as µmole Trolox equivalent (TE)/g seed
± standard deviation (n=3) for H-DPPH and H-ORAC. H-FRAP values expressed as
µmole L-ascorbic acid equivalent (L-AAE)/g seed ± standard deviation (n=3). Shared
letters indicate no significant differences between antioxidant activities within the same
fraction (p ≤ 0.05).
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Figure 5.5. Lipophilic antioxidant activities of 7 cranberry bean cultivars as measured by
L-DPPH, L-FRAP and L-ORAC. Bar data are expressed as µmole Trolox equivalent
(TE)/g seed ± standard deviation (n=3) for L-DPPH and L-ORAC. L-FRAP values
expressed as µmole L-ascorbic acid equivalent (L-AAE)/g seed ± standard deviation
(n=3). Shared letters indicate no significant differences between antioxidant activities
within the same fraction (p ≤ 0.05).

113

5.4. Conclusions

In summary, whole raw cranberry beans were found to mainly contain flavonoids,
namely catechin, proanthocyanidins and anthocyanins as extractable free phenolics with
the caveat that these compounds are typically exclusive to cultivars prone to darkening.
Our findings suggest that RD cranberry beans contained significantly higher levels (p <
0.05) of these hydrophilic antioxidants with strong correlations to H-DPPH, H-FRAP and
H-ORAC activities (r2 = 0.98) compared to ND lines except for the bound phenolics in
ND seeds which displayed comparable antioxidant activity with RD beans in the HORAC assay. In addition to the extractable phenolic fractions (FP and conjugated), nonextractable i.e. bound phenolics were also found to be in significant amount and
contributed to antioxidant activities, although the activity may be less significant for
conjugated phenolics due to the inherently lower antioxidant activities than flavonoids.
These phenolic compounds in different fractions collectively were the major antioxidants
in cranberry beans, while vitamin E analogue γ-tocopherol also displayed strong
correlation with lipophilic antioxidant activities. Cranberry beans are low-oil bearing
seeds but contain a high proportion of omega-3 fatty acids and a more ideal omega6/omega-3 ratio. The present study provides comprehensive information on the lipophilic
and hydrophilic components and how they contribute to the antioxidant activities of
cranberry beans. One of the major findings of the present study is the quantitative and
qualitative data on the different phenolic fractions, particularly conjugated phenolics
which existed at equally high concentrations as free phenolics but often are missed during
HPLC studies of the crude extracts. Missing the detection of these conjugated phenolics
together with the bound phenolics can seriously underestimate the quality and quantity of
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phenolics, leading to significant undervaluing the collective antioxidant activity and
overall health benefits of cranberry beans, and possibly other plant foods. The present
results also call for an overhaul in analytical methods for profiling all forms of phenolics,
i.e. free, conjugated and bound phenolics in plant foods such as common beans in order
to understand the sources of antioxidant activity and other related health benefits.
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6. CHAPTER 6: EFFECTS ON PHENOLIC COMPOSITION OF CRANBERRY
BEANS (PHASEOLUS VULGARIS L.) AFTER POST-HARVEST
DARKENING

6.1. Introduction

The seed coats of certain market classes of dry beans are prone to a phenomenon known
as PHD whereby a gradual colour change can occur over time while in storage. Since
beans are graded on visual characteristics such as shape, size and colour
(www.grainscanada.gc.ca), this darkening of the seed coat has a negative impact on seed
value and marketability (Stanley 1992). Many market classes are affected including pinto
and cranberry beans (Beninger, Gu, et al., 2005, Elsadr, Wright, et al., 2011).

The rate and extent of PHD is dependent on both genetic and environmental factors (Park
and Maga 1999, Junk-Knievel, Vandenberg, et al., 2007, Junk-Knievel, Vandenberg, et
al., 2008). PHD is controlled by at least two genes including the J gene that determines
whether or not darkening will occur and the Sd gene which is responsible for slowdarkening beans (Junk-Knievel, Vandenberg, et al., 2008, Elsadr, Wright, et al., 2011).
Environmental factors accelerating PHD include exposure to light, high temperature, and
humidity during storage (Park and Maga 1999, Junk-Knievel, Vandenberg, et al., 2007).

During storage, beans that are prone to darkening undergo chemical changes that may
lead to colour change. The strict mechanism governing this reaction however is still not
clear. There is evidence suggesting that darkening is related to the presence of
polyphenolic compounds as higher concentrations of polyphenols, namely flavonoids,
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were present in the seed coats of RD pinto and cranberry beans compared to seed coats of
ND beans (Beninger, Gu, et al., 2005, Chen, Bozzo, et al., 2015a). The high
concentration of flavonoids in RD beans could signify their role as potential substrates
involved in the darkening reaction, a reaction possibly mediated by polyphenol oxidase
enzymes (Hernández, Alegre, et al., 2006). In Arabidopsis, browning of the seed coat is
the result of an oxidation reaction involving epicatechin and a laccase enzyme known as
TRANSPARENT TESTA 10 (TT10) which produces a brown oxidized epicatechin
derivative (Pourcel, Routaboul, et al., 2005, Pourcel, Routaboul, et al., 2007).

Although the reaction could be initiated through an enzymatic process, the low moisture
content and low water activity of dry beans would suggest other non-enzymatic chemical
reactions are also taking place. Non-enzymatic oxidation of flavonoids, such as
autoxidation and chemical oxidation, can lead to the formation of semiquinones and
quinones that are highly reactive and can undergo further non-enzymatic reactions.
Through coupled oxidation reactions, quinones can oxidize other polyphenols, resulting
in the formation of secondary quinones and the subsequent formation of heterogeneous
polymers potentially responsible for the browning reaction (Cheynier, Souquet, et al.,
1994, Pourcel, Routaboul, et al., 2007).

The objective of this study was to investigate and demonstrate changes in phenolic
content occurring in Red Rider beans, a RD line of cranberry beans, following darkening
for 3 weeks in greenhouse conditions. Changes in phenolic content were analysed and
quantified by HPLC-DAD and other chemical-based methods.
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6.2. Materials and Methods
6.2.1. Reagents and solvents

HPLC-grade chemicals and solvents were obtained from EMD Chemicals (Gibbstown,
NJ), VWR (Westchester, PA) and Caledon Labs (Georgetown, ON, Canada) unless
otherwise specified. Standard reference compounds (gallic acid, protocatechuic acid, phydroxybenzoic acid, p-coumaric acid, ferulic acid, catechin, epicatechin, kaempferol,
proanthocyanidins, anthocyanins, furans, l-ascorbic acid, Trolox) and reagents 2,2′azobis-(2-methylpropionamidine)

dihydrochloride

(AAPH),

4-

dimethylaminocinnamaldehyde (DMAC) and Folin–Ciocalteu reagent were obtained
from Sigma–Aldrich (Oakville, ON, Canada). Acids were of ACS (American Chemical
Society) grade and supplied by Fisher Scientific (Nepean, ON, Canada). Distilled and
deionized water was generated in house using a Thermo Scientific Barnstead Nanopure
Ultrapure Water Purification System (Ottawa, ON, Canada).

6.2.2. Bean materials

A RD cranberry bean variety, Red Rider, was used in this study. Seeds were harvested in
2014 from Elora Research Station, in Elora, ON and obtained through partnership with
Applied Bean Genomics & Bioproducts, University of Guelph (Guelph, ON, Canada).
Seeds were sorted for any defects including split seeds, blackened seeds and any foreign
materials. Original raw beans were stored at −20 °C in sealed plastic bags. All seeds were
lyophilized prior to analysis.
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6.2.3. Greenhouse darkening

Seeds were placed in open plastic bags on bench tops and exposed to natural sunlight for
a period of 21 days. Bags were shaken daily to allow for even darkening of the seeds.
Average temperature and relative humidity inside the greenhouse was 30°C and 40%,
respectively, measured using a digital thermometer/hygrometer from VWR (Mississauga,
ON, Canada).

6.2.4. Sample extraction
6.2.4.1.

Crude extractable phenolics

Extraction of the crude extractable phenolics was based on a previous protocol described
by Chen, et al., (Chen, Dupuis, et al., 2015b). Dry beans were lyophilized and ground to a
powder using an IKA M 20 Universal mill (IKA, Wilmington, NC). Powdered samples
(2.0 g) were extracted 3 times using 15 mL 70% MeOH containing 1% acetic acid (v/v)
each time. The crude extracts were subjected for total phenolic (TPC), total flavonoid
(TFC), and ORAC assays. Total proanthocyanidin content (PAC) was assayed from
crude extracts made with 65% acetone containing 1% acetic acid (v/v) as aqueous acetone
has been reported to be most efficient at extracting proanthocyanidins (Naczk and
Shahidi 2004).

6.2.4.2.

Free and conjugated phenolic extraction

The extraction of free and conjugated phenolics was based on previous methods
described by Chen, et al., (Chen, Dupuis, et al., 2015b). Briefly, the crude methanolic
extract was evaporated to dryness using a Savant Speed Vac Concentrator attached to a
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Labconco CentriVap Cold Trap, resuspended in 10 mM HCl (pH 2), and partitioned
against diethyl ether/ethyl acetate (DE/EA, 1:1, v/v) three separate times by vortex. The
pooled organic layer contains free phenolic compounds (FP). To the remaining aqueous
layer was hydrolysed in 10 N NaOH, acidified to pH 2 with 12 N HCl, and liberated
phenolics were extracted with DE/EA as described above. The resulting organic layer
contains conjugated phenolics and was used for analysis of base-hydrolysable phenolics
(BHP). All fractions were dried under N2 and reconstituted in 70% methanol for further
analyses. In all cases, the samples were passed through Phenex-NY syringe filters (4 mm,
i.d.; 0.2 μm pore size; Sigma-Aldrich) prior to further analyses. All extractions were
carried out in triplicate.

6.2.4.3.

Bound phenolic extraction

The extraction of bound phenolics was based on previously described methods by Chen,
et al., (Chen, Dupuis, et al., 2015b). Briefly, the dry residue remaining after the crude
extraction was hydrolysed for bound phenolics by resuspending in 2 N NaOH. The pH of
the extraction mixture was set to 2 by adding 12 N HCl and partitioned with DE/EA three
separate times as previously discussed. The pooled organic layer contains bound
phenolics released by alkaline hydrolysis (BPB fraction). The extract was then
evaporated under N2, reconstituted in 500 μL of 70% methanol, and Phenex-NY syringefiltered prior to further analyses. All extractions were carried out in triplicate.
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6.2.5. HPLC analysis

Phenolic compounds were analyzed with an Agilent 1100 series HPLC system equipped
with an autosampler, a degasser, a quaternary pump, a diode array detector (DAD), and
ChemStation software and separated on a Kinetex XB C18 column (100 × 4.60 mm, 2.6
μm, Phenomenex Inc., Torrance, CA, USA). The binary mobile phase consisted of 5%
formic acid in water (v/v) (solvent A) and 95% methanol mixed with 5% acetonitrile (v/v)
(solvent B). The solvent gradient was as follows: 0–40 min, 0–80% B; 40–42 min, 80–
100% B; 42–44 min, 100% B; 44–44.5 min, 100–0%. The injection volume was 7 μL,
and the flow rate was constantly kept at 0.7 mL/min for a total run time of 50 min. Peaks
were monitored at 280, 360, and 520 nm. Peaks were tentatively identified by matching
the retention time (tR) and UV absorption spectra with the standards, and their identities
were confirmed by LC-ESI-MSn, as described below. Quantification was done using
standard curves generated from individual compounds in serial dilutions (0.78–200 mg/L;
r2 = 0.99). Limit of detection (LOD) (signal/noise ≥ 3) was 0.04–0.09 μg/mL for phenolic
acids and 0.07–0.24 μg/mL for flavonoids.

6.2.6. In vitro chemical assays
6.2.6.1.

Total phenolic content (TPC)

Folin–Ciocalteu assay for total phenolic determination was performed using a UV/vis
Biotek Powerwave XS2 microplate reader measuring at 765 nm (Biotek, Winooski, VT,
USA). A standard curve was generated using a range of authentic gallic acid standards
(GA; 7.81–500 μg/mL; r2 = 0.99). Controls included the measurement in the absence of
phenol reagent and blanks to account for the extracting solvent and digestive solution.
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TPC was expressed as milligrams of gallic acid equivalents per gram of seed (mg
GAE/g).

6.2.6.2.

Total flavonoid content (TFC)

Total flavonoids were measured according to a previously established method (Tang, Li,
et al., 2015). A 25 μL aliquot of appropriately diluted sample or catechin standard
solution was mixed with 110 μL of a 0.066 M NaNO2 solution in separate wells of a 96well plate. After 5 min, 15 μL of 0.75 M AlCl3 was added and allowed to react for 5 min
at room temperature. The reaction was neutralized by adding 100 μL of 0.5 M NaOH.
Absorbance reading was carried out at 510 nm against a blank solution consisting of the
extraction solvent. A UV/vis Biotek Powerwave XS2 microplate reader was used. The
TFC was expressed as milligrams of catechin equivalents per gram of bean sample (mg
CE/g) (r2 = 0.99).

6.2.6.3.

Total proanthocyanidin content (PAC)

Total PAC was determined following the 4-dimethylaminocinnamadehyde (DMAC)
colorimetric method with modifications (Prior, Fan, et al., 2010). Quantification was
done using a calibration curve generated from serial dilutions of procyanidin B2 (15.6–
1000 μg/mL; r2 = 0.99) dissolved in 80% EtOH. Absorbance was taken using a UV/vis
Biotek Powerwave XS2 microplate reader (Biotek) set to read at 640 nm. Results were
expressed as milligrams of PAC per gram of seed (mg/g).
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6.2.6.4.

Oxygen Radical Absorbance Capacity (ORAC)

The ORAC assay was conducted according to reported protocols with slight
modifications (Chen, Tang, et al., 2015c). To each well of a 96-well microplate were
added 25 μL of an appropriately diluted sample, blank, or a series of Trolox standard
solutions (6.25, 12.5, 25, 50, and 100 μM), mixed with 150 μL of working fluorescein
solution (8.68 × 10–5 mM in phosphate buffer, pH 7.4), and incubated for 30 min at 37
°C. Subsequently, 25 μL of AAPH (153 mM in phosphate buffer) was added to each well
to initiate the reaction. Fluorescence (excitation wavelength set to 485 nm and emission
wavelength at 520 nm) was read every minute for 120 min on a plate reader equipped
with an automatic thermostatic holder (PLX 800, Bio-Tek). A calibration curve plots the
calculated differences of area under the fluorescein decay curve between the blank and
the sample, and results were expressed as micromoles of Trolox equivalent (TE) per gram
of sample (μmol TE/g) (r2 = 0.99).

6.2.7. Statistical analyses

ANOVA was completed using JMP v10.0 (SAS Institute, Cary NC, USA). Differences
among the means were determined using Tukey’s multiple-comparisons test. Statistical
significance was set at p < 0.05. Student’s t-test was also used to compare changes
following PHD.

6.3. Results and Discussion

The extraction protocol used in this study was based off previously published methods
(Chen, Dupuis, et al., 2015b). In all, 3 fractions were generated including free phenolic
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(FP), conjugated phenolics released by alkaline hydrolysis (BHP), and bound phenolics
released by alkaline hydrolysis (BPB). Seeds before (RR0d) and after (RR21d)
greenhouse darkening can be clearly distinguished and colour change is evident (Figure
6.1.). Greenhouse darkening followed protocols set forth in previous studies on
accelerated PHD of pinto beans (Junk-Knievel, Vandenberg, et al., 2007). Seeds were
placed in plastic bags on benchtops for a period of 21 days and were shaken daily. RR0d
seeds were sealed in plastic bags and stored in the dark at -20 °C. All seeds prior to
extraction of phenolic compounds were lyophilized in order to account for changes in
moisture content.
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0d

21d

Figure 6.1. Raw Red Rider cranberry beans before (0d) and after (21d)
greenhouse post-harvest darkening for 21 d with average temperature and
relative humidity inside the greenhouse was 30°C and 40%, respectively.
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The crude extracts obtained following extraction with 70% MeOH containing 1% acetic
acid (v/v) were used in assays to determine total phenolic (TPC), total flavonoid (TFC)
and ORAC antioxidant capacity (Figure 6.2.). Darkened seeds showed a decrease in
phenolic content as measured by TPC and TFC at a rate of 11.5% and 57.14%,
respectively. This reduction in phenolic content did not however appear to affect ORAC
results as an insignificant decrease of 2.02% was obtained following PHD (Figure 6.2D).
Total proanthocyanidin content (PAC) was measured following extraction using 65%
acetone containing 1% acetic acid (v/v) and quantified via the DMAC assay. PHD
showed a decrease in PAC by 32.3% (Figure 6.2C). These results are congruent with
previously established data on PHD in faba beans and pinto beans (Beninger, Gu, et al.,
2005, Nasar-Abbas, Siddique, et al., 2009). In pinto beans, a decrease in flavonols was
quantified using HPLC-DAD analysis while the vanillin assay was used to determine
changes in proanthocyanidin content. While little is known regarding the changes in
polyphenol content over time, degradation of proanthocyanidins due to oxidation has
been proposed in the skin and seed of grapes and similarly has been proposed in the case
of pinto beans (Jorgensen, Marin, et al., 2004, Beninger, Gu, et al., 2005).

Antioxidant activity as measured by the ORAC assay before and after PHD was not
significantly different. This is not reflective of the decreased total phenolic content
observed in other assays. It is possible that the formation of non-phenolic compounds
responsible for darkening may exhibit antioxidant potential (Figure 6.2D).
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Figure 6.2. Total phenolic content (TPC; A), total flavonoid content (TFC; B), total
proanthocyanidin content (PAC; C) and antioxidant activity (ORAC; D) in crude extracts of
Red Rider seeds before (0d) and after (21d) post-harvest darkening under greenhouse
conditions. Results expressed as mean ± standard deviation (n=3). TPC is expressed as mg
gallic acid equivalent (GAE)/g bean. TFC is expressed as mg catechin/g bean. PAC is
expressed as mg/g bean and calculated based on procyanidin B2 standard curve. ORAC value
is expressed as µmole L-ascorbic acid/g bean. Shared letters indicate no significant difference
(p ≤ 0.05).
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The decrease in TPC, TFC and PAC following PHD may be due to oxidation of
polyphenols catalyzed by peroxidase enzyme activity (Rivera, Hohlberg, et al., 1989). It
has also been suggested that non-enzymatic Maillard browning and chemical changes
involving phenolic compounds may be responsible for the post-harvest colour change
(Boateng, Verghese, et al., 2008, Xu and Chang 2008). A combination of enzymatic and
non-enzymatic activity may also be responsible for the darkening reaction. Autoxidation
of polyphenols was previously proposed as a reaction mediated by transition metals
reducing dioxygen to hydrogen peroxide and oxidizing polyphenols into semi-quinones
and quinones (Pourcel et al., 2007). These reactive quinone species can enter into coupled
oxidation reactions leading to the formation of brown heteropolymers. It has been
previously proposed that the initial reaction is catalyzed by a polyphenol oxidase enzyme
and subsequent redox cycling reactions forming heterogeneous brown or dark polymers
was non-enzymatic (Pourcel, Routaboul, et al., 2007). This oxidation reaction involving
polyphenols would explain the decrease in TPC, TFC and PAC in darkened cranberry
bean extracts since these compounds are no longer available for reactions involving the
reagents used in the assays.

Individual phenolic compounds were assessed by HPLC-DAD and quantified using
standard compounds (Figure 6.3. & 6.4.). Greatest change following PHD was observed
in the FP fraction where a significant increase in epicatechin, p-coumaric acid, ferulic
acid and an unknown compound occurred (p < 0.05) (Figure 6.3. & Table 6.1.). Catechin
concentration, however, declined significantly following PHD. Following darkening, the
unknown compound became present at the highest concentration. This compound
displayed a single maximum absorbance peak at 280 nm and is likely to contain only a
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single aromatic ring. In pinto beans, a flavan-3-ol-flavonol dimer had previously been
identified during the aging process (Beninger, Gu, et al., 2005). This adduct was not
identified in our current studies on cranberry beans. It should also be noted that this
adduct is colorless and would not fully explain the darkening process.

HPLC chromatograms of BHP and BPB fraction are shown in figure 6.4. Our results
showed a significant decrease in p-coumaric acid and ferulic acid in the BHP fraction
following PHD (p < 0.05) (Table 6.1.). These same phenolic acids increased in the FP
fraction following PHD suggesting possible release from their conjugated forms mediated
by the darkening reaction. Bound phenolics characterized in the BPB fraction was less
affected by PHD. Certain compounds such as 5-hydroxymethyl-2-furfural (HMF), phydroxybenzoic acid and sinapic acid saw significant increases in concentration
following darkening (Table 6.1.). HMF is a compound produced from a dehydration
reaction of sugar molecules. Typically catalyzed under high temperature and acidic
conditions, this compound is also formed during Maillard reaction.
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Figure 6.3. Representative HPLC-DAD chromatograms of free phenolic (FP) of
regular-darkening Red Rider cranberry beans before (0d) and after (21d) greenhouse
post-harvest darkening monitored at 280 nm. Phenolic acronyms: CA, catechin;
ECAT, epicatechin; PC, p-coumaric acid; FA, ferulic acid; UK, unknown.
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Figure 6.4. Representative HPLC-DAD chromatograms of conjugated phenolic (BHP)
and bound phenolic (BPB) of regular-darkening Red Rider cranberry beans monitored at
280 nm. Phenolic acronyms: HMF, 5-hydroxymethyl-2-furan-2-carbaldehyde; HBA, phydroxybenzoic acid; PC, p-coumaric acid; FA, ferulic acid; SA, sinapic acid; KMF,
kaempferol; UK, unknown.
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Table 6.1. Concentration of phenolic compounds in whole raw Red Rider beans before
(0d) and after (21d) post-harvest darkening A
Concentration (µg/g seed)
FREE PHENOLIC (FP)
UK
Catechin
Epicatechin
p-coumaric acid
Ferulic acid

RR 0d

RR 21d

TPI -FP

595.74 ± 25.07

CONJUGATED PHENOLIC (BHP)
p-coumaric acid
Ferulic acid
Sinapic acid

45.46 ± 3.93
a
140.29 ± 11.45
b
8.00 ± 1.72

TPI –BHP

193.75 ± 17.10

BOUND PHENOLIC (BPB)
HMF
UK (Hydroxycinnamic acid)
UK (O-coumaric)
p-hydroxybenzoic acid
Furfural
p-coumaric acid
Ferulic acid
Sinapic acid
Kaempferol (360 nm)B

45.15 ± 0.94
a
36.40 ± 3.23
a
25.40 ± 0.79
47.03 ± 2.61a
30.80 ± 14.86a
20.97 ± 0.42a
45.54 ± 0.75a
5.56 ± 0.66b

TPI -BPB

443.25 ± 33.28

TOTAL TPI

1232.74 ±75.45

b

216.32 ± 5.23
a
320.20 ± 16.03
b
47.84 ± 1.47
b
4.52 ± 1.38
b
6.86 ± 0.96
b

a

a

b

1.53 ± 0.33

a

301.68 ± 10.16
b
288.20 ± 13.38
a
112.89 ± 10.20
a
12.70 ± 1.87
a
15.88 ± 1.05
731.35 ± 36.67

a

b

40.03 ± 0.64
b
127.13 ± 3.67
a
13.59 ± 3.36
180.75 ± 7.67

b

a

58.81 ± 13.97
a
44.48 ± 16.60
a
27.79 ± 4.43
a
50.44 ± 9.21
a
33.34 ± 7.69
a
19.36 ± 0.94
a
44.34 ± 2.68
a
9.69 ± 0.59
a
1.68 ± 0.06

a

a
b

452.01 ± 74.72

a

1364.10 ± 119.06

a

Values are mean ± SD, n = 3. Values followed by the same letter in the same row are not significantly different (p <
0.05). Red Rider before (0d) and after (21d) greenhouse post-harvest darkening were characterized. The sum and
subtotals of free phenolic (FP), alkaline-hydrolysed conjugated phenolics (BHP) and alkaline-hydrolysed bound
phenolics (BPB) equals the total phenolic index (TPI). A Concentration expressed as µg/g seed; dry weight basis; B
Kaempferol was quantified at 360 nm while other phenolics was quantified at 280 nm.
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6.4. Conclusions

The objective of this study was to characterize changes in phenolic content following
greenhouse-induced PHD of a variety of cranberry beans. This study shows that there are
indeed quantitative differences in the amounts of polyphenols following darkening. A
general decrease in phenolic content was observed including a decrease in total phenolic
content, proanthocyanidin content and flavonoid content. This decrease did not affect
antioxidant activity as measured by ORAC. A significant increase in epicatechin, pcoumaric acid, ferulic acid and an unknown compound was observed following
darkening. The composition of specific compounds responsible for darkening is
extremely difficult to characterize. Future studies should attempt to elucidate the structure
and identity of this unknown compound as it is present in the highest concentration
following post-harvest darkening in cranberry beans, and may provide insight into the
mechanism of darkening.
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7. CHAPTER 7: PHYSICOCHEMICAL PROPERTIES AND IN VITRO
DIGESTIBILITY OF COOKED REGULAR- AND NON-DARKENING
CRANBERRY BEANS (PHASEOLUS VULGARIS L.) AND THEIR EFFECTS
ON BIOACCESSIBILITY, PHENOLIC COMPOSITION AND
ANTIOXIDANT ACTIVITY

Published: Chen, P.X., Dupuis, J.H., Marcone, M.F., Pauls, P.K., Liu, R., Liu, Q., Tang,
Y., Zhang, B., Tsao, R. 2015. Physicochemical properties and in vitro digestibility of
cooked regular- and non-darkening cranberry beans (Phaseolus vulgaris L.) and their
effects on bioaccessibility, phenolic composition and antioxidant activity. Journal of
Agriculture and Food Chemistry, 63(48): 10448-10458DOI: 10.1021/acs.jafc.5b04005

7.1. Introduction

Legumes, including dry beans (Phaseolus vulgaris L.), are food sources that provide a
varied nutrient profile and have been part of the human diet for over 10,000 years. Dry
beans are essentially grown on all continents and top producers include Myanmar, India
and Brazil according to the latest Food and Agriculture Organization of the United
Nations (FAO) statistics from 2012 (www.fao.org). North American dry bean production
totaled 2 million tons in 2012 however, consumption has been on the decline over the
past ten years mainly due to rising prices and high demands for exports. Benefits of
consuming dry beans should be made more aware as it has been shown in a recent study
to have protective effects on colon health during colitis (Zhang, Monk, et al., 2014).
Although dietary fibers and their fermentation products i.e. short-chain fatty acids, are
often posited as beneficial to colon health, bound polyphenols released from cell wall
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polysaccharides in the colon may act as antioxidants and impart protective properties
(Ferguson, Zhu, et al., 2005, Araujo, Goncalves, et al., 2011, Saura-Calixto 2011). In
fact, dry bean polyphenols have shown in vitro anti-inflammatory, cellular antioxidant
and anti-cancer cell proliferation activities (Xu and Chang 2011, López, El-Naggar, et al.,
2013, García-Lafuente, Moro, et al., 2014). Polyphenols including catechin from dry
beans have also shown the ability to promote iron intake in Caco-2 cells (Hart, Tako, et
al., 2015).

Along with health benefits of polyphenols, certain soluble phenolics, such as flavonoids,
present in the seed coat are also responsible for the PHD trait which has a detrimental
effect on seed value and consumer perception, particularly in light coloured seeds such as
cranberry beans (Beninger, Gu, et al., 2005, Chen, Bozzo, et al., 2015a). Cranberry beans
resistant to this darkening effect do not possess these flavonoids. The beneficial effects of
flavonoids in beans has been shown in a recent study on a variety of raw common beans
in which higher anti-inflammatory properties were found in red bean extracts containing
higher flavonoid content (García-Lafuente, Moro, et al., 2014). Our recent study verified
this claim by comparing two lines of cranberry beans with RD and ND phenotypes and
differing predominantly in their flavonoid content (Elsadr, Wright, et al., 2011, Chen,
Tang, et al., 2015c).

The extraction of polyphenols under optimal solvent conditions may not, however, be
representative of the true polyphenol composition following cooking and consumption.
The inactivation of anti-nutritional factors such as lectin, trypsin and protease inhibitors
during cooking is a very critical process (Rehman and Shah 2005). Beans are commonly
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soaked prior to cooking in order to reduce tannins and oligosaccharides that decrease the
digestibility and increase flatulence and discomfort. Pressure cooking is an effective and
rapid method to cook beans without the need for prior soaking (Rocha-Guzmán and
González-Laredo 2007). The in vitro digestion model is often used to simulate transit
through the gastrointestinal digestive system of ingested polyphenols (Saura-Calixto,
Serrano, et al., 2007, Akillioglu and Karakaya 2010, Bouayed, Hoffmann, et al., 2011,
Hur, Lim, et al., 2011, Chiang, Chen, et al., 2014). The resulting digestates can be used to
determine the amount of potentially available nutrients from plant-based foods. This is
referred to as the bioaccessibility and is dependent on the digestion and release of
polyphenols from plant matrices (Saura-Calixto, Serrano, et al., 2007). This can provide a
much more relevant understanding of the potential beneficial effects of bean and legume
diets by determining the amount of polyphenols able to reach target tissues. In our current
study, the bioaccessibility of the ingested polyphenols was measured using the solubility
in vitro screening method (Etcheverry, Grusak, et al., 2011). The bioaccessibility of
polyphenols in cranberry beans has previously been studied with results suggesting
increased release of soluble polyphenols following gastric digestion and a decrease
following intestinal digestion (Chiang, Chen, et al., 2014). The study, however, only
focused on raw, uncooked cranberry beans and the simulated in vitro digestion was only
performed on the phenolic-rich bean extracts. Another study on the in vitro digestion of
purple tomato extracts found a reduction in total phenolic and carotenoid content and also
produced several unidentified metabolites (Li, Deng, et al., 2014).

Beans are also low glycemic index foods as they prevent blood glucose levels from rising
too rapidly following a meal. This is due to resistant starch and dietary fibers in beans
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that are able to resist digestion in the small intestine and become substrates for microbial
fermentation in the large intestine (Azarpazhooh and Boye 2012). There is also evidence
suggesting that phenolics may play a role in lowering the glycemic index in lentils as a
result of inhibition of α-glucosidase and pancreatic lipase (Zhang, Deng, et al., 2015). It
is during colonic fermentation that short chain fatty acids are produced along with
phenolic antioxidants that are released from bound forms (Saura-Calixto, Serrano, et al.,
2007, Monk, Zhang, et al., 2015). The presence of conjugated and bound phenolics in dry
beans has been well established using acid and/or alkaline hydrolyses, however the effect
of enzymes, especially by the carbohydrases in colonic microbes remains unclear.
Carbohydrase enzymes are known to be present in many species of the human colonic
bacteria, and play important roles in hydrolysing monosaccharides from complex
carbohydrates such as cellulose and other fibres (Bernalier, Dore, et al., 1999). Bound
phenolics can be co-released by these enzymes during colonic fermentation as they act on
the plant cell wall structure which contains cross-linked cellulose and hemicellulose with
phenolics (Acosta-Estrada and Gutiérrez-Uribe 2014). Several carbohydrases were
therefore investigated for their capacity in releasing bound phenolics from cooked beans
in the present study in an attempt to confirm and better understand the potential role of
these phenolics in colonic health.

ND beans have the added value of maintaining their aesthetic appeal for longer while in
storage however, at the expense of key health promoting flavonoids. The present study
intends to determine whether or not ND cranberry beans compromises health benefits due
to the low phenolic content compared to RD cranberry beans. This is accomplished by
studying the various forms of phenolic compounds in the two types of beans and how
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they are affected by pressure cooking, in vitro gastrointestinal digestion and hydrolysis
by enzymes potentially secreted by colonic bacteria (Couteau, McCartney, et al., 2001,
Wang, Geng, et al., 2004). We also examined thermal properties of the different starch
components in the presence of small molecules such as phenolics as well as nutritional
fractions of starch i.e. resistant starch (RS), slowly digestible starch (SDS) and rapidly
digestible starch (RDS). Results from this study will provide useful information to
breeders and consumers.

7.2. Materials and Methods
7.2.1. Chemicals and reagents

HPLC-grade chemicals and solvents were obtained from EMD Chemicals (Gibbstown,
NJ), VWR (Westchester, PA) and Caledon Labs (Georgetown, ON, Canada) unless
otherwise specified. Sodium acetate, sodium nitrite (NaNO2), aluminum chloride (AlCl3),
2,2’-azobis-(2-methylpropionamidine)

dihydrochloride

(AAPH),

Trolox,

standard

reference compounds and reagents 4-dimethylaminocinnamaldehyde (DMAC), 1,3,5tri(2-pyridyl)-2,4,6-triazine (TPTZ), Folin–Ciocalteu reagent, pectinase from Aspergillus
(≥3800 ferment depectinization units (FDU)/g), Viscozyme L (≥100 fungal β-glucanase
units (FBG)/ mL), cellulase from T. reesei (≥700 endoglucanase units (EGU)/g),
pancreatin and invertase were obtained from Sigma–Aldrich (Oakville, ON, Canada).
Acids were of ACS (American Chemical Society) grade and supplied by Fisher Scientific
(Nepean, ON, Canada). Thermostable α-amylase, amyloglucosidase and GOPOD reagent
were from Megazyme (Bray, Ireland). Distilled and deionized water was generated in
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house using a Thermo Scientific Barnstead Nanopure Ultrapure Water Purification
System (Ottawa, ON, Canada).

7.2.2. Bean samples

Red Rider (RR) is a RD cranberry bean cultivar harvested in 2014 from Elora Research
Station, in Elora, ON. CND is a ND recombinant inbred line (RIL) generated at the
University of Guelph from a cross between a RD parental line ‘Etna’ and a ND parental
line ‘Wit-rood’ (Elsadr, Wright, et al., 2011). These seeds were obtained through
partnership with Applied Bean Genomics & Bioproducts, University of Guelph (Guelph,
ON, Canada).

Beans were rinsed under cold dH2O and placed inside a commercial pressure cooker
(Instant Pot Model IP-LUX60, Ottawa, ON, Canada) with dH2O at ratio 1:4 (w/v). The
entire content was soaked under sustained pressure for 30 min and then pressure cooked
for 15 min with original soaking water. Manufacturer set pressure was between 10.2-11.6
psi. Cooked beans and water was frozen and lyophilized prior to further analysis. To
disambiguate between cooked and raw beans, subscript

C

and

R

will be used as

descriptors. Raw beans were also lyophilized and relative comparisons are on dry weight
basis.

7.2.3. Sample extraction
7.2.3.1.

Crude extractable phenolics

Extraction of the crude extractable phenolics was based on previous protocol described
by Chen, et al., 2014 with slight modifications (Chen, Bozzo, et al., 2015a). These
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phenolics were extracted using 70% MeOH containing 1% acetic acid (v/v) and subjected
for total phenolic (TPC), total flavonoid (TFC), ORAC and HPLC analysis. Total
proanthocyanidin content (PAC) was assayed from crude extracts made with 65%
acetone containing 1% acetic acid (v/v) as aqueous acetone has been reported to be most
efficient at extracting proanthocyanidins (Naczk and Shahidi 2004).

7.2.3.2.

Free and conjugated phenolic extraction

A 5 mL aliquot of the crude methanolic extract was evaporated to dryness using a Savant
Speed Vac Concentrator attached to a Labconco CentriVap Cold Trap, and resuspended
in 1.0 mL of 10 mM HCl (pH 2), and partitioned against 5 mL of diethyl ether-ethyl
acetate (DE/EA, 1:1, v/v) three separate times by vortex. The pooled organic layer
contains free phenolic compounds (FP). To the remaining aqueous layer, 250 µL of 10 N
NaOH was added and mixed by roto-shaking for 16 h at ambient temperature (final
concentration of 2 N). The hydrolysate was acidified to pH 2 with 250 µL of 12 N HCl,
and liberated phenolics were extracted with DE/EA as described above. The resulting
organic layer contains conjugated phenolics and was used for analysis of basehydrolysable phenolics (BHP). All fractions were dried under N2 and reconstituted in 500
µL 70% methanol for further analyses. In all cases, the sample was passed through
Phenex-NY syringe filters (4mm, i.d.; 0.2µm pore size; Sigma-Aldrich Co., Oakville,
Ontario) prior to further analyses. All extractions were carried out in triplicate.
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7.2.3.3.

Bound phenolic extraction.

The dry residue (~1.0 g) remaining after removal of the crude extract was hydrolysed for
bound phenolics by resuspending in 15 mL 2 N NaOH and vortexing for 10 s, followed
by ultrasonication for 15 min and rotational-mixing for 16 h at ambient temperature. The
pH of the extraction mixture was set to 2 by adding 12 N HCl and partitioned with 15 mL
DE/EA three separate times as previously discussed. The pooled organic layer contains
bound phenolics released by alkaline hydrolysis (BPB fraction). The extract was then
evaporated under N2, reconstituted in 500 µL 70% methanol and Phenex-NY syringe
filtered prior to further analyses.

7.2.4. HPLC analysis of phenolic contents

Phenolic compounds were analysed with an Agilent 1100 series HPLC system equipped
with an auto sampler, a degasser, a quaternary pump, a diode-array detector (DAD),
ChemStation software, and separated on a Kinetex XB C18 column (100 x 4.60 mm, 2.6
µm, Phenomenex Inc., Torrance, CA). The binary mobile phase consisted of 5% formic
acid in water (v/v) (solvent A) and 95% methanol mixed with 5% acetonitrile (v/v)
(solvent B). The solvent gradient was as follows: 0–40 min, 0–80% B; 40–42 min, 80–
100% B; 42–44 min, 100% B; 44–44.5 min, 100–0%. Injection volume was 7 μL and the
flow rate was constantly kept at 0.7 mL/min for a total run time of 50 min. Peaks were
monitored at 280, 360 and 520 nm. Peaks were tentatively identified by matching the tR
and UV absorption spectra with the standards, and their identities were confirmed by LCESI-MSn, as described below. Quantification was done using standard curves generated
from individual compounds in serial dilutions (0.78 - 200 µg/L; r2 = 0.99). Limit of
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detection (LOD) (signal/noise ≥ 3) was 0.04 - 0.09 µg/mL for phenolic acids and 0.07 0.24 µg/mL for flavonoids.

7.2.5. In vitro chemical assays
7.2.5.1.

Total phenolic content (TPC)

Folin-Ciocalteu assay for total phenolic determination was performed using a UV/Vis
Biotek Powerwave XS2 microplate reader measuring at 765 nm (Biotek, Winooski, VT).
Standard curve was generated using a range of authentic gallic acid standards (GA; 7.81
– 500 µg/mL; r2 = 0.99). Controls included the measurement in the absence of phenol
reagent and blanks to account for the extracting solvent and digestive solution. TPC was
expressed as milligram of gallic acid equivalents per gram seed (mg GAE/g).

7.2.5.2.

Total flavonoid content (TFC)

Total flavonoids were measured according to previously established method (Tang, Li, et
al., 2015). A 25 µL aliquot of appropriately diluted sample or catechin standards
solutions were mixed with 110 µL of a 0.066 M NaNO2 solution in separate wells of a
96-well plate. After 5 min, 15 µL of 0.75 M AlCl3 was added and allowed to react for 5
min at room temperature. The reaction was neutralized by adding 100 µL of 0.5 M
NaOH. Absorbance readings were carried out at 510 nm against a blank solution
consisting of the extraction solvent. A UV/Vis Biotek Powerwave XS2 microplate reader
was used. The TFC was expressed as milligrams of catechin equivalents per g bean
sample (mg CE/g) (r2 = 0.99).
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7.2.5.3.

Total proanthocyanidin content (PAC)

Total PAC was determined following the 4-dimethy-laminocinnamadehyde (DMAC)
colorimetric method (Prior, Fan, et al., 2010). Quantification was done using a calibration
curve generated from serial dilutions of procyanidin B2 (15.6 – 1000 µg/mL; r2 = 0.99)
dissolved in 80% EtOH. Absorbance was taken using a UV/Vis Biotek Powerwave XS2
microplate reader (Biotek, Winooski, VT) set to read at 640 nm. Results were expressed
as milligram of PAC per gram seed (mg/g).

7.2.5.4.

Oxygen radical absorbance capacity (ORAC)

The ORAC assay was conducted according to reported protocols with slight
modifications (Chen, Tang, et al., 2015c). To each well of a 96-well microplate, 25 µL of
an appropriately diluted sample, blank or a series of Trolox standard solutions (6.25,
12.5, 25, 50 and 100 µM) was added and mixed with 150 µL of working fluorescein
solution (8.68 × 10-5 mM in phosphate buffer, pH 7.4), and incubated for 30 min at 37
°C. Subsequently, 25 µL of AAPH (153 mM in phosphate buffer) was added to each well
to initiate the reaction. Fluorescence (excitation wavelength set to 485 nm and emission
wavelength at 520 nm) was read every minute for 120 min on a plate reader equipped
with an automatic thermostatic holder (PLX 800, Bio-Tek Instruments, Inc., Winooski,
VT, USA). A calibration curve plots the calculated differences of area under the
fluorescein decay curve between the blank and the sample and results were expressed as
µmol Trolox equivalent (TE) per gram sample (µmol TE/g) (r2 = 0.99).
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7.2.6. In vitro enzymatic release of bound phenolics

Pressure cooked and lyophilized Red Rider cranberry beans (RRC) were extracted three
times with 70% MeOH and the resulting residue containing un-extractable bound
phenolics was dried under a gentle N2 stream and digested using three commercially
available cellulolytic enzymes: Viscozyme L, cellulase, and pectinase. Optimal
enzymatic conditions were followed in accordance to Zheng, et al., 2009 (Zheng, Hwang,
et al., 2009). Effective concentrations of Viscozyme L, cellulase and pectinase were 2
FBG/mL, 35 EGU/mL and 50 FDU/mL, respectively. The digestion conditions were 50
°C in water bath at pH 3.7 with continuous stirring for 12 h. The digestate was acidified
to pH 2 and partitioned three times with 10 mL DE/EA. The resulting organic layer was
N2 dried and reconstituted in 70% MeOH prior to further analyses.

7.2.7. Simulated in vitro gastric and intestinal digestions

Powdered cooked bean samples (RRC and CNDC) were digested according to previously
established methods with modification (Englyst, Kingman, et al., 1992). Pancreatin (12 g,
8x USP) was mixed with 80 mL water and centrifuged at 1500 g for 1 min. The
supernatant (54 mL) was mixed with 6 mL dilute amyloglucosidase (140 U/mL) and 4
mL of invertase solution (3000 U/mL). This enzyme mixture was prepared fresh for each
digestion. Bean flour samples (1.00 g) were placed in 50 mL polypropylene tubes along
with 20 glass beads (3 mm) and 20 mL 0.1 M sodium acetate buffer (pH 5.2, containing 4
mM CaCl2) and allowed to equilibrate in a shaking water bath (37 °C, 200 strokes/min).
Following equilibration, 5 mL of enzyme solution was added to each tube and 500 μL
aliquots removed after 20 and 120 minutes and placed in 20 mL 50% ethanol to stop the
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reaction. Tubes containing aliquots were centrifuged at 800 g for 10 min and duplicate
100 μL aliquots were removed and mixed with 3 mL of glucose-oxidase-peroxidase
(GOPOD) reagent to determine glucose content, and incubated at 50 °C for 20 min before
reading the absorbance at 510 nm using a spectrophotometer. After 120 min the sample
tubes were centrifuged at 1500 g for 10 min and the supernatant containing phenolic
compounds was collected and partitioned with three times 15 mL ethyl ether/ethyl acetate
(1:1 v/v), N2 dried and reconstituted in 70% MeOH. Samples were frozen at -80 °C until
further analysis. All samples were analyzed in duplicate.

Total starch content (TSC) was determined using a Megazyme total starch kit
(Megazyme, Bray, Ireland). Cooked bean powder (RRC and CNDC; 100 mg) was
weighed into a test tube followed by 0.2 mL 80% ethanol to disperse the samples and 2.0
mL 90% dimethyl sulfoxide. A small stir bar was added for continual mixing during the
10 min incubation period in a vigorously boiling water bath. MOPS buffer (3 mL, 50
mM, pH 7 with 5 mM CaCl2) and 100 μL thermostable α-amylase (3000 U/mL) was then
added and left to stir for 12 min. Next the tubes were cooled to 50 °C in a water bath
followed by the addition of 4 mL sodium acetate (200 mM, pH 4.5) and 100 μL
amyloglucosidase (200 U/mL), after which tubes were incubated for 30 min. The samples
were then diluted to 100 mL using volumetric flasks and a 5 mL aliquot was centrifuged
at 1800 g for 10 min. Duplicate 0.1 mL supernatant aliquots were removed and mixed
with 3 mL GOPOD reagent, followed by incubation at 50 °C for 20 min, after which the
glucose content was determined spectrophotometrically by comparing the absorbance to a
standard curve, and TSC calculated as follows:
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% 𝑆𝑡𝑎𝑟𝑐ℎ = Δ𝐴 𝑥

𝐹
𝑥 𝐹𝑉 𝑥 0.9
𝑊

Where ΔA is the sample absorbance read against the blank, F is 100 μg
glucose/absorbance for 100 μg glucose, W is the sample weight, FV is the final sample
volume, and 0.9 is the adjustment for free glucose to anhydro-glucose.

Digestible starch fractions were determined as follows:
Rapidly digestible starch (RDS) = G20 x 0.9
Slowly digestible starch (SDS) = (G120 – G20) x 0.9
Resistant starch (RS) = TSC – (RDS + SDS)
Where G20 and G120 denote glucose released at 20 and 120 minutes.

7.2.8. Differential Scanning Calorimetry (DSC)

Thermal properties were measured for raw bean samples (RRR and CNDR) using a DSC
Q20 equipped with a RCS90 refrigerated cooling system (TA Instruments, New Castle
DE, USA). Flour (12 mg, dwb) was weighed into a high volume sample pan and water
added such that the moisture content of the system was 70% (~28 μL). Pans were allowed
to equilibrate overnight at 4 °C before being scanned using the following heating profile:
Isothermal 1 min at 5 °C, ramp 10 °C/min to 180 °C. An empty high volume pan was
used as reference. The parameters reported are the onset (To), peak (Tp), and conclusion
(Tc) of gelatinization of both the gelatinization peak and the melting of the amylose-lipid
complexes. Enthalpies (ΔH, J/g) were estimated by integrating the area between the
baseline and the peak on the thermogram. Samples were analyzed in triplicate.
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7.2.9. Statistical Analyses

ANOVA was completed using JMP v10.0 (SAS Institute, Cary NC, USA). Differences
among the means were determined using Tukey’s multiple comparisons test. Statistical
significance was set at p < 0.05.

7.3. Results and Discussion
7.3.1. Effect of Pressure Cooking on Total Phenolic Compositions of Beans

Thermal processing of leguminous foods including dry beans brings about chemical and
physical changes that increase seed plasticity and water absorption while reducing
undesirable enzymes and anti-nutritional factors (Rehman and Shah 2005). In short,
cooking is very important for consumption of beans for palatability and safety.
Phytochemical changes in antioxidant components in processed black and pinto beans
showed a significant decrease following traditional thermal processing methods (Xu and
Chang 2008, Xu and Chang 2009). In their most recent study, Xu and Chang
characterized total and individual phenolic components following steaming and boiling
under atmospheric and pressurized cooking and a significant loss was observed (Xu and
Chang 2009). Although no chromatographic information were provided, catechin,
epicatechin and certain benzoic acids (gallic and vanillic acids) appeared to increase
significantly in concentration following pressure steaming (Xu and Chang 2009). The
authors attributed the increase in catechin to a ‘depolarization process’ whereby catechin
is released from condensed tannins. Catechin and epicatechin are subunits that forms the
condensed tannin polymers and, as such, the release of these basal subunits should be
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referred to as a ‘depolymerization process’ and not ‘depolarization’ as mentioned by
these authors (Xu and Chang 2009).

In our study, a pressure soaking and boiling method was employed consisting of 30 min
soak under pressure followed by a 15 min cook under maintained pressure. This method
was able to quickly cook the beans with minimal soaking time required. The beans had
also preserved their structural integrity following thermal processing. The entire content
including soaking/cooking water was kept and lyophilized together with the cooked
beans. Raw seeds were also freeze-dried in order to allow for relative comparisons
between cooked and raw beans. Following pressure cooking, TPC significantly decreased
for both RRC and CNDC (Figure 7.1A) by 8.54% and 31.20%, respectively (p < 0.05).
RRC had higher TPC (2.40 mg GAE/g) compared to CNDC (0.43 mg GAE/g). CND has
an expected low TPC value from previous studies on RD and ND cranberry beans (Chen,
Tang, et al., 2015c). Values for RRC were compared to that in other studies on steamed
and boiled black beans (Xu and Chang 2008). The attenuated loss of phenolics in RRC
following pressure cooking in our study is likely due to preservation of the soaking and
cooking water. It has previously been observed that the soaking water contains 26-52% of
TPC leached from black beans (Xu and Chang 2008). Cooking and discarding of the
cooking water further reduced TPC by roughly 75% in black beans and mung beans
(Barroga and Laurena 1985, Xu and Chang 2008). In fact, a study found that beans
previously unsoaked and without drainage of the cooking water had higher flavonoid and
phenolic acid contents (Ranilla, Genovese, et al., 2009). The decrease in phenolics
observed in this study can be attributed to the degradation of phenolics during pressure
cooking and processing. Not all phenolics are equally stable under cooking conditions.
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Flavonoids appear to be more susceptible to loss than phenolic acids. TFC of RRC and
CNDC decreased by 57.79% and 100% following pressure cooking, respectively (Figure
7.1B). Total PAC in raw seeds were comparable to results from a previous study under
similar assay conditions (Chen, Tang, et al., 2015c). In RRC, total PAC was reduced by
32% and was undetected in CNDC (Figure 7.1C). Proanthocyanidins are a subclass of
polymeric flavonoids. Total PAC as determined using the DMAC should be more
specific than the TFC assay; however, our results would suggest otherwise (Fig 7.1B, C).
The detection method used for flavonoids is based on the nitration of aromatic structures
bearing a catechol group and also sterically unhindered allowing for complexing with
Al3+ under alkaline conditions (Barnum 1977). Proanthocyanidins were quantified in
vitro spectrophotometrically using the DMAC reaction method (Prior, Fan, et al., 2010).
DMAC reacts with flavan-3-ol terminal units of proanthocyanidins having free metaoriented hydroxyl groups and an unsubstituted C-8 on the A-ring (McMurrough and
McDowell 1978, Prior, Fan, et al., 2010, Wallace and Giusti 2010). As with all in vitro
spectrophotometric methods, interfering substances in the sample matrix may have a
significant effect on colour change (Chen, Tang, et al., 2014). As well, and perhaps more
importantly, the use of different standards for calibration curves in TFC and PAC, i.e.
monomeric versus oligomeric flavonoids, make it difficult for direct comparisons
between these two assays. Each respective assay; however, does show a significant
decrease in monomeric and polymeric flavonoid content following pressure cooking. It
also shows a lack of either in CNDR and even less when cooked. This is expected since
CND is a ND line of cranberry beans and as such, can resist PHD due to the absence of
flavonoid (catechin, epicatechin and procyanidin) in the seed hull and testa (Chen, Bozzo,
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et al., 2015a, Chen, Tang, et al., 2015c). The change in phenolic and flavonoid content
was reflected in a decrease in ORAC radical-scavenging activity (Figure 7.1D). ORAC
values were previously found to correlate with phenolic and TPC values (Chen, Tang, et
al., 2015c).
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Figure 7.1. Effect of pressure-cooking on phenolic content (TPC; A, TFC; B, PAC; C)
and antioxidant activity (ORAC; D) of 70% MeOH crude extract except for PAC which
was extracted by 65% acetone. Bar data are expressed as mean ± SD, n = 3. Values
marked above the bars with the same letter are not significantly different (p < 0.05).
Regular-darkening Red Rider (RRC) and non-darkening (CNDC) cranberry beans were
pressure soaked for 30 min and pressure cooked for 15 min (10.2-11.6 psi).
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A study on thermal processing of various dry beans including pinto beans found a
decrease in total phenolics after soaking and an increase following toasting (Boateng,
Verghese, et al., 2008). The authors attributed the decrease in phenolic content in beans
following soaking to the “solubilization of bound polyphenols” into the soaking water.
Bound phenolics are in fact insoluble and are esterified to cell wall polysaccharides, or
covalently linked to lignins and are released following hydrolysis (Acosta-Estrada and
Gutiérrez-Uribe 2014, Chen, Tang, et al., 2015c). Furthermore, the authors explained the
increase in total phenolic and flavonoid contents after toasting to cell wall breakdown
allowing the release of insoluble phenolic compounds (Boateng, Verghese, et al., 2008).
It is difficult to reason with this explanation when insufficient data is provided. Total
phenolic and flavonoid assays along with other spectrophotometric based assays can only
provide a general overview of the underlying mechanisms at work. These assays typically
suffer from a lack of specificity as shown in our group’s previous study where certain
Maillard compounds were able to greatly affect TPC, TFC, DPPH, FRAP and ORAC
values (Chen, Tang, et al., 2014). These assays should therefore be coupled with more
specific analytical devices for the detection of phytochemicals.

7.3.2. Effect of Pressure Cooking on Individual Phenolic Compositions

Specific individual phenolic compounds were extracted from their various fractions and
were characterized by HPLC-DAD. Peaks were identified based on retention times and
UV absorbance spectra as compared with authenticated phenolic standards (data not
shown). The FP fraction consisted mainly of flavan-3-ols; procyanidin, catechin and
epicatechin, and p-coumaric and ferulic acids (Figure 7.2A). The flavan-3-ols were
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exclusive to RRC; however, both lines contained p-coumaric and ferulic acids. Following
pressure cooking, all flavonoids monitored in the FP fraction decreased in concentration.
Phenolic acids, however, did not change significantly (p < 0.05) and in the case of CNDC,
cooking even increased p-coumaric and ferulic acid concentrations (Table 7.1.).
Conjugated phenolics in the BHP fractions included p-coumaric, ferulic and sinapic acids
and were present in both lines; however in higher concentrations in RR. Pressure cooking
significantly decreased the concentrations of p-coumaric acid and ferulic acid (p < 0.05;
Table 7.1.). Changes in bound phenolic content in the BPB fractions following pressure
cooking were far less obvious. Flavan-3-ols appear to increase following cooking in RRC,
namely catechin and procyanidin. In RRC and CNDC, bound ferulic and sinapic acids also
increased significantly following cooking and in CNDC, bound ferulic acid increased
significantly following cooking compared to raw seeds (p < 0.05). The increase in certain
phenolic compounds tapers the decrease in the others, including p-hydroxybenzoic and pcoumaric acids. This can be observed in the total phenolic index (TPI; Table 7.1.) which
is the sum of concentrations of all individually characterized compounds from various
fractions using HPLC-DAD. Phenolics (TPC) in each fraction were further quantified
using the Folin-Ciocalteu method as well (Figure 7.3.). The TPC was generally lower
than the corresponding samples in Figure 7.1., as the latter is a crude extract which
contains both free and conjugated phenolics, and potentially other interfering extractable
compounds. The TPC of different fractions correspond well with the TPI in showing the
major changes in phenolic content occur in the FP fraction and the resilience of phenolics
in the conjugated (BHP) and bound (BPB) fractions, and the effect of cooking was less
significant

in

ND

beans

(Figure

7.3.).
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Table 7.1. Concentration of free, conjugated and bound phenolics in whole raw and cooked non-darkening cranberry beans
(CND) and regular-darkening cranberry beans (Red Rider; RR)A
Phenolic Compound

CNDR

F1
F2
F3
F4
F5

Procyanidin
Catechin
Epicatechin
p-Coumaric acid
Ferulic acid
TPI -FP

20.24 ± 0.41c
n.d.
n.d.
3.22 ± 0.14c
4.78 ± 0.17b
28.24 ± 0.73c

C1
C2
C3

p-Coumaric acid
Ferulic acid
Sinapic acid
TPI –BHP

UK1
UK2
B1
B2
B3
B4
B5
B6
B7

UK 4 min
UK 4.6 min
Procyanidin
p-Hydroxybenzoic acid
Catechin
p-Coumaric acid
Ferulic acid
Sinapic acid
KaempferolB
TPI -BPB
TOTAL TPI

CNDC

RRR
FREE PHENOLIC (FP)
18.21 ± 0.14c
216.32 ± 5.23c
n.d.
320.20 ± 16.03a
n.d.
47.84 ± 1.47a
5.52 ± 0.19a
4.52 ± 1.38bc
a
7.44 ±0.01
6.86 ± 0.96a
c
31.18 ± 0.34
595.74 ± 25.07a
CONJUGATED PHENOLIC (BHP)

RRC

19.22 ± 1.63c
128.31 ± 10.71bc
1.59 ± 0.36b
149.12 ± 12.70b

16.84 ± 0.28c
45.46 ± 3.93a
107.60 ± 1.90d
140.29 ± 11.45a
b
1.07 ± 0.13
8.00 ± 1.72a
125.50 ± 2.31c
193.75 ± 17.10a
BOUND PHENOLIC (BPB)

36.93 ± 4.21b
115.27 ± 16.49c
10.20 ± 5.28a
162.41 ± 25.97b

0.08 ± 0.03d
n.d.
3.37 ± 0.38c
0.16 ± 0.04b
n.d.
4.84 ± 0.18c
10.25 ± 0.15d
0.14 ± 0.00c
n.d.
18.87 ± 0.0.78b
196.19 ± 14.21c

0.05 ± 0.02d
n.d.
3.08 ± 0.37c
0.10 ± 0.02b
n.d.
3.77 ± 0.09c
18.78 ± 0.26c
0.54 ± 0.03c
n.d.
26.33 ± 0.79b
183.01 ± 3.45c

35.51 ± 5.11b
27.04 ± 0.81ba
33.51 ± 7.84a
41.22 ± 4.58b
50.04 ± 16.55a
113.38 ± 38.81b
66.60 ± 2.20a
7.99 ± 0.26a
3.48 ± 1.06a
378.76 ± 77.23a
1005.38 ± 139.04b

45.15 ± 0.94b
36.40 ± 3.23a
25.40 ± 0.79b
47.03 ± 2.61a
30.80 ± 14.86b
184.86 ± 8.69a
45.54 ± 0.75b
5.56 ± 0.66b
1.53 ± 0.33b
422.28 ± 32.86a
1211.77 ± 75.03a

162.88 ± 9.76b
252.57 ± 19.46b
37.70 ± 4.92a
4.70 ± 1.04b
6.35 ± 0.65a
464.21 ± 35.84b

Values are mean ± SD, n = 3. n.d. = not detected (below detection limit). Values followed by the same letter in the same row are not significantly different (p < 0.05).
Raw (RRR and CNDR) and cooked (RRC and CNDC) were profiled. The sum and subtotals of free phenolic (FP), alkaline-hydrolysed conjugated phenolics (BHP) and
alkaline-hydrolysed bound phenolics (BPB) equals the total phenolic index (TPI). A Concentration expressed as µg/g seed; dry weight basis; B Kaempferol was quantified
at 360 nm while other phenolics was quantified at 280 nm.
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Figure 7.2. Representative HPLC-DAD chromatograms monitored at 280 nm of free
(FP; A), conjugated (BHP; B) and bound (BPB; C) phenolic fractions from pressure
soaked and cooked regular-darkening Red Rider (RRC) cranberry bean cultivar. In
vitro gastrointestinal digested phenolics from RRC (D) and non-darkening (CNDC; E)
cranberry beans were also monitored at 280 nm.
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Figure 7.3. Folin-Ciocalteu assay to determine total phenolic content (n=3) (TPC) of free
(FP), conjugated (BHP) and bound (BPB) phenolic fractions from pressure soaked and
cooked regular-darkening Red Rider (RDC) and non-darkening (CNDC) cranberry beans
along with their respective raw seeds (RRR and CNDR).
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7.3.3. Effect of in vitro Gastrointestinal Digestion on Phenolic Composition
of Pressure-Cooked Beans

Chemical extraction methods may present a more thorough assessment of phenolic
compounds in food however, that may not be representative of what is available under in
vivo physiological conditions after consumption and digestion of beans. Bioaccessible
polyphenols are released from the food matrix following the digestive process and are
susceptible to uptake through the gut barrier. We employed the Englyst method to
simulate gastrointestinal digestion and to characterize polyphenols bioaccessible to the
small intestine (Englyst, Kingman, et al., 1992). RRC and CNDC following
gastrointestinal digestion had a TPC of 0.21 and 0.06 mg GAE/g, respectively (Figure
7.4.). This represents a bioaccessibility of 20% and 32% for RRC and CNDC respectively,
compared to TPC of the original cooked samples (Figure 7.3.).

Previously reported bioaccessibility of a legume diet comprised of chickpeas, beans and
lentils showed 25% bioaccessibility (Saura-Calixto, Serrano, et al., 2007). The
bioaccessibility of common and pinto beans has previously been reported to be between
19.76 – 39.52% (Akillioglu and Karakaya 2010). However, a review postulates that only
5-10% of dietary polyphenols is absorbed in the small intestine (Clifford 2004).
Discrepancies in cooking and digestion methods employed as well as sample variance
should be taken into account. Additionally, our results suggest that there is a significant
amount of nonbioaccessible polyphenols associated with the insoluble and indigestible
fraction and remains to be released during colonic fermentation in the large intestine
(Figure 7.3.). Polymeric procyanidins can pass unaltered into the large intestine where the
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colonic

microflora

can

convert

them

into

phenolic

acids

such

as

3-(3-

hydroxyphenyl)propionic acid and 4-O-methylgallic acid (Marie-Paule, Jennifer, et al.,
2003, Manach, Williamson, et al., 2005). HPLC-DAD separation is a specific and
sensitive method for quantifying phenolic compounds (Acosta-Estrada and GutiérrezUribe 2014). The TPI from the digested RRC was 283.01 mg/g and 16.81 mg/g in CNDC
(Table 7.2.). When comparing the digestate fraction with the FP fraction, the TPI-FP
(Table 7.1.) values shows 60.97% and 53.91% of phenolics from RRC and CNDC,
respectively, are bioaccessible to the small intestine. HPLC-DAD profiling of the
digestates shows the abundance of flavan-3-ols and phenolic acids (Figure 7.2.D, E).
Catechin was present in the highest concentration following digestion (Table 7.2.). From
previous in vivo rat studies, catechin was recovered at 20–40% and is absorbed at high
levels by the small intestine (Donovan, Crespy, et al., 2001, Gonthier, Cheynier, et al.,
2003). The digestive enzymes were able to release previously bound p-hydroxybenzoic
and sinapic acids in RRC. In vitro digestion also increased epicatechin, ferulic acid and
procyanidin contents (Table 7.2.). In general, these data showed that the difference in
TPC or TPI between the cooked and digested regular and ND cranberry beans was less
than that between raw beans.
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Figure 7.4. Total phenolic content (TPC) of the in vitro gastrointestinal digestion fraction
from pressure soaked and cooked regular-darkening Red Rider (RDC) and non-darkening
(CNDC) cranberry beans, as determined by Folin-Ciocalteu assay. Results expressed as
mg gallic acid equivalent (GAE)/g bean ± standard deviation (n=3).
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Table 7.2. Concentration of phenolics of cooked non-darkening cranberry beans (CND)
and regular-darkening cranberry beans (Red Rider; RR) after simulated in vitro
gastrointestinal digestionA

D1
D2
D3
D4
D5
D6

Phenolic Compound
p-Hydroxybenzoic acid
Catechin
Epicatechin
p-Coumaric acid
Ferulic acid
Sinapic acid
TOTAL TPI

CNDC
n.d.
n.d.
n.d.
2.13 ± 0.05
12.17 ± 0.50
2.51 ± 0.21
16.81 ± 0.76

RRC
26.71 ± 5.69
163.43 ± 1.73
64.07 ± 3.25
5.90 ± 0.05
15.89 ± 0.59
7.02 ± 0.62
283.01 ± 11.93

Values are mean ± SD, n = 2. n.d. = not detected. A Concentration expressed as µg/g seed; dry weight basis.
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7.3.4. Effect of Microbial Enzyme Hydrolysis on Bound Phenolics

Bound phenolics that are not released following aqueous solvent extraction require
chemical hydrolysis to fully dissociate the phenolics from the cell walls as shown by the
BPB fraction. Dried residue of the cooked beans, after triple extraction with 70% MeOH,
was subsequently hydrolysed using various cellulolytic enzymes. We found that the use
of carbohydrate-hydrolyzing enzymes can release previously bound phenolics, namely
ferulic acid, sinapic acid and p-coumaric acid (Table 7.3.). Compared to alkaline
hydrolysed-bound phenolics, bound phenolics released by probiotic enzyme hydrolysis
did not differ as significantly between RRC and CNDC.

Viscozyme was able to release significantly more bound phenolics in RR whereas
Pectinase was more effective relative to other enzyme solutions in CND beans. All of the
enzymes used are known for their carbohydrate-hydrolyzing properties, and many are
found in colonic bacteria (Bernalier, Dore, et al., 1999, Couteau, McCartney, et al., 2001,
Wang, Geng, et al., 2004). Pectinases hydrolyze pectin, which is a component of the cell
wall. The enzyme solution mainly contains pectintranseliminase, polygalacturonase, and
pectinesterase and small amounts of hemicellulases and cellulases and acts on methylesterified pectin or de-esterified pectin (Edwards, Henriksen, et al., 2011). Viscozyme is
a multi-enzyme complex and contains arabanase, cellulase, β-glucanase, hemicellulase,
and xylanase (Naczk and Shahidi 2004). Cellulase catalyzes the breakdown of cellulose
into glucose, cellobiose, and higher glucose polymers (Hu and Catchmark 2011). The
resulting breakdown of the cell wall by the carbohydrase activity of these enzymes
releases previously bound phenolics not released by aqueous solvent extraction. This

163

provides further evidence of unaccounted phenolics that might play a role during
digestion and fermentation in the small and large intestines. This also supports findings
that both short chain fatty acids and phenolics may be important for the antiinflammatory effects and gut health of beans (Monk, Zhang, et al., 2015).
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Table 7.3. Concentration of bound phenolics in residues of cooked non-darkening
cranberry beans (CND) and regular-darkening cranberry beans (RR) released by
carbohydrasesA
Phenolic Compound

RR
Viscozyme

Cellulase

Pectinase

Ferulic acid

0.136 ± 0.008a

0.017 ± 0.001c

0.141 ± 0.003a

Sinapic acid

0.152 ± 0.019a

0.075 ± 0.011bc

0.106 ± 0.005b

p-Coumaric acid

0.015 ± 0.001c

0.049 ± 0.001a

n.d.

UK 23 min
TOTAL TPI

0.111 ± 0.017ab
0.414 ± 0.042a

n.d.
0.141 ± 0.012b

0.036 ± 0.011bc
0.283 ± 0.013ab

CND
Viscozyme

Cellulase
bc

0.075 ± 0.043b

Ferulic acid

0.059 ± 0.035

Sinapic acid

0.019 ± 0.001d

0.087 ±0.019b

0.048 ± 0.007cd

p-Coumaric acid

0.013 ± 0.001c

0.046 ±0.002b

n.d.

n.d.
0.173 ± 0.009b

0.187 ± 0.076a
0.309 ± 0.126ab

UK 23 min
TOTAL TPI

bc

0.065 ± 0.011
0.156 ± 0.031b

0.041 ± 0.018

Pectinase
bc

Values are mean ± SD, n = 3. n.d. = not detected. Viscozyme L (2 FBG/mL), Cellulase (35 EGU/mL) and Pectinase
(50 FDU/mL) enzyme solutions were used. Values followed by the same letter in each row are not significantly
different (p < 0.05). A Concentration expressed as µg/g seed in dry weight basis; B Unknown peak at 23 min.
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7.3.5. Differential Scanning Calorimetry of Raw Beans

Thermograms produced from samples CNDR and RRR (Figure 7.5A) all displayed two
endothermic events which is consistent with other work on pulse flours (Chung, Liu, et
al., 2008a, Chung, Liu, et al., 2008b, Wani, Sogi, et al., 2013). The first peak, which can
be attributed to starch gelatinization, ranged from 69.2–90.4 °C and 68.1–88.7 °C for
CNDR and RRR, respectively. Enthalpy of gelatinization was not affected by genetic
recombination (Figure 7.5B), despite the 6-fold increase in phenolic content of the beans
(Table 7.1.). However, both To and Tp decreased in RRR, as denoted by a leftward
horizontal shirt of the RRR thermogram, indicating that the increased levels of phenolics
did overall affect the average order of the sample, which resulted in decreased transition
temperature. However, it should be noted that other factors, such as amylopectin/amylose
ratio, their respective degrees of polymerization and crystallinity may also contribute to
the observed differences (Park, Baik, et al., 2009).
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Figure 7.5.Thermograms (A) and enthalpy (B) of raw Red Rider (RRR) and nondarkening (CNDR) cranberry beans as determined by differential scanning calorimetry,
n=3.
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Enthalpy of the melting of the amylose-lipid complexes was affected however, which is
present on the thermogram as the second peak ranging from 92.0–105.4 °C and 90.1–
104.6 °C in CNDR and RRR, respectively. The enthalpy for CNDR was higher at 2.9 J/g,
than RRR at 1.4 J/g. The decreased enthalpy of melting for the amylose-lipid complexes
can be attributed to the decreased fatty acid content of the RR variety of cranberry beans,
particularly of saturated and monounsaturated fatty acids (Chen, Tang, et al., 2015c).
Genetic factors, as a result of the genetic recombination, may explain the marked
reduction in enthalpy from ND to darkening varieties. Both onset and peak melting
temperature of the amylose-lipid complex decreased significantly in RRR as compared to
CNDR. The increased presence of phenolics has been shown to cause degradation of
amylose-lipid complexes (Zhu, Cai, et al., 2009), however, more information is needed to
draw proper conclusions, as protein, other carbohydrates, as well many other factors have
be playing unseen roles. Lastly, conclusion temperature and melting range were
unaffected.

7.3.6. In vitro Starch Digestibility of Cooked Beans

The amounts of digestible starch fractions, displayed on a % dry matter basis, are shown
in Figure 7.6. No differences were observed in either rapidly digestible starch (RDS)
(~4.1%) or slowly digestible starch SDS (~3.0%). Although phenolics have been shown
to have an ability to reduce the activity of carbohydrase enzymes (Chethan, Sreerama, et
al., 2008, Shobana, Sreerama, et al., 2009, Mojica, Meyer, et al., 2015) there were no
decreases seen in the resistant starch (RS) of the RRC sample despite the fact that released
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phenolics were nearly 17 times higher than the ND sample (Table 7.2.), as RS levels for
RRC and CNDC were 21.3 and 22.0% RS, respectively.

The lack of effect of phenolics on digestibility is most likely as a result of the fact that
the released phenolics were only in the low μg range, which would have prevented them
from

being

able

to

interact

with

the

carbohydrase

enzymes

(α-amylase,

amyloglucosidase) to any significant degree. Testing was performed on bean powders
which were pressure cooked followed by lyophilization and milling to < 125 μm. It is
also possible that due to the homogeneous size of beans and that the starch in both
samples was cooked to a similar degree, which left a large portion of the present starch in
the form of RS1, physically unavailable starch, in the sample, which was unable to fully
cook, or gelatinize, possibly due to physical constrains (i.e., starch at the very middle of
the endosperm), or the cooking time not being long enough (Englyst, Kingman, et al.,
1992).

Others have assayed the in vitro starch digestibility of cooked beans and found an RS
content of approximately 4.4% (Brummer, Kaviani, et al., 2015). The disagreement
between the reported and the present results is likely due to two factors. First, the cooking
method was different as the beans in the reported work were boiled at atmospheric
pressure, and second, the digestibility assay used was different (AOAC 2002.02)
(Brummer, Kaviani, et al., 2015), which essentially makes the results incomparable. As
well, the samples assayed in our current study were flour, not pure starch sample, thus
there may be interfering effects from other components present in the flour matrix as
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well, such as lipids, proteins, and other carbohydrates (e.g. simple sugars, fibers)
(Dupuis, Liu, et al., 2014).
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Figure 7.6. In vitro digestibility of pressure-cooked Red Rider (RRC) and non-darkening
(CNDC) cranberry beans as determined using the Englyst method, n=4.
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7.4. Conclusions

In summary, while overall phenolic content and antioxidant activity decreased following
cooking, the cooked beans may still exert positive health benefits from the phenolic
compounds that remained. Phenolics from RRC and CNDC vary in content and
concentration, and they were affected differently by the cooking process. Chemical
extractions released significantly more flavonoids, bound phenolics and overall total
phenolics in RRC. Although p-hydroxybenzoic acid, epicatechin, and ferulic acid
increased following simulated in vitro gastrointestinal digestion of cooked and
lyophilized beans, the overall low bioaccessibility of phenolics suggests certain forms of
phenolics e.g. bound or polymeric phenolics may be potentially available in the colon for
release by colonic microbiota. We demonstrated the release of previously bound
phenolics, namely, ferulic acid, sinapic acid and p-coumaric acid by using microbial
enzyme hydrolysis of cooked bean residues following aqueous solvent extraction. Even
though RRC contains significantly more phenolics, bound phenolic levels, released by
enzyme hydrolysis, was comparable to that of CNDC. The discrepancy in phenolic
content may have contributed to a decreased enthalpy of melting for the amylose-lipid
complexes found in RRR relative to CNDR. However, in both genotypes, amount of
resistant and slowly digestible starch showed no difference between RRC and CNDC and
would appear that phenolic differences did not impact starch digestibility.

Findings from this study revealed that despite the apparent large difference in phenolic
composition between regular and ND cranberry beans, the actual impact of this
difference on potential health may be lessened following consumption and digestion of

172

cooked beans. Bound phenolics and resistant starch in ND beans may be two important
attributes for the future development of ND cranberry in order to maintain aesthetic
appeal without compromising health benefits. Future ex vivo fermentation and in vivo
experiments need to be done to further confirm these findings.
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8. CHAPTER 8: ANTI-INFLAMMATORY EFFECTS OF PHENOLIC-RICH
CRANBERRY BEAN (PHASEOLUS VULGARIS L.) EXTRACTS AND
ENHANCED CELLULAR ANTIOXIDANT ENZYME ACTIVITIES IN
CACO-2 CELLS
8.1. Introduction

The health benefits associated with the consumption of dry beans have been well
documented and reviewed (Geil and Anderson 1994, Ofuya and Akhidue 2006, Messina
2014). There are also many epidemiological studies, some of which have even shown that
the consumption of legumes can be the most important determinant to longevity
(Darmadi-Blackberry, Wahlqvist, et al., 2004). Results from another study have
suggested that increased consumption of dry beans can improve overall diet quality
(Mitchell, Lawrence, et al., 2009). There is further clinical evidence to suggest that the
intake of dry beans can reduce the occurrence of developing advanced colorectal
adenoma in humans (Lanza, Hartman, et al., 2006) and can inhibit colon carcinogenesis
in mice (Hughes, Ganthavorn, et al., 1997).

Despite the overwhelming amount of evidence to suggest that the increased consumption
of dry beans can have positive health benefits, the statistics purporting to its consumption
in Canada and USA is incomplete. The annual average per capita consumption of dry
beans in the U.S. between 2002 and 2010 was 6.48 lbs (2.94 kg) per person and this is
projected to drop in subsequent years due to smaller crop size and rising prices (Flipse
2011). In Canada, a sharp increase in bean consumption was observed in 1992 mainly
due to reforms in Canada’s Food Guide (Connolly 1992). However, average annual
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consumption per capita from 1992-2002 hovers around 4.32 lbs (1.96 kg) (StatsCan
2002). Production of dry beans in Canada has steadily increased, mainly driven by
increased exports and the North American Free Trade Agreement coming into effect in
1994 (Zahniser, Pick, et al., 2002).

Although many studies have observed patterns in the consumption of dry beans and
correlations with positive health benefits, the direct attributes explaining causation are
still unclear. Low saturated fat content complimented by their high essential nutrients and
phytochemical composition could account for the many health benefits associated with
dry bean consumption (Hayde, Ramon, et al., 2012, García-Lafuente, Moro, et al., 2014,
Chen, Tang, et al., 2015c, Monk, Zhang, et al., 2015). Many chronic illnesses, including
cancer (Visconti and Grieco 2009), heart disease (Heitzer, Schlinzig, et al., 2001),
Alzheimer’s disease (Markesbery 1997), Parkinson’s disease (Jenner 2003) and even the
aging process (Cadenas and Davies 2000), are due to the prolonged exposure to elevated
levels of reactive oxygen species (ROS) leading to oxidative stress and inflammation. At
physiological levels, ROS can play a beneficial role in cellular response to infectious
agents and the function of cellular signalling systems (Poli, Leonarduzzi, et al., 2004). In
contrast, elevated ROS levels can lead to damage of the cell structures, including
membrane lipids, proteins and nucleic acid (Halliwell 1996). It is widely recognized that
a balance between ROS and antioxidants must be maintained in healthy organisms. This
is mostly achieved by the presence of an intrinsic cellular redox enzyme system that
includes enzymes such as catalase (CAT), superoxide dismutase (SOD), glutathione
peroxidase (GPx) and glutathione reductase (GR). Oxidative stress can induce the
proliferation of pro-inflammatory cytokines leading to sustained inflammation and
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permanent tissue damage (Schett, Elewaut, et al., 2013, Bhattacharyya, Chattopadhyay, et
al., 2014).

The gastrointestinal (GI) tract is prone to oxidative stress due to its function as primary
digestion system and the exposure to various stimuli (Cross, Halliwell, et al., 1984).
Under prolonged oxidative stress conditions, an immune response is triggered in the GI
tract with eventual repercussions such as chronic inflammation, permanent mucosal
damage and inflammatory bowel disease (IBD) (Round and Mazmanian 2009, De
Filippo, Cavalieri, et al., 2010, Monk, Lepp, et al., 2016). Persistent exposure to ROS
owing to deficiencies in antioxidant enzyme activities is considered to be a major
contributor to pathology in IBD patients (Colgan and Taylor 2010). Dietary polyphenols
have been shown to attenuate inflammation and mucosal injury in patients suffering from
gut inflammation-related diseases (H Farzaei, Rahimi, et al., 2015, Zhang, Liu, et al.,
2016).

Extrapolating these in vitro findings to in vivo conditions is still unclear as polyphenols
differ in bioavailability. Caco-2 cells are often used as a model to assess intestinal
absorption and transport of polyphenols (Deprez, Mila, et al., 2001, Vaidyanathan and
Walle 2001, Zhang, Zheng, et al., 2004, Chan, Zhang, et al., 2007, Neilson, Song, et al.,
2010). These cells originate from human colon adenocarcinoma and when cultured,
differentiate into a continuous monolayer with morphology and functionality typical to
that of normal ileal enterocytes (Hidalgo, Raub, et al., 1989).

Transcellular transport of epicatechin and catechin showed no accumulation in Caco-2
cells meaning these flavonoids were unable to penetrate the apical membrane of the cells
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(Vaidyanathan and Walle 2001). Catechin and related proanthocyanidin polymers possess
low permeability coefficients and are believed to prefer transepithelial transport through
the paracellular route (Deprez, Mila, et al., 2001). Absorption through the paracellular
route is governed by the size of intercellular spaces and tight junctions and as a result,
proanthocyanidin polymers are poorly absorbed in comparison to monomer, dimer or
trimer. Ferulic acid is an abundantly found hydroxycinnamic acid and it is efficiently
absorbed in humans when ingested in its free form (Bourne and Rice-Evans 1998).
Despite the lack of evidence regarding uptake of catechin in colon epithelial cells, there
are indications that it is able to modulate the expression of pro-inflammatory gene
expression and activity inhibition of specific receptor tyrosine kinases and related
downstream pathways of signal transduction pathways (Lin 2002, Shimizu and Weinstein
2005, Tunon, Garcia-Mediavilla, et al., 2009). In Caco-2 cells, epicatechin and
polyphenols extracted from cocoa showed changes in expression of genes involved in the
cellular response to oxidative stress such as signal transducer and activator of
transcription 1, mitogen-activated protein kinase kinase 1, subfamily c member 1, and
ferritin heavy polypeptide 1 (Noé, Peñuelas, et al., 2004). Other polyphenols such as
chrysin, ellagic acid, genistein and resveratrol also had modulating effects on the nuclear
factor kappa B (NF-κB) pathway in Caco-2 cells (Romier, Van De Walle, et al., 2008).

Cranberry beans contain many of the above mentioned phenolic compounds. The purpose
of this study is therefore to evaluate the antioxidant and anti-inflammatory potentials of
cranberry bean extracts from RD and ND cultivars in a gut epithelial model system using
Caco-2 cells. Semi-purified cranberry bean extracts were characterized for phenolic
content and assayed for various cellular events relating to oxidative stress and
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inflammation. Cellular antioxidant activity was assessed as well as modulating effects of
cranberry bean extracts on intrinsic antioxidant enzymes. Secretion of IL-8 cytokine
induced by tumour necrosis factor (TNF)-α was monitored and bioavailability of phenolic
compounds in cranberry beans was also verified.

8.2. Materials and Methods
8.2.1. Chemicals and reagents

HPLC-grade chemicals and solvents, including methanol, formic acid and acetonitrile
were obtained from EMD Chemicals (Gibbstown, NJ), VWR (Westchester, PA) and
Caledon Labs (Georgetown, ON, Canada) unless otherwise specified. Standard reference
compounds (gallic acid, protocatechuic acid, p-hydroxybenzoic acid, p-coumaric acid,
ferulic acid, catechin, epicatechin, kaempferol, proanthocyanidins, anthocyanins, and
furans) and the reagent 2′,7′-dichlorofluorescin diacetate (DCFH-DA), were obtained
from Sigma–Aldrich (Oakville, ON, Canada). Distilled and deionized water was
generated in house using a Thermo Scientific Barnstead Nanopure Ultrapure Water
Purification System (Ottawa, ON, Canada).

8.2.2. Dry bean samples

Red Rider (RR) is a RD cranberry bean cultivar harvested in 2014 from Elora Research
Station, in Elora, ON, Canada. A ND recombinant inbred line (CND) was generated at
the University of Guelph from a cross between a regular parental line, ‘Etna’, and a ND
parental line, ‘Wit-rood’(Elsadr, Wright, et al., 2011). Seeds were obtained through

178

partnership with Applied Bean Genomics & Bioproducts, University of Guelph (Guelph,
ON, Canada).

Beans were rinsed under cold dH2O and placed inside a commercial pressure cooker
(Instant Pot model IP-LUX60, Ottawa, ON, Canada) with dH2O at ratio 1:4 (w/v). The
entire contents were soaked under sustained pressure for 30 min and then pressure
cooked for 15 min with original soaking water. Manufacturer set pressure was between
10.2 and 11.6 psi. Cooked beans and water were frozen and lyophilized prior to further
analysis.

8.2.3. Extraction and purification

Freeze-dried cooked cranberry beans were ground to a powder using an IKA M 20
Universal mill (IKA, Wilmington, NC). The cooked bean powders were accurately
weighed (40.0g) and extracted with 70% MeOH (v/v) at a 1:20 ratio (w/v). The extraction
process involved 12 h stirring at room temperature and vacuum filtration through
Whatman filter paper (pore size 11 µm, VWR). The residue was re-extracted twice more
under the same conditions. The combined filtered extracts were evaporated using a Büchi
Rotavapor R-114 system (Büchi, Switzerland) set to 50°C and 300 mbar.
The resulting aqueous extracts were purified using a StrataTM-X polymeric solid phase
extraction (SPE) cartridge (2 g, Phenomenex, Torrance, CA, USA) to remove undesired
components such as proteins or sugars. The SPE cartridge was activated with 20 mL of
100% MeOH and equilibrated with 20 mL of dH2O prior to loading 10 mL of aqueous
extracts. The cartridge was washed with 20 mL of dH2O and eluted with 20 mL of 100%
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MeOH and the purified eluents were collected. The combined eluents were evaporated
once more using the Büchi Rotavapor R-114 system (Büchi, Switzerland) and then
freeze-dried. The semi-purified extracts were dissolved in DMSO to make 25000 µg/mL
stock solutions for further HPLC analysis and cell culture studies.

8.2.4. Identification and quantification of phenolics

Phenolic compounds were analyzed with an Agilent 1100 series HPLC system equipped
with an autosampler, a degasser, a quaternary pump, a diode array detector (DAD), and
ChemStation software and separated on a Kinetex XB C18 column (100 × 4.60 mm, 2.6
μm, Phenomenex Inc., Torrance, CA, USA). The binary mobile phase consisted of 5%
formic acid in water (v/v) (solvent A) and 95% methanol mixed with 5% acetonitrile (v/v)
(solvent B). The solvent gradient was as follows: 0–40 min, 0–80% B; 40–42 min, 80–
100% B; 42–44 min, 100% B; 44–44.5 min, 100–0%. The injection volume was 7 μL,
and the flow rate was constantly kept at 0.7 mL/min for a total run time of 50 min. Peaks
were monitored at 280, 360, and 520 nm. Peaks were tentatively identified by matching
the retention time (tR) and UV absorption spectra with the standards. Compound
identities were confirmed by high resolution LC-MS and LC-MS/MS performed on a
Thermo® Q-Exactive™ Orbitrap mass spectrometer coupled to an Agilent 1290 HPLC
system Quantification was achieved using standard curves generated from individual
compounds in serial dilutions (0.78–200 µg/L; r2 = 0.99). Limit of quantification (LOQ)
(signal/noise ≥ 3) was 0.04–0.09 μg/mL for phenolic acids and 0.07–0.24 μg/mL for
flavonoids.
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8.2.5. Cell culture

The Caco-2 human intestinal cell line (American Type Culture Collection, Rockville,
MD, USA) cells were grown in MEM medium (Gibco, Burlington, ON, Canada) with
20% foetal bovine serum (FBS; Hyclone Co., Logan, UT, USA) and 50 units/mL of
penicillin-streptomycin (Gibco), incubated at 37 °C in 5% CO2 and cell medium was
replaced every 3 days. Cell passages 20–50 were used in all monolayers for this
experiment. Caco-2 cells were cultured in T-75 culture flasks (Corning, Costar) at
2 × 105 cells/mL and grown for 5–7 days to reach 80–90% confluency. Cells were subcultured to appropriate culture plates, depending on the experiment to be performed.
Purified extracts of cranberry beans were prepared from DMSO stock and diluted in
MEM with 5% foetal bovine serum (FBS) to a final DMSO concentration of < 5%.

8.2.6. WST-1 cell viability assay

Caco-2 were incubated with test extracts at concentrations of 200, 1000 and 5000 µg/mL
for 30 min after which water-soluble tetrazolium (WST-1) at a final concentration of 250
μM was added and incubated at 37 °C for 3 h. The absorbance was measured at 450 nm
using a UV/vis Biotek Powerwave XS2 microplate reader (Biotek, Winooski, VT, USA).
Cells not treated with the test extracts were used as control. The reported optical density
(OD) is the mean of the 6 experimental replicates. Percent (%) cell viability was
calculated using:

% Cell viability = (

ODtest extract
) × 100
ODcontrol
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8.2.7. Cellular antioxidant activity (CAA)

Cellular antioxidant activity was evaluated by a previously described method with slight
modifications (Li, Deng, et al., 2014). Briefly, Caco-2 cells were grown in a 96-well
black/clear flat bottom plate (Corning, Costar, Tewksbury, MA) until formation of
monolayer. Cells were simultaneously treated with 200 µL of purified cranberry bean
extracts (50, 100 and 500 µg/mL) and 100 µM 2′,7′-dichlorodihydrofluorescein diacetate
(DCFH-DA), and incubated for 30 min at 37°C. After washing twice with PBS, cell
media were removed and replaced with 100 µL of 50 µM H2O2. The intensity of
fluorescence was measured using a fluorescence spectrophotometer PLX800 at an
excitation wavelength of 485 nm and an emission wavelength of 528 nm for 1 h. The
results were calculated according to:

CAA unit % = (100 − (

∫ SA − ∫ BA
)) × 100
∫ CA

where ∫SA is the integrated area under the sample fluorescence versus time curve, ∫BA
and ∫CA are the integrated area from the blank and control curves, respectively.

8.2.8. Interleukin-8 immunoassay

Caco-2 cells were treated with 200 µL of purified cranberry bean extracts at various
concentrations (50, 100, 500 µg/mL) and incubated for 2 h at 37 °C. Oxidative stress was
induced by adding 2 ng/mL of TNF-α and incubated for 4 h at 37 °C. IL-8 concentration
in cell supernatants was determined by using a human IL-8 enzyme-linked
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immunosorbent

assay

(ELISA)

kit

following

the

manufacturer's

instructions

(eBioscience, Inc., San Diego, CA, USA).
Mouse anti-human IL-8 antibodies were coated in 100 µL of PBS buffer in a 96-well
plate (Corning, Costar) incubated overnight at 4 °C. The wells were washed 3 times with
300 µL wash buffer and then blocked with 200 µL blocking buffer for 1 h. The plate was
washed 3 times with wash buffer between each of the following steps. Samples (100 µL)
and IL-8 standards were added into the wells and incubated for 2 h at room temperature.
Secondary anti-human IL-8 antibody (100 µL) was added into the wells for an additional
1 h incubation, followed by 30 min incubation with 100 µL avidin-horseradish peroxidase
conjugate (Av-HRP). 3,3′,5,5′-Tetramethylbenzidine (TMB; Sigma Aldrich) (100 µL)
was then added for colour development. This reaction was stopped by adding 50 µL
0.17 M H3PO4. The absorbance was measured at 450 nm using EL340 UV/vis
spectrophotometer (BioTek). The concentration of IL-8 (pg/mL) was extrapolated from
the standard calibration curve.

8.2.9. Determination of intracellular antioxidant enzyme activity

Catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase (GPx) and
glutathione reductase (GR) activities were measured using colorimetric assay kits
(Cayman Chemical, Ann Arbor, MI, USA) according to the manufacturer's instructions.
Briefly, Caco-2 cells were seeded in a 24-well plate and pre-incubated with or without 50
and 100 µg/mL of purified cranberry bean extracts for 30 min. Oxidative stress was
initiated by adding H2O2 directly into the wells to a final concentration of 1 mM and
incubated for 6 h at 37 °C. The cells were then washed twice with PBS and collected into
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1.5 mL Eppendorf tubes. The cells were sonicated in sample buffer (20 mM pH 7.2
HEPES, 1 mM ethylene glycol tetraacetic acid (EGTA), 210 mM mannitol and 70 mM
sucrose) provided in the kits. The lysates were centrifuged at 10,000 g for 15 min at 4 °C,
and the supernatant collected. Protein concentration of cell lysates were determined by
DC protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA) using BSA as standard.
The activity of each enzyme was calculated in milliunits per mg of protein (mU/mg
protein). The results were reported as percent of the negative control (no extracts or H 2O2
added).

8.2.10. Determination of total intracellular glutathione

The total glutathione (GSH) was quantified using a flourometric enzyme immunoassay
(Cayman Chemical) according to the manufacturer's instruction with slight modifications.
At the end of incubation, cells were washed twice with PBS, and 1 mL of cell-based lysis
buffer was added into each well, and allowed to incubate for an additional 15 min on an
orbital shaker at room temperature. The cell lysates were centrifuged at 10,000 g for
10 min at room temperature and the supernatants were collected. An aliquot of the lysate
(90 µL) of each sample was loaded into the corresponding wells in a 96-well black plate
(Corning, Costar) and mixed with 10 µL substrate solution. The fluorescence intensity
was measured at an excitation wavelength of 485 nm and an emission wavelength of
528 nm. Concentration of GSH was calculated against a standard curve, and reported as
% of the negative control.
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8.2.11. Caco-2 transport assay

Caco-2 cells were grown as monolayers by seeding cells onto 12 mm transwell
permeable supports with a pore size of 0.4 µm (Corning, Costar). The integrity of the cell
monolayer was assessed by testing the transepithelial electrical resistance (TEER) using a
Millicell® ERS-2 Voltohmmeter (EMD Millipore, Germany). Purified cranberry bean
extracts were dissolved in HBSS buffer to 100, 500 and 1000 µg/mL concentrations and
treated onto the apical side of the monolayer and 1 mL HBSS was added to the
basolateral side. After 1 h incubation, the membranes were removed and the basolateral
side was collected and subsequently washed 3 times with 1 mL HBSS buffer and a total
of 4 mL was collected. The collected samples were purified using StrataTM-X polymeric
SPE cartridge. The cartridge was activated with 3 mL MeOH and equilibrated with 3 mL
dH2O. The samples were loaded 2 mL at a time, washed with dH2O and eluted with 6 mL
MeOH. The eluted samples were evaporated to dryness using a Savant Speed Vac
Concentrator attached to a Labconco CentriVap Cold Trap. The dried samples were
reconstituted in 50 µL 80% MeOH prior to HPLC analysis.

8.2.12. Statistical analyses

ANOVA was completed using JMP v10.0 (SAS Institute, Cary NC, USA). Differences
among the means were determined using Tukey’s multiple-comparisons test. Statistical
significance was set at p < 0.05.

185

8.3. Results and Discussion
8.3.1. Characterizing Extract Composition

Cooking of the cranberry beans is a primary necessity when conducting experiments
related human consumption. In our current study, RR and CND were pressure cooked
following previously published protocols (Chen, Dupuis, et al., 2015b). As with all
thermal processing methods, total phenolic content saw a decrease in both cranberry bean
varieties. The cooked beans were lyophilized along with the soaking/cooking water. The
lyophilized samples were extracted and purified using SPE with focus on removal of all
solvents and impurities for later use on cell cultures. The extracts were then lyophilized
once more and the resulting purified extracts were dissolved in DMSO at a stock
concentration of 25 mg/mL.

Major phenolic compounds characterized include catechin, catechin glucoside,
epicatechin, p-coumaric acid and ferulic acid (Figure 8.1.). Of the major phenolic
compounds, only p-coumaric and ferulic acids were present at detectable levels in CND
samples. As previous studies have concluded, flavonoids are only present in RD
cranberry beans including RR (Chen, Tang, et al., 2015c). Catechin and epicatechin were
the most abundant phenolic compounds comprising 44.38 and 17.61 mg/g of purified
extract, respectively detected in RR extract (Table 8.1.). An essential amino acid,
tryptophan, was also present at high concentrations in both RR and CND. Tryptophan is
commonly found in dry beans however, typically at lower concentrations compared to
other amino acids (Sgarbieri, Antunes, et al., 1979). Minor compounds were detected
using LC-MS but were not quantified (Table 8.2.). These included gallic acid, naringenin,
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chlorogenic acid, p-hydroxybenzoic acid, 2,5-dihydroxybenzoic acid (gentisic acid), 3,4dihydroxybenzoic acid (protocatechuic acid), procyanidin C1, procyanidin B2,
procyanidin B1, and sinapic acid. With the exception of gentisic acid, all other
compounds had a higher relative abundance in RR extracts.
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Figure 8.1. Representative HPLC-DAD chromatograms monitored at 280 nm of the
phenolic-rich extracts of pressure-cooked Red Rider and non-darkening cranberry
(CND) beans. Acronyms: CAT GLC, catechin glucoside; UK, unknown; CA,
catechin; TRP, tryptophan; ECAT, epicatechin; PC, p-coumaric acid; FA, ferulic
acid.
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Table 8.1. Major compounds detected and quantified in RR and CND purified extracts
using HPLC-DAD/MS
Peak

Compound

tR
(min)

λmax (nm)

[M-H]/[M+H]+

CAT GLC

7.35

245, 280

451.41

UK
CA
TRP

Catechin
glucoside
Unknown
Catechin
Tryptophan

8.69
9.74
11.81

280
245, 280
280

266.24
289.07

EPI
PCA
FER

Epicatechin
p-Coumaric acid
Ferulic acid

13.71
15.68
17.74

244, 280
320
320, 300sh

/205.10
289.07
163.04
193.05

Concentration (mg/g
purified extract
Red Rider
CND
10.46 ± 0.59 44.38 ± 0.07
13.65 ± 0.07

19.62 ± 0.21

17.61 ± 0.30
0.56 ± 0.01
3.10 ± 0.09

0.21 ± 0.01
1.94 ± 0.04
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Table 8.2. Minor compounds detected in RR and CND purified extracts by HPLCMS/MS
[M-H]-

Product ions

C7H6O3
C7H6O4

Molecular
Weight (g/mol)
138.12
154.12

137.02
153.02

93.1

C7H6O4

154.12

153.02

109

C7H6O5
C16H18O9
C11H12O5
C15H12O5
C45H38O18
C30H26O12

170.12
354.31
224.21
272.26
866.77
578.52

169.01
353.09
223.06
271.06
865.20
577.14

125, 97
191, 190

C30H26O12

578.52

577.14

Compound

Formula

p-Hydroxybenzoic acid
2,5- Dihydroxybenzoic
acid
3,4- Dihydroxybenzoic
acid
Gallic acid
Chlorogenic acid
Sinapic acid
Naringenin
Procyanidin C1
Procyanidin B2

Procyanidin B1

575.3, 287.2
425.2, 407.2,
451.2, 287.2,
289.2
425.2, 407.2,
451.2, 287.2,
289.2
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8.3.2. Cell Viability Assay

Caco-2 cells were treated with 200, 1000 and 5000 µg/mL of each extracts to assess their
effects on cell viability. A water-soluble tetrazolium (WST-1) assay was used with
similar theoretical principles as the often used 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide (MTT) assay (Kim, Lee, et al., 2005). This test measures the activity
of mitochondrial succinate-tetrazolium reductase system of cells and their ability to
cleave the tetrazolium salts to formazane resulting in a colour change that can be
monitored spectrophotometrically. WST-1 offers distinct advantages over MTT such as
increased precision and generating water soluble cleavage products that do not require an
additional solubilisation step.

High concentrations of extracts were used to assess their effects on Caco-2 cell viability;
at these high concentrations, cell viability was not compromised (Figure 8.2.). RR
extracts had a more complex mixtures of compounds compared to CND and a slight
dose-dependent decrease of cell viability was observed for RR. CND extracts remained
stable for all concentrations tested, remaining around control levels.
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Figure 8.2. Caco-2 cell WST-1 viability assay following incubation with 200, 1000 and
5000 µg/mL of the phenolic-rich extracts of pressure-cooked Red Rider and nondarkening cranberry (CND) beans relative to control.
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8.3.3. Cellular Antioxidant Activity in H2O2-stimulated Caco-2 cells
Common antioxidant assays are based on chemical principles and lack physiological
relevance. Cell-based antioxidant assays (CAA) are far more relevant to in vivo effects as
they measure the ability of antioxidants to quench peroxyl radicals inside the cell (Wolfe
and Liu 2007). In our current study, Caco-2 cells were used with DCFH-DA as the
oxidation probe and H2O2 as the radical generator. The probe is deacetylated within the
cell and can be oxidized in the presence of hydroxyl radicals to fluorescent DCF. The
presence of antioxidants can quench this reaction and prevent the generation of DCF.
This can be accomplished on the surface of the cell membrane or within the cell
following uptake of the antioxidant compounds. In our current study, Caco-2 cells were
first treated with 50, 100 and 500 µg/mL of each extract along with the oxidation probe
and allowed to incubate for 30 min. A cellular response was then induced by
supplementing the growth media with H2O2. Our results showed a dose-dependent
reaction leading to the complete attenuation of fluorescence at 500 µg/mL of the RR
extract (Figure 8.3.). CND showed slight attenuation of fluorescence but was far less
capable of quenching oxidation compared to the RR extract. The antioxidant potential of
the 500 µg/mL CND sample was comparable to that of RR between 50 and 100 µg/mL.
The antioxidant effect can be induced by direct quenching of free radicals by phenolic
compounds present in the extract however, there may be other mechanisms at play,
notably the involvement of endogenous antioxidant enzymes that can be triggered by
phenolic compounds leading to quenching of fluorescence. This will be further discussed
in the following studies.
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Figure 8.3. Cellular antioxidant activities (CAA) of the phenolic-rich extracts of
pressure-cooked Red Rider and non-darkening cranberry (CND) beans. Caco-2 cells were
treated with 50, 100 , 500 µg/mL of extracts for 30 min. Value are expressed as CAA
Unit (%) and presented as mean ± SEM, n = 4.
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8.3.4. Effects on Pro-Inflammatory IL-8 Cytokine Production

IL-8 is a chemoattractant cytokine produced by a variety of tissues with distinct target
specificity for neutrophil recruitment leading to the activation of the innate immune
response. It is currently believed that many factors are involved in the pathology of IBD
including the overproduction of pro-inflammatory mediators, such as TNF-α, IL-1, IL-6,
and IL-8, the presence of highly activated inflammatory cells such as macrophages
neutrophils, and monocytes, as well as an excessive production of ROS (Nathan 2002). In
our experiment, production of IL-8 is TNF-α-mediated and follows the classical NF-κBactivating pathway. The classical pathway is triggered by pro-inflammatory cytokines
such as TNF-α leading to the recruitment of various adaptors including TNF-receptorassociated death domain protein (TRADD), receptor-interacting protein (RIP) and TNFreceptor-associated factor 2 (TRAF2) to the cytoplasmic membrane (Hsu, Xiong, et al.,
1995). This is then followed by the activation of IκB-kinase (IKK) complex mediated by
TRAF2. Activated IKK phosphorylates inhibitory molecules of κB (IκB) leading to the
release of NF-κB heterodimer proteins p50-p65 which then migrates to the nucleus and
binds to specific κB sites and activates a variety of target genes including proinflammatory cytokine IL-8 (Viatour, Merville, et al., 2005). Alternatively, the mitogenactivated kinase kinase kinase (MAP3K) Tpl2 is another kinase that regulates the p50
precursor and inhibitor of NF-κb, p105, leading to its ubiquitination and processing into
the NF-κB protein p50 and ultimately generating active nuclear NF-κB (Belich,
Salmerón, et al., 1999).
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In our current experiment, IL-8 secretion was induced by TNF-α. The effects of TNF-α
on IL-8 production can be seen in the negative and positive controls where significant
differences were measured using an ELISA assay (Figure 8.4.). Pre-treatment with 50,
100 and 500 µg/mL of each extract showed an ability to attenuate the secretion of IL-8 as
induced by TNF-α. At the lowest dose, RR showed significant attenuation of IL-8
compared to CND however, both extracts performed similarly in attenuated IL-8
production at higher doses (p < 0.05). In the absence of TNF-α, the extracts showed
results similar to that of the negative control with the exception of CND at 500 µg/mL
and RR at 100 and 500 µg/mL. At these concentrations, IL-8 production in the absence of
the inducer TNF-α was lower than that observed in the negative control. These results
suggest that the effectiveness of phenolic extracts from RR and CND at managing
oxidative stress related inflammation was based on a preventative model. Our results also
suggest attenuation of IL-8 production at low phenolic concentrations and short pretreatment time.

Numerous in vivo and in vitro studies have shown that dietary phenolic compounds have
protective effects on inflammation relating to IBD (Biasi, Astegiano, et al., 2011, Moura,
de Andrade, et al., 2015). Polyphenols have been shown to suppress an inflammatory
response by suppressing IL-1β secretion and modulating NLRP3 inflammasome
activation (Wang, Yeh, et al., 2012, Jhang, Lu, et al., 2015). Other studies have shown
quercetin as well as other polyphenols are capable of inhibiting the activation of NF-κB
by TNF-α thereby suppressing the stimulation of IL-8 expression (Sato, Miyazaki, et al.,
1997, Nguyen-Hai 2006).
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Figure 8.4. Effect of the phenolic-rich extracts of pressure-cooked Red Rider and nondarkening cranberry (CND) beans on TNF-α-induced interleukin (IL)-8 released from
Caco-2 cells. Caco-2 cells were pre-treated with 50, 100 and 500 µg/mL for 2 h before
stimulating with 2 ng/mL of TNF-α for 4 h at 37°C. The negative control represents
untreated cells with neither TNF-α or the sample extract. The positive control represents
cells treated with TNF-α only. Values are presented as mean ± SEM, n = 4. Shared letters
indicate no significant difference (p ≤ 0.05).
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8.3.5. Effects on Intracellular Antioxidant Enzyme and Glutathione
Activities

While chemical antioxidants may play a direct role in radical scavenging, cells are
protected by a network of endogenous antioxidant enzymes that protects against
oxidative stress (Du, Guo, et al., 2007). Direct antioxidant activity from polyphenols
would require high tissue bioavailability in order for the compounds to react directly with
free metals and other ROS. The levels of dietary polyphenols in the tissue are likely
lower compared to endogenous antioxidant enzymes, therefore, there is reason to believe
the antioxidant benefits are derived from the indirect action of altering cell signaling and
related gene transcription enhancing the activity of endogenous antioxidants. Endogenous
antioxidant activity is governed by multiple enzymes including SOD, CAT, GR and GPx
as well as the antioxidant GSH. SOD catalyses the first step generating hydrogen
peroxide which is then converted to water and oxygen by CAT and GPx (Finkel and
Holbrook 2000). The reduction of free hydrogen peroxide to water by GPx brings with it
the generation of glutathione disulfide (GSSG) (Deponte 2013). GSSG is derived from
two glutathione molecules linked by a disulfide bridge and is reduced to its sulfhydryl
form GSH by a reaction catalyzed by GR. GSH is an important non-enzymatic
antioxidant and can exist in both reduced (GSH) and oxidized (GSSG) states. In its
reduced state, GSH can serve as an electron donor to other unstable molecule such as
ROS (Scholz, Graham, et al., 1989). However GSH is converted to its oxidized form
GSSG and requires the presence of GR to convert it back to its reduced form. This
balance between reduced and oxidized GSH is vital and this ratio is often used as a
measure of cellular toxicity. In healthy cells and tissue, over 90% of GSH is in the
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reduced form and an elevated GSSG-GSH ratio is indicative of oxidative stress (Halprin
and Ohkawara 1967).

The protective effects of RR and CND extracts by stimulating endogenous antioxidant
and GSH activity was evaluated in this study by pre-treating Caco-2 cells with 50 or 100
μg/mL phenolic rich extracts for 30 min followed by exposure to 1 mM H2O2 for 6 h.
Although the presence of H2O2 typically stimulates the intrinsic defense system and
upregulates certain endogenous enzymes, at concentrations beyond normal physiological
levels, the excess H2O2 can inhibit the activity of antioxidant enzymes (Zhang, Liu, et al.,
2016). Our results suggest that pre-treatment with phenolic-rich extracts from both RR
and CND was able to restore antioxidant activity to near normal levels (Figure 8.5.). As
the primary antioxidant enzyme, SOD activity was enhanced by 38.1% and 51.6% by RR
extract, and 3.9% and 25.0% by CND extract at 50 and 100 µg/mL, respectively (Figure
8.5A). CAT activity was also enhanced by 22.9% and 40.5% in RR extract, and 10.7%
and 14.6% in CND extract at 50 and 100 µg/mL, respectively (Figure 8.5B). GPx activity
was similarly elevated following pre-treatment with RR and CND extracts (Figure 8.5C).
When compared to controls treated solely with H2O2, RR extract showed an increase of
21.6% and 53.8%, while CND extract increased GPx activity by 4.2% and 19.9% at 50
and 100 µg/mL, respectively. GR activity was increased by 25.5% and 36.9% for RR
extract and 8.4% and 12.1% for CND extract at 50 and 100 µg/mL, respectively (Figure
8.5D). Lastly, GSH showed increased activity following exposure to both RR and CND
extracts (Figure 8.5E). Comparing to Caco-2 cells treated with H2O2 only, GSH activity
increased by 36.4% and 40.4% in RR and 20.4% and 26.8% in CND at 50 and
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100 µg/mL, respectively. These results are in good agreement with results obtained from
anthocyanin-rich extracts from purple root vegetables (Zhang, Liu, et al., 2016).
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Figure 8.5. Effect of the phenolic-rich extracts of pressure-cooked Red Rider and nondarkening cranberry (CND) beans on endogenous antioxidant enzyme activities in H2O2stimulated Caco-2 cells. Caco-2 cells were pre-treated with 50 and 100 µg/mL extracts
for 30 min, followed by incubation with 1 mM of H2O2 for 6 h at 37°C. The negative
control (NC) represents untreated cells. Positive control (H2O2) represents cells treated
with H2O2 only. Values are presented as mean ± SEM, n = 4. Shared letters indicate no
significant difference (p ≤ 0.05).
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Expression of antioxidant proteins is regulated by a transcription factor known as nuclear
factor (erythroid-derived 2)-like 2, or Nrf2 (Rubiolo, Mithieux, et al., 2008). Under
normal conditions without signs of stress, Nrf2 is kept in the cytoplasm by Kelch like
ECH-associated protein 1 (KEAP1) and Cullin 3 (Cul3) which ubiquinates and degrades
Nrf2 rendering it inactive. KEAP1 acts as a substrate adaptor and assists in the
ubiquination of Nrf2 by Cul3 (Itoh, Wakabayashi, et al., 1999). Oxidative stress causes a
disruption in critical cysteine residues in KEAP1 which leads to a conformational change
resulting in the dissociation of Keap1 from Cul3 thereby preventing the degradation of
Nrf2 (Yamamoto, Suzuki, et al., 2008). The accumulation of Nrf2 in the cytoplasm
ultimately leads to its translocation into the nucleus where it combines with a small Maf
protein and binds to the antioxidant response element (ARE) and initiates the
transcription of antioxidant enzyme genes (Itoh, Chiba, et al., 1997). Dietary polyphenols
such as catechin have been shown to increase Nrf2 activity (Surh, Kundu, et al., 2005,
Andreadi, Howells, et al., 2006, Kluth, Banning, et al., 2007). Current understanding
suggests that polyphenols are capable of triggering Nrf2 translocation to induce
subsequent activation of the endogenous antioxidants through ligand interaction with
cytosolic aryl hydrocarbon receptor (AhR) (Qin and Hou 2016, Zhang and Tsao 2016).
AhR and Nrf2 are widely studied transcription factors that mediate adaptation to foreign
compounds (Hayes, Dinkova-Kostova, et al., 2009). AhR is a ligand-activated
transcription factor that binds in the nucleus to xenobiotic response elements (XRE) and
can be activated upon binding with dietary polyphenols such as catechin (Gouedard,
Barouki, et al., 2004). This activation of the XRE region results in the transcription of
Phase I enzymes such as the CYP family of terminal oxidase enzymes. There is evidence
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suggesting the upregulation of both transcription factors following increased intake of
polyphenols from grapes (Seymour, Bennink, et al., 2013). Enhanced CYP enzyme
activity by AhR generates low levels of ROS that can trigger the activation of redoxsensitive Nrf2 (Gong and Cederbaum 2006). There is current evidence to suggest crosstalk between AhR and Nrf2 which can provide an evolutionary advantage by allowing the
concurrent upregulation of AhR/XRE binding and Nrf2/ARE binding and simultaneously
increase the production of both Phase I and II enzymes, respectively (Hayes, DinkovaKostova, et al., 2009, Seymour, Bennink, et al., 2013).

8.3.6. Assessing Bioavailability via Transport Assay Using Caco-2 Cell
Monolayers

Numerous authors have reported a daily dietary polyphenol intake of ~ 1 g based on
research dating back to 1976 and where the methods used to obtain this value remains
unclear (Kühnau 1976). A recent review argues that based on consumer trends and
reported polyphenol content of the individual foodstuffs, a person would effectively
consume > 1 g of flavonoids and phenolic acids daily (Scalbert and Williamson 2000).
Regardless of the amount of polyphenols consumed, its biological effects depend on their
bioavailability.

The intestinal epithelial transport of phenolic compounds in our extracts was examined
using the monolayer of human Caco-2 cell line grown in permeable transwell supports
with a pore size of 0.4 µm. This is a well-accepted method of intestinal absorption to
study the transport of phenolic compounds (Artursson 1990, Lennarnas 1997, Yee 1997,
Deprez, Mila, et al., 2001, Vaidyanathan and Walle 2001). Cell monolayers were treated
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on the apical side and allowed to incubate for 1 h prior to collection of the basolateral
side and metabolites were measured by HPLC-DAD. The basolateral fraction did not
contain any flavonoids including catechin and epicatechin. Low permeability of catechin
and epicatechin has previously been reported (Deprez, Mila, et al., 2001, Vaidyanathan
and Walle 2001). It has been suggested that transport of flavonoids rely on the
paracellular route where the size of the intercellular spaces and tight junctions behave as
a molecular sieve and controls absorption and transport. Therefore, the transepithelial
electrical resistance (TEER) values used to evaluate Caco-2 cell monolayer integrity are
of significant importance. In our study, TEER values were > 1000 Ω∙cm 2. High TEER
values have been previously shown to significantly reduce flavanol permeability (Deprez,
Mila, et al., 2001). In both extracts tested, only 4 compounds emerged on the basolateral
side including an unknown peak, tryptophan, p-coumaric acid and ferulic acid (Figure
6A). Their relative bioavailability is presented in Figure 8.6A and 8.6B for RR and CND,
respectively. Interestingly, our results would suggest that at the lowest extract
concentration of 100 µg/mL, higher relative bioavailability was observed. Phenolic acids
were the most effective at reaching the basolateral side with highest bioavailability of
12.5% and 26.6% for p-coumaric at 100 µg/mL extract for RR and CND, respectively.
Although flavonoids showed poor absorption and transport, they may still exert localized
activity in the gastrointestinal tract and cell signalling activity on the apical side
(Halliwell, Zhao, et al., 2000). Adsorption of catechin and proanthocyanidins of varying
degrees of polymerization have been shown in a previous study (Deprez, Mila, et al.,
2001). Flavanols in our extracts also failed to produce metabolites, concurrent with past
findings (Deprez, Mila, et al., 2001). This is likely due to the inability of flavanols to
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penetrate within the cells or the lack of metabolizing enzymes under our experimental
conditions.
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Figure 8.6. Relative bioavailability of individual compounds from phenolic-rich extracts
of pressure-cooked Red Rider (RR, A) and non-darkening cranberry (CND, B) beans.
Caco-2 cell monolayers grown on permeable transwell supports with TEER values >
1000 Ω.cm2 were treated with 100, 500 and 1000 µg/mL extracts on the apical side of the
monolayer for 1 h. The basolateral side was collected and analysed by HPLC-DAD.
Areas under the peaks were compared between basolateral fractions and original extracts.
Values are expressed as relative bioavailability (%) and presented as mean ± SEM, n = 4.
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8.3.7. Conclusions

The present results show an abundance of phenolic compounds, namely flavanols in the
RR extract. This appeared to affect CAA and the modulation of various endogenous
antioxidant enzymes under stress conditions. The higher concentration of phenolic
compounds in RR compared to CND also led to stronger attenuation of IL-8 secretion.
Although the CND extract did not contain flavanols, the phenolic acids, p-coumaric acid
and ferulic acid that were present, had some beneficial effects on CAA, IL-8 suppression
and antioxidant enzyme activity. The bioavailability of compounds in the extracts was
further assessed and showed that flavanols from RR failed to penetrate and cross the
Caco-2 cell monolayer. Phenolic acids were detected in the basolateral side and were
more effectively transported at low concentrations. Our results show that the beneficial
effects of cranberry bean polyphenols are localized on the apical side of the monolayers,
by triggering cell signalling and through direct antioxidant effects on the cell surface.
Uptake and absorption of phenolic acids and activity inside the cells is also likely. More
data regarding the uptake of various polyphenols are needed in order to determine the
mechanism(s) that mediate their effects on human health.
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9. CHAPTER 9: OVERALL CONCLUSIONS AND RECOMMENDATIONS
9.1. Overall Conclusions

Information obtained from this research has highlighted similarities and differences
between RD and ND cranberry beans in terms of their phytochemical compositions and
potential health effects.

Seed coats of RD had significantly higher phenolic contents, compared to ND seed coats.
RD seed coats also contained compounds that were not present in ND beans, including
protocatechuic acid, p-hydroxybenzoic acid, and monomeric (catechin) and oligomeric
flavonoids (proanthocyanidins). Phenolic compounds from both RD and ND beans were
present in both free soluble forms and conjugated forms. Flavonoids were exclusive to
RD seed coats and are believed to play a major role in PHD. Their presence in RD seed
coats also contributed to antioxidant activities as measured by ORAC and FRAP. This
was the first reported identification of flavonoids in cranberry beans.

A complete phytochemical profiling of whole cranberry beans followed, involving 5 RD
and 2 ND cranberry beans. Free phenolics, as well as conjugated and bound phenolics,
were characterized along with lipophilic phytochemicals, including: carotenoids,
tocopherols and fatty acids. RD beans can be distinguished from ND beans based on their
phenolic compositions. RD beans contained flavonoids, namely catechin,
proanthocyanidins and anthocyanins, which were not found in ND beans. The higher
phenolic content in RD beans, over ND beans, demonstrated strong correlations to
DPPH, FRAP and ORAC activities (r2 = 0.98). Bound phenolics in both RD and ND
beans displayed comparable antioxidant activity as measured by ORAC. The study also
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found a high proportion of omega-3 fatty acids in both RD and ND beans as well as
contribution to antioxidant activities by lipophilic phytochemicals.

Following PHD under greenhouse conditions for a period of 21 d, a line of RD cranberry
bean was assessed for phenolic changes occurring after darkening. Based on in vitro
chemical methods, decreases in total phenolic, flavonoid and proanthocyanidin content
were measured, following 21 d PHD. The most significant decrease was observed in
flavonoid content. Individual components showed contrasting results upon analysis with
HPLC-DAD. A significant decrease in catechin concentration was observed, however,
other phenolic compounds appeared to increase following PHD. The largest increase was
observed in an unknown compound present in free soluble form with a single absorbance
peak at 280 nm. This unknown compound will require further studies. Antioxidant
activity as measured by ORAC remained unaffected following PHD.

Overall phenolic content and antioxidant activity declined following pressure cooking.
Thermal processing had the greatest effect on flavonoids, versus phenolic acid. Thus far,
chemical extraction methods have been used to assess phenolic content in cranberry
beans. However, this may not represent in vivo physiological conditions. A simulated
gastrointestinal digestion method was, therefore, used to assess bioaccessible phenolics in
cooked RD and ND beans. According to TPC results, 8.75 and 14.69% of phenolics were
bioaccessible in RD and ND, respectively. However, when the HPLC-DAD data was
analyzed for individual compounds and the digestate fraction was compared with the FP
fraction, the TPI values show that 60.97 and 53.91% of phenolics from RRC and CNDC,
respectively, are bioaccessible to the small intestine. The potential for release of the
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remaining non-bioaccessbile portion of phenolics was demonstrated using microbial
enzyme hydrolysis of cooked bean residue. Following aqueous solvent extraction, the
remaining residues were hydrolysed using carbohydrate-degrading enzymes. It was
possible to extract comparable levels of ferulic acid, p-coumaric acid and sinapic acid
from ND and RD samples. In terms of other attributes, the amount of resistant and slowly
digestible starch showed no difference between RD and ND. Results from this study
suggest that despite significant differences in phenolic content between RD and ND,
consumption and digestion would appear to bridge this gap.

The effects of phenolics from cooked RD and ND cranberry beans were further assessed
using Caco-2 cell cultures. A new extraction method was adopted for cell culture studies
which showed that RD extracts were mainly distinguished from ND extracts on the basis
of their flavanol (catechin and epicatechin) contents. Antioxidant activity within Caco-2
cells was affected and strongly favoured RD extracts in a dose-dependent manner. Under
stress conditions, RD and ND extracts appeared to upregulate endogenous antioxidant
enzyme activities. Despite not having any flavanols, the phenolic acids, p-coumaric acid
and ferulic acid in the ND extract had some beneficial effects on the Caco-2 cells in terms
of CAA, IL-8 suppression and enhancing antioxidant enzyme activity. The ability of
phenolic compounds to cross the Caco-2 cell’s epithelial monolayer was assessed in
terms of their bioavailability. Flavanols from RD failed to cross into the basolateral side
while phenolic acids from both RD and ND were detected in the basolateral side and
were most effective at low concentrations. Our results suggests that cranberry bean
polyphenols localized on the apical side of the monolayers had beneficial effects by
triggering cell signalling and direct antioxidant effect on the cell surface.
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9.2. Future Recommendations
Based on results from this study, a number of findings warrant further investigation.
1. Although a comprehensive phytochemical profiling was performed for cranberry
bean seed coat, whole bean, darkened bean, and cooked bean, there were still
several peaks from HPLC-DAD analyses that are unidentified. Whether or not
these unknown compounds have significant biological activity or are related to
the nondarkening phenomenon, it would be interesting to determine the structures
of these compounds.
2. It has been reported that flavonoid oxidation is responsible for darkening in
Arabidopsis thaliana and in other species. Previous study on pinto also identified
a flavanol-flavonol dimer emerging following PHD. It would be worthwhile to
investigate changes in phenolic content throughout the darkening process. Our
current study identified an unknown peak which occurred following 21 d of PHD.
Future investigations should attempt to identify this compound as it may play a
significant role in PHD of cranberry beans.
3. A large fraction of phenolics are in the bound form. Based on results from this
current study, bound phenolics may be released following enzyme hydrolysis.
This suggests that non-digestible phenolics may settle in the colon and be acted
upon by microbial enzymes and released phenolic compounds that may serve as
protective antioxidants. Further ex vivo and in vivo experiments are needed to
confirm these findings. An in vitro gastrointestinal model comprising sequential
chemostat fermentation steps would also be of great interest for future work.
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4. It has been reported that ND and RD cranberry beans has gut microbiome
modulating properties. The role(s) played by phenolics in this modulating activity
should be further investigated. The downstream health effects of this change in
microbial composition should also be analyzed using in vivo mice models.
5. Ample evidence suggests that phenolics possess antioxidant and antiinflammatory activities. However, most of these studies were performed using in
vitro chemical methods. Future studies should include physiological conditions
and the effects of cranberry bean phenolics on cellular and molecular levels. We
have already shown the ability of polyphenols to act as direct radical scavengers
but there is still limited data regarding their effects on specific transcription
factors such as aryl hydrocarbon receptors (AhR) and nuclear factor E2-related
factor 2 (Nrf2).
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